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Abstract 
We reported that Glycyrrhiza uralensis inoculated with rhizobium tended to increase biomass production and glycyrrhizic 
acid (GL) production, in this study we have also achieved drastically increase in biomass and GL production in Glycyrrhiza 
glabra. At thirty days after inoculation (DAI), a significant increase in SPAD values was observed, and the expression of 
GL synthesis marker genes was also significantly increased. At 150 DAI, a significant increase in biomass was observed. 
Characteristically, it was also found that thick roots were enlarged by rhizobial inoculation. In addition, the expression of 
GL synthesis marker genes was also significantly increased. Moreover, GL content per unit root dry weight reached 4%, and 
GL production per plant increased six times compared to uninoculated plants. Moreover, we tried to reveal the mechanism 
of induction of GL production by rhizobial inoculation. Since it has been reported that the expression of jasmonic acid (JA) 
synthesis marker genes is increased by rhizobium in soybean, we investigated the expression of those genes in G. glabra, 
and found that GgMYC2 and GgJAR1 were up-regulated at Thirty DAI. Furthermore, methyl jasmonate treatment increased 
the expression of GL synthesis marker genes, suggesting that JA signaling is involved in the increased GL production due to 
rhizobial inoculation. These results aid in understanding the mechanism of increased GL production through the introduction 
of rhizobial symbiosis, and show the potential for providing a technology to significantly shorten the cultivation period for 
the production of Glycyrrhiza that meets the criteria for herbal medicines.
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Introduction

Glycyrrhiza is a medicinal plant of the legume family and 
is widely used as a crude drug in Kampo Medicine and 
Chinese-herbal medicines, as well as a natural sweetener. 
As a result, the size of the global market is growing year 
by year, with global trade value of approximately US$260 
million in 2019 [1]. There are two types of Glycyrrhiza rec-
ognized as crude drugs in Japan: Glycyrrhiza uralensis and 
Glycyrrhiza glabra. While G. uralensis is used exclusively 
as a crude drug, G. glabra is in great demand for cosmetic 
additives, medicines, herbs, sweeteners, and other non-crude 
drugs [2]. However, these are not native to Japan, with G. 
uralensis growing wild in Central Asia, northern China, 
Mongolia, and other regions, and G. glabra growing wild 
in southern Europe and western China, and the Glycyrrhiza 
used in Japan is currently dependent on imports from China 
and Mongolia [3]. In recent years, desertification due to 
overharvesting of wild species has been occurring, making 
it difficult to supply good quality Glycyrrhiza [4], and the 
development of efficient domestic cultivation methods is 
required to ensure a stable supply of Glycyrrhiza.

Glycyrrhizic acid (GL, glycyrrhizin), a functional ele-
ment, is contained in the roots and stolons of the plant, and it 
is stipulated that to be used as an herbal medicine, the plant 
must contain more than 2% of GL on a dry root and stolon 
weight basis (The Japanese Pharmacopoeia [5]). However, 
it takes more than three years to cultivate the plant to meet 
the standard using the current general cultivation methods. 
Therefore, in recent years, various studies have been con-
ducted to develop efficient methods of growing plants that 
conform to standards. For example, tube cultivation using 
polyvinyl chloride pipes has been successful in efficiently 
extending roots vertically [6], but problems of cost and 
waste pipe disposal have been pointed out [7]. There is also 
a report of successful GL production by introducing the 
CYP88D6 gene and the UGT73P12 gene, which are involved 
in the biosynthetic pathway of GL, into yeast for efficient 
production of functional ingredients [8], but the production 
efficiency is low and this method cannot be used for crude 
drugs in the first place.

GL is a specialized metabolite, but because higher 
plants often produce specialized metabolites when they 
grow in excessively stressful environment [9–11], it is 
generally expected that plant biomass production will 
decrease in growth environments where GL production of 
Glycyrrhiza increases. In other words, a trade-off exists 
between biomass production and GL production. There-
fore, to achieve compatibility between biomass production 
and GL production, it is necessary to resolve this trade-off. 
We have considered the use of rhizobial symbiosis in the 
cultivation of Glycyrrhiza to resolve this trade-off.

Glycyrrhiza is a perennial plant of the legume family. 
Leguminous plants such as Glycine max, Lotus japonicus 
can establish a symbiosis relationship with rhizobia, which 
form nodules on roots of the host plant and have the abil-
ity supply the plant with atmospheric nitrogen fixed in the 
nodules. Therefore, it is thought that Glycyrrhiza can also 
establish a symbiotic relationship with rhizobia. The supply 
of nitrogen sources to plants through rhizobial nitrogen fixa-
tion plays an extremely important role in legume biomass 
production. While rhizobial symbiosis promotes biomass 
production, rhizobium infection can also be a biotic stress 
for host plants [12]. Therefore, rhizobial symbiosis in Gly-
cyrrhiza has the potential to resolve the trade-off between 
increased production of biomass and specialized metabo-
lites. The nodulation on the roots of cultivated Glycyrrhiza 
is so rare that the impact of rhizobial symbiosis on GL pro-
duction of Glycyrrhiza has not been investigated. Therefore, 
we isolated and identified a rhizobium (Mesorhizobium sp. 
J8) (strain J8) that efficiently establishes symbiosis with G. 
uralensis, and reported that inoculation with the rhizobium 
promotes GL production in 90 days inoculation experiment 
[13]. On the other hand, even though strain J8 was isolated 
from nodule on G. glabra roots, no nodulation on G. glabra 
was observed in re-inoculation experiments.

In this study, the inoculation conditions of strain J8 were 
reviewed to establish a symbiotic relationship between G. 
glabra and strain J8. In addition, the effects of strain J8 
inoculation on the growth and GL production of G. glabra 
were investigated at different growth stages, 30 and 150 days 
after rhizobial inoculation.

Materials and methods

Soil materials

The soil used was a mixture of equal parts by volume of 
vermiculite, river sand, and sod soil (Green Sangyo). The 
vinyl pots (diameter 11 cm, height 24 cm) were filled with 
mixed soil.

Plant materials

G. glabra (strain Hgl-1) was used in this experiment. 
Voucher specimens (accession nos.: G. glabra, GLY-
GLA-001) were deposited in the Herbarium of the Faculty 
of Pharmaceutical Sciences, Health Sciences University of 
Hokkaido, Japan. The seedlings of G. glabra were prepared 
from cuttings. The cuttings were prepared by cutting shoots 
from the parent plants which were genetically identical at 
three leaves from the top. Basal ends of the shoots were 
cut horizontally and immediately immersed in water at 25 
°C for 30 min. After immersion, the cuttings were inserted 
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vertically into wet soil in vinyl pots. Water was sprayed on 
the leaves of the cuttings every day. The cuttings were sup-
plied with tap water at their base for about a week after cut-
ting and then with liquid B&D medium containing 1 mM 
KNO3. The plants were grown in liquid B&D medium con-
taining 1 mM KNO3 for 3 weeks before being used for root 
nodulation tests.

Preparation of rhizobium and rhizobial inoculation

The rhizobium used in this study was the same as those 
described in Kusaba et al. 2021 [13]. The culture of rhizo-
bium, and inoculation to the plant also follow the method 
of Kusaba et al. 2021 [13]. Inoculations were performed 
on plants that had been nutritionally propagated by cuttings 
and rooted.

Growth conditions of G. glabra

Strain J8 was diluted with liquid B&D medium [14] con-
taining 1 mM KNO3 to 1.0 × 108 cells/ml and 200 ml of it 
was added to the soil. As a control, liquid B&D medium 
containing 1 mM KNO3 was given. The surface of the soil 
was covered by cling film to prevent contamination. Other 
growth conditions were light/dark: 16 h/8 h, temperature: 25 
°C and B&D liquid medium containing 1 mM KNO3 was 
applied once a week.

Measurement of SPAD value

To investigate the chlorophyll content of leaves, the SPAD 
values of leaves were measured. The SPAD value was 
measured with a SPAD chlorophyll meter (SPAD-502Plus, 
Minolta Camera Co. Osaka, Japan). The average value of 
three leaves was used for each plant.

Acetylene reduction assay (ARA) for nitrogenase 
activity

To investigate the nitrogen-fixing ability of symbiotic rhizo-
bia, acetylene reduction activity of nitrogenase, an indicator 
of nitrogen-fixing activity, was measured [15]. The roots 
with nodule were placed in a 70-ml test tube or 600 ml flask 
and covered with a rubber cap. When test tubes were used, 
they were degassed for 1 min, and 5 times diluted acetylene 
was injected into the test tubes. When using a flask, 120 
ml of air was removed from the flask using a 50 ml syringe 
(Terumo, Tokyo, Japan), and the same volume of pure acety-
lene was injected. After 1 h of incubation, the amount of eth-
ylene was measured using a Shimadzu Gas Chromatograph 
[GC-14 (Shimadzu, Kyoto, Japan)].

Measurements of root and stem diameter

The diameter was measured 1 cm above and below the base 
of the plant. For root diameter, three of the thickest adventi-
tious roots that had rooted from the base were selected, and 
the average of the three was used as the root diameter.

Expression analysis of GL and jasmonic acid (JA) 
synthesis marker genes

After growth measurements, the plant roots were quickly 
frozen in liquid nitrogen and stored at −80 °C. The preserved 
roots were finely crushed using a Multi-beads Shocker 
(Yasui Kikai, Japan). Total RNA was extracted using the 
RNeasy Plant Mini Kit (Qiagen, Basel, Switzerland). DNase 
I treatment was performed using RNase-Free DNase Set 
(Qiagen, Basel, Switzerland). Quantitative PCR was per-
formed using the One Step TB Green PrimeScript PLUS 
RT-PCR Kit (Takara, Shiga, Japan) and the Applied Biosys-
tems StepOne Real-Time PCR System (Thermo Fisher SCI-
ENTIFIC, Massachusetts, America). Total RNA of plants 
150 days after rhizobial inoculation was extracted from thick 
roots with a root diameter of at least 2 mm at 1 cm from the 
base. If thick roots were not present, the whole root was used 
for extraction. Gene-specific primer sequences were as fol-
lows: 18S ribosomal RNA (Accession No.:X02623) (5′-CTC​
AAC​ACG​GGG​ AAA​CTT​AC-3′ and 5′-AGA​CAA​ATC​GCT​
CCA​CCA​AC-3′), CYP88D6 (Accession No: MW071146) 
(5′-CGG​AAC​ATA​GGC​TTT​TTC​GAC-3′ and 5′-TAC​ATT​
GCT​AGC​GCC TTGTG-3′), CYP72A154 (Accession No.: 
MK534533) (5′-TGA​AAC​TTG​GAA​ACC​TTT​TGC-3′ 
and 5′-TCA​AAA​GTA​TTG​GTA​CGG​AAACC-3′), CSyGT 
(Accession No.: LC500232) (5′-TGA​ACA​CTC​TGG​TCT​
CTG​CCC​TTG​C-3′ and 5′-CGA​ACT​CAG​AAG​CCT​CTC​
TCA​CGC​C-3′), JAR1 (5'-TCA​AGG​TGA​GAG​TGA​CCC​
TTC-3'  and 5'-TTG​ACG​GAA​TCT​CTC​GCT​TC-3') and 
MYC2 (5'-GAG​GGT​GCC​AAG​GGA​GAG​-3' and 5'-TCT​
TCA​CCA​ACC​TTC​ACT​TCAG-3'). The 18S ribosomal RNA 
gene was used as an internal control [16].

Measurement of GL content

The GL content of G. glabra roots were measured by a 
modified method described by Kojoma et al. 2010 [17]. The 
HPLC system used consisted of a high-performance liquid 
chromatography (Chromaster 5310, Hitachi, Tokyo, Japan) 
and an InsertSustain C18, 5 μm HPLC column (GL Sci-
ences Inc. Tokyo, Japan). Acetonitrile and formic acid were 
used as the solvents. The column oven was set to 40 °C, the 
column flow rate was set to 0.6 ml/min, and detection was 
performed at 240 to 260 nm. The samples used for HPLC 
were prepared as follows: 2 g of G. glabra root powder was 
added to 20 ml of 50% EtOH and sonicated for 30 min. After 
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sonication, the samples were vortexed vigorously for 10 s 
and centrifuged (6000 rpm, 3 min) and the supernatant was 
filtered for analysis.

Methyl jasmonate (MeJA) treatment

G. glabra plants without inoculation were grown for 30 days 
and given 200 ml of 10 µM or 100 µM MeJA solution. After 
24 h, plant roots were collected and instantly frozen in liquid 
nitrogen.

Results

Confirmation of nodulation by inoculation of strain 
J8 in G. glabra

In a previous study, we found that a rhizobium (Mesorhizo-
bium sp. J8) promoted the growth of G. uralensis and 
increased the production of GL [13]. Although strain J8 
was isolated from nodules formed on G. glabra roots, no 
nodules formed after 4 weeks in G. glabra that has been re-
inoculated with strain J8 using nitrogen-free medium [13]. 
Therefore, in this study, we searched for conditions under 
which strain J8 forms nodules on G. glabra. Since nitro-
gen nutrition has been reported to be a positive regulator of 
nodulation in some plants [18, 19], 1 mM KNO3 was added 
to the medium to investigate nodulation by strain J8 inocula-
tion. As a result, nodulation was observed in plants grown 
for 30 days (Fig. 1).

Effect of strain J8 on the growth of G. glabra at 30 
DAI.

Since we confirmed that strain J8 is capable of nodulation 
on G. glabra, we next investigated the effect of strain J8 
inoculation on the plant growth at 30 DAI. No significant 
difference was detected between J8-inoculated and uninocu-
lated plants in shoot length, shoot weight, root length and 
root weight (Fig. 2A–D). On the other hand, SPAD values, 
a measure of leaf chlorophyll content, were significantly 
higher when inoculated with strain J8 (Fig. 2E). Further-
more, when the number of nodules and nitrogen-fixing 
activity were examined, only a few nodules were formed in 
the uninoculated plants, whereas an overwhelmingly large 
number of nodules were formed in the J8-inoculated plants 
(Fig. 2F, G). Acetylene reduction activity (ARA), an indi-
cator of nitrogen-fixing activity, was significantly higher in 
the case of strain J8 inoculation than that of uninoculation 
(Fig. 2H). These results suggest that inoculation with the 
strain J8 resulted in efficient nodulation, which supplied 
more nitrogen to the leaves, thereby increasing the nitrogen 
content in the leaves [20].

Effect of strain J8 on GL synthesis marker genes 
expression at 30 DAI

We investigated the effect of rhizobial inoculation on GL 
production at 30 DAI. However, attempts were failure 
due to the values below detection limit. Therefore, we 
investigated the expression of CYP88D6, a GL synthesis 
marker gene that has been shown to have a strong positive 
correlation with GL production in previous studies [21], 
and CYP72A154 and CSyGT, two genes involved in the 
process from β-amylin to GL [22, 23]. In this experiment, 
the adventitious roots arising from the base and lateral 

Fig. 1   Phenotype of root nodule 
formed on the G. glabra pre-
pared from cuttings and grown 
at 30 days after rhizobial inocu-
lation. Arrows indicate nodules 
formed on the roots
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roots arising from adventitious roots were divided, and 
their expressions were analyzed. In the adventitious roots, 
the expression of CYP88D6 and CSyGT tended to increase 
in J8-inoculated plants (Fig.  3A, C), and CYP72A154 
was significantly up-regulated by strain J8 inoculation 

(Fig.  3B).The expression analysis using lateral roots 
showed that all three genes were significantly up-regulated 
in strain J8-inoculated plants (Fig. 3). These results sug-
gested that GL production in G. glabra is enhanced by 
rhizobial inoculation.

Fig. 2   Growth, nodulation and 
nitrogen fixation ability of G. 
glabra prepared from cuttings at 
30 days after rhizobial inocula-
tion. J8(−) indicates uninocu-
lated plants and J8(+) indicates 
plants inoculated with strain 
J8. Shoot length (A), shoot 
weight (B), root length (C), 
root weight (D) were measured. 
Leaf SPAD values (E) were 
measured on three leaves of 
each plant and the average value 
was calculated. Number of 
nodules (F), nodule weight (G), 
acetylene reduction activity (H) 
were measured. Shoot length 
and weight; J8(−), J8(+): n = 
11, n = 10, respectively. Root 
length and weight; n = 5. Leaf 
SPAD value; n = 10. Nodule 
number and acetylene reduc-
tion activity; J8(−), J8(+):n = 
7, n = 5, respectively. Nodule 
weight; J8(−), J8(+):n = 7, 
n = 4, respectively. Error bars 
indicate standard errors. *, ** 
indicate significant differences. 
(Student’s t-test: *p < 0.05, 
**p < 0.01)
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Effect of strain J8 on G. glabra growth at 150 DAI

When strain J8 was inoculated and allowed to grow for 
30 days, it was suggested that a large amount of nitro-
gen, which increase nitrogen content of plant leaves 
was provided through rhizobial symbiosis. As shown 
in Fig. 2A–E, although an increase in SPAD value was 
observed, no effect on biomass production was detected. 
Therefore, we extended the growth period to 150 days and 
investigated the effect on the growth of host plant (Figs. 4, 
5). No significant difference was detected in shoot length 
and root length (Fig. 4A, C), but significant increase or 
increasing trend were observed in shoot weight and root 
weight (Fig. 4B, D). SPAD value was significantly higher 
by strain J8 inoculation as well as the case of 30 days 
(Figs. 4E, 5A, B). Next, the number of nodules and nitro-
gen-fixing activity were investigated 150 DAI. The results 
showed that a few nodules were formed without inocula-
tion as well as the case of 30 days, but more nodules were 
formed in the J8-inoculated plants (Figs. 4F, 5C). Also, the 
total nodules weight per plant was significantly heavier in 
the case of strain J8 inoculation (Fig. 4G). The nitrogen-
fixing activity of J8-inoculated plants was significantly 
higher than that of uninoculated plants (Fig. 4H).

Next, since it was expected that the size of diameter of 
the shoots and roots around the base would differ between 
rhizobium inoculated and uninoculated plants (Fig. 5D–G), 
the diameters of the shoots and roots were measured. Fig-
ure 6A, B showed that both shoots and roots became thicker 
after inoculation with rhizobium, confirming that the growth 
were promoted.

These results indicate that rhizobial inoculation promotes 
plant growth at 150 DAI. Especially in the case of Glycyr-
rhiza, where the thick roots are dried and used as a product, the 
enlargement of roots is a so advantageous property.

Effect of strain J8 on GL synthesis marker genes 
expression and GL production at 150 DAI

Expression analysis of three genes, CYP88D6, CYP72A154, 
and CSyGT, were also performed at 150 DAI. As shown in 
Fig. 7, the expression of CYP88D6 gene, CYP72A154 gene, 
and CSyGT gene increased significantly by about 32 times, 
17 times, and 27 times, respectively, after inoculation with 
strain J8 compared to uninoculation. Next, the effect of strain 
J8 inoculation on GL production after 150 days was investi-
gated. Glycyrrhiza is generally considered to have a high GL 
content in the main roots and stolons. Therefore, the GL con-
tent was measured only the thick root with a diameter of at 
least 2 mm at 1 cm from the base. In the case of uninoculation, 
the entire root was used as a sample because no thick roots 
larger than 2 mm were present. As a result, the GL content 
per plant was significantly increased by about 6 times in the 
thick roots compared to the uninoculated roots, as shown in 
Fig. 8A. Moreover, as shown in Fig. 8B, the GL content in 
only thick roots was significantly increased to about 4% with 
strain J8 was inoculated.

Fig. 3   Expression of genes involved in the GL biosynthetic path-
way in the root of G. glabra at 30 days after rhizobium inoculation. 
(n = 4 in uninoculated lateral root or J8-inoculated adventitious root, 
n = 5 in uninoculated adventitious root or J8-inoculated lateral root) 
Expression levels of CYP88D6 gene (A), CYP72A154 gene (B), 

CSyGT gene (C). 18S rRNA gene was used as the internal control. For 
the respective gene, the expression level of J8(−) in the adventitious 
root was set to 1. Error bars indicate standard errors. *, ** indicate 
significant differences. (Student’s t-test: *p < 0.05, **p < 0.01)
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Involvement of JA in the mechanism of increased GL 
production by rhizobial inoculation

Although strain J8 inoculation promoted plant growth and 
GL production on G. glabra, the mechanism by which rhizo-
bial inoculation increased GL production is unknown. GL is 
a triterpenoid saponin, and it has been reported that the bio-
synthesis of triterpenoid saponins and terpenoid compounds 
is enhanced by MeJA and JA [24]. It has also been reported 

that JA biosynthesis is enhanced in G. max by inoculation 
with rhizobium [25]. Therefore, we developed a working 
hypothesis that strain J8 inoculation promotes JA synthe-
sis in Glycyrrhiza, which in turn promotes GL production. 
First, we investigated whether strain J8 inoculation affected 
the expression of JA synthesis marker genes in roots. As 
shown in Fig. 9, JAR1 and MYC2 gene expression was sig-
nificantly up-regulated in inoculated lateral and adventitious 
root. Next, we tested whether the expression of the three GL 
synthesis marker genes was responsive to JA. Because MeJA 
treatments on G. uralensis were performed at 100 µM MeJA 
in previous study [8], we analyzed the expression of the 
three genes, CYP88D6, CYP72A154, and CSyGT using G. 
glabra treated with 10 or 100 µM MeJA. The results showed 
that the expression of CYP72A154 and CSyGT were signifi-
cantly up-regulated compared to 0 µM treatment (Fig. 10). 
These results suggested that JA production was enhanced by 
rhizobial inoculation, thereby leading to increased expres-
sion of GL synthesis marker genes.

Discussion

In this study, we confirmed that the strain J8 efficiently 
formed nodules and fixed nitrogen on the root of G. glabra. 
In a previous study, when isolated rhizobia were re-inoc-
ulated on G. glabra without KNO3, no nodules formed. 
Nitrate nitrogen is known to be one of the factors involved in 
the control of nodulation [18, 19]. Therefore, we investigated 
whether nodules form in a medium with 1 mM KNO3. As 
a result, an overwhelming number of nodules were formed 
in the nitrogen-added medium (Figs. 1, 2F). These results 
suggested that the presence of nitrogen is an advantageous 
factor for establishment of symbiosis between G. glabra 
and strain J8. In our experimental condition, a few nodules 
were formed on the uninoculated root. This nodulation may 
have been due to contamination by airborne rhizobia. Other 
studies have reported that symbiosis with mycorrhizal fungi 
promotes root growth and GL production in G. glabra [26]. 
In this study, airborne rhizobium bacteria were contaminated 
and formed nodules on uninoculated plants. However, when 
the roots were observed with trypan blue staining, the, pres-
ence of mycorrhizal fungi was not overserved. Therefore, 
it is unlikely that the enhancement of root growth and GL 
production was due to the infection of mycorrhizal fungi.

Although biomass production did not always increased 
30 DAI, but also SPAD values of inoculated plants were 
significantly higher than those of uninoculated plants 
(Fig. 2E). Since SPAD values are reported to be positively 
correlated with the nitrogen content of plants [18], more 
nitrogen may have been supplied by rhizobial symbiosis in 
inoculated plants. Then, at the stage 150 DAI, biomass pro-
duction and SPAD value significantly increased compared 

Fig. 4   Growth, nodulation and nitrogen fixation activity of G. glabra 
prepared from cuttings grown at 150 days after rhizobium inocula-
tion. Shoot length (A), shoot weight (B), root length (C), root weight 
(D), leaf SPAD value (E), number of nodules (F), nodule weight (G), 
acetylene reduction activity (H) was measured. Shoot length, shoot 
weight, root weight, SPAD value, nodule number, and nodule weight; 
J8(−), J8(+), n = 8, n = 21, respectively. Root length; J8(−), J8(+): 
n = 8, n = 16, respectively. Acetylene reduction activity; J8(−), J8(+): 
n = 7, n = 17, respectively. Error bars indicate standard errors. *, ** 
indicate significant differences. (Student’s t-test: *p < 0.05, **p < 
0.01)
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with uninoculated plant (Figs. 4D, E, 6B). These results sug-
gested that it took more than 30 days for the rhizobial sym-
biosis to positively affect the growth of G. glabra under the 
conditions used this experiment. We observed that the root 
become hyper-trophied at 150 days after rhizobial inocula-
tion (Fig. 6B). Since the thick root are generally used as the 
product, root enlargement is an exceedingly advantageous 
property in Glycyrrhiza. However, the cause of root enlarge-
ment by inoculation with rhizobium is unknown. In rice, 
plant growth-promoting rhizobacteria such as Bacillus sp. 
have been reported to promote root growth [27]. Since the 
promotion of root growth by Bacillus sp. has been attrib-
uted to the plant’s defense response to Bacillus sp. [28], it 
is possible that a similar response may occur in the case of 
rhizobia. Therefore, the effect of rhizobial inoculation on the 
physiological activity of Glycyrrhiza should be investigated 
in the future.

Inoculation with strain J8 was increased the expression 
levels of GL biosynthesis related genes such as CYP88D6, 

CYP72A154, and CSyGT (Figs. 3, 7). Glycyrrhiza contains a 
large amount of GL in its main roots and stolons. Therefore, 
the roots were divided into adventitious and lateral roots, 
and the changes in expression were analyzed at 30 days after 
rhizobial inoculation. The results showed that the expres-
sion of these genes was significantly increased or tended 
to increase in adventitious and lateral roots. Although GL 
production could not be confirmed by HPLC at 30 days after 
rhizobial inoculation, the expression of three GL synthesis 
marker genes was increased or trended to increase in both 
adventitious and lateral roots, suggesting that GL produc-
tion was already active. Since the thick root of Glycyrrhiza 
is used as a crude drug, a thick root from which thin roots 
have been removed. We defined root lager than 2 mm as 
thick root in plant inoculated with rhizobium at 150 days and 
analyzed gene expression. In the case of uninoculated plants, 
whole roots were used as samples because no roots larger 
than 2 mm were present. As a result, the three GL synthesis 
marker genes were dramatically up-regulated by rhizobial 

Fig. 5   Root phenotype of G. 
glabra prepared from cuttings 
and grown for 150 days after 
rhizobial inoculation. Pheno-
types of shoot of uninoculated 
plants (A), shoot of plants 
inoculated with rhizobia (B), 
nodules formed on roots (C), 
roots of uninoculated plants 
(D), thick roots with thin roots 
removed from uninoculated 
roots (E), roots of plants inocu-
lated with rhizobia (F), thick 
roots with fine roots removed 
from roots of plants inoculated 
with rhizobia (G)
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inoculation even after 150 days (Fig. 7). This was thought 
to reflect the overwhelming increase in GL production. 
At 30 DAI, expression levels of CYP88D6, CYP72A154, 
and CSyGT increased approximately 4 times, 2 times, and 
3 times, respectively, with rhizobial inoculation, while at 
150 DAI they increased approximately 32 times, 17 times, 
and 27 times, respectively. This result suggested that the 
increase in GL production due to rhizobial inoculation has 
a greater effect at 150 DAI than at 30 DAI. Because GL is a 
specialized metabolite, it is actively produced when plants 

trigger defense response to biotic, environmental, or other 
stresses. Since rhizobial infection is a kind of biotic stress 
for the host plant, the expression of genes involved in the GL 
biosynthetic pathway may have been increased by rhizobial 
inoculation. Therefore, in the future, it is necessary to as 

Fig. 6   Shoot and root diameters of G. glabra prepared from cuttings 
grown for 150 days after rhizobial inoculation. Shoot and thick root 
diameters were measured at 1 cm above and below the base. J8(−), 
J8(+): n = 8, n = 19, respectively. Shoot diameter (A), root diameter 
(B) was measured. Error bars indicate standard errors. *, ** indicate 
significant differences. (Student’s t-test: *p < 0.05, **p < 0.01)

Fig. 7   Expression of genes involved in the GL biosynthetic path-
way in the root of G. glabra at 150 days after rhizobial inoculation. 
Expression levels of CYP88D6 gene (A), CYP72 A154 gene (B), 
CSyGT gene (C). J8(−), J8(+): n = 5, n = 5. 18S rRNA gene was used 
as the internal control. For the respective gene, the expression level of 
J8(−) was set to 1. Error bars indicate standard errors. *, ** indicate 
significant differences. (Student’s t-test: *p < 0.05, **p < 0.01)

Fig. 8   GL content of G. glabra prepared from cuttings and grown for 
150 days after rhizobium inoculation. Total GL content per unit of 
roots weight (A), GL content per root dry weight (B) was measured. 
J8(−), J8(+); n = 5. Error bars indicate standard errors. *, ** indicate 
significant differences. (Student’s t-test: *p < 0.05, **p < 0.01)

Fig. 9   Expression of JA synthesis marker genes in the root of G. 
glabra at 30 days after rhizobial inoculation (n = 4 in uninoculated 
lateral root or J8-inoculated adventitious root, n = 5 in uninocu-
lated adventitious root or J8-inoculated lateral root) Expression lev-
els of JAR1 gene (A), MYC2 gene (B). 18S rRNA gene was used as 
the internal control. For the respective gene, the expression level of 
J8(−) in the adventitious root was set to 1. Error bars indicate stand-
ard errors. *, ** indicate significant differences. (Student’s t-test: *p < 
0.05, **p < 0.01)
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certainly how the expression of these genes changes with 
the number of days after rhizobial inoculation.

GL content increased to more than 4% in the thick root 
at 150 days after rhizobial inoculation (Fig. 8B). Under the 
current cultivation method of Glycyrrhiza commonly used 
in Japan, it takes more than three years of growth to meet the 
standard for GL content. In this study, only 150 DAI with 
strain J8 the GL content was found to exceed the standard. 
These results indicated that the trade-off between biomass 
production and GL production in Glycyrrhiza could be 
resolved by rhizobial symbiosis with strain J8. On the other 
hand, in our previous report, the GL content of G. uralensis 
at 90 DAI was about 0.2% when inoculated with rhizobia 
[13], whereas in this study, GL content exceeded 4% at 150 
DAI in G. glabra. The promotion of GL production by rhizo-
bial inoculation seems to differ greatly among the different 
Glycyrrhiza species, but direct comparisons cannot be made 
because of the different growth stages. However, since the 
same rhizobium were used in G. uralensis and G. glabra, 
there is still a possibility that the host and rhizobium are 
compatible with each other. Therefore, future comparisons 
should be made at the same growth stage.

We analyzed the expression of JA synthesis marker 
genes to elucidate the mechanism by which J8 inocula-
tion increased GL production. As a result, the expression 
of JAR1 and MYC2, JA synthesis marker genes, increased 
at 30 days after J8 inoculation (Fig. 9). Next, we investi-
gated whether three genes involved in GL biosynthesis 
responded to MeJA, and the expression of CYP72A154, 
and CSyGT were significantly increased by MeJA treat-
ment (Fig. 10). These results suggest a scheme in which JA 
production is increased by rhizobial inoculation, and GL 
production is increased by a response of GL marker genes. 
This scheme was consistent with the working hypothesis 
we had established. However, no response of the CYP88D6 
gene to MeJA was observed. Various phytohormones have 

been reported to be involved in rhizobial symbiosis [29, 
30]. In the future, the effects of phytohormones involved in 
symbiosis on the expression of CYP88D6 should be inves-
tigated. The details of the mechanism by which inoculation 
with the J8 strain increases GL production are unknown. 
To elucidate the mechanism of increased GL production 
by inoculation with strain J8, it is necessary in the future 
to comprehensively analyzed the change in physiological 
activity of the plant by performing transcriptome analy-
sis at different growth stages after inoculation with strain 
J8. In addition to GL, other metabolites such as liquiritin 
are also produced in G. glabra [31]. Liquiritin and isoli-
quiritin are known flavonoid compounds, and it has been 
reported that flavonoid compounds are important in the 
early stages of legume-rhizobium symbiosis. Therefore, it 
is possible that when G. glabra establishes rhizobial sym-
biosis, the production of metabolites other than GL may 
also increase. Future work should include metabolomic 
analysis of G. glabra to determine how rhizobial inocula-
tion alters the production of all metabolites.

Moreover, in order to popularize the cultivation of Gly-
cyrrhiza using rhizobia in society, it is necessary to estab-
lish a more practical cultivation method.

Acknowledgements  This work was supported by Grants-in-Aid for 
Challenging Exploratory Research (No. 19K22314).

Author contributions  Shion Y. and Akihiro S. conceived the idea of 
the study. Aya S., Satoshi W. and Mareshige K. contributed to the 
interpretation of the results. All authors reviewed the manuscript draft 
and revised it critically on intellectual content. All authors approved 
the final version of the manuscript to be published.

Funding  This work was supported by Grants-in-Aid for Challenging 
Exploratory Research (No. 19K22314). This research was supported 
by the Research and implementation promotion program through open 
innovation grants (JPJ011937) from the Project of the Bio-oriented 
Technology Research Advancement Institution (BRAIN).

Fig. 10   Expression of genes 
involved in the GL biosynthetic 
pathway in the root of G. glabra 
on MeJA-treated. Expression 
levels of CYP88D6 gene (A), 
CYP72A154 gene (B), and 
CSyGT gene (C). (0 µM: n = 5, 
10 µM: n = 5, 100 µM: n = 5) 
18S rRNA gene was used as the 
internal control. For the respec-
tive gene, the expression level 
of J8(−) in the adventitious root 
was set to 1. Error bars indicate 
standard errors. Different letters 
indicate significant differences 
(p < 0.05). Statistical methods 
were performed using analysis 
of variance (ANOVA) and the 
Turkey method



843Journal of Natural Medicines (2025) 79:833–844	

Declarations 

Conflict of interest  All authors have and declare that: (i) no support, 
financial or otherwise, has been received from any organization that 
may have an interest in the submitted work; and (ii) there are no other 
relationships or activities that could appear to have influenced the sub-
mitted work.

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://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Han Y, Pang X, Zhang X, Han R, Liang Z (2022) Resource sus-
tainability and challenges: status and competitiveness of interna-
tional trade in licorice extracts under the Belt and Road Initiative. 
Global Ecol Conserv 34:e02014. https://​doi.​org/​10.​1016/j.​gecco.​
2022.​e02014

	 2.	 Davis EA, Morris DJ (1991) Medicinal uses of licorice through 
the millennia: the good and plenty of it. Mol Cell Endocrinol 
78:1–6. https://​doi.​org/​10.​1016/​0303-​7207(91)​90179-v

	 3.	 Ozaki K, Shibano M, Kusano G, Watanabe H (2010) Aim for 
production of Glycyrrhiza Radix in Japan (2) selection of phar-
maceutically fine strains from Glycyrrhiza uralensis Fisher. Jpn 
Soc Pharmacogn 64:76–82

	 4.	 Kusano G, Shibano M, Watanabe H, Ozaki K (2003) Pharmaceuti-
cal botanical studies on some Glycyrrhiza species. Pharm Soc Jpn 
(Yakugaku Zasshi) 123:619–631. https://​doi.​org/​10.​1248/​yakus​hi.​
123.​619. ((in Japanese))

	 5.	 The Society of Japanese Pharmacopoeia (2021) The Japanese 
Pharmacopoeia eighteenth edition. Yakuji-nippo

	 6.	 Ozaki K, Shibano M, Kusano G, Watanabe H (2007) Aim for 
production of Glycyrrhiza Radix in Japan (1) a novel cultivation 
method of Glycyrrhiza uralensis fisher. Jpn Soc Pharmacogn 
61:89–92 ((in Japanese))

	 7.	 Shibano M, Ozaki K (2011) Aim for production of Glycyrrhi-
zae Radix in Japan. Bull Osaka Univ Pharm Sci 5:59–68 ((in 
Japanese))

	 8.	 Istiandari P, Yasumoto S, Srisawat P, Tamura K, Chikugo A, 
Suzuki H, Seki H, Fukushima EO, Muranaka T (2021) Compara-
tive analysis of NADPH-cytochrome P450 reductases from leg-
umes for heterologous production of triterpenoids in transgenic 
Saccharomyces cerevisiae. Front Plant Sci 12:762546. https://​doi.​
org/​10.​3389/​fpls.​2021.​762546

	 9.	 Isah T (2019) Stress and defense responses in plant secondary 
metabolites production. Biol Res 52:39. https://​doi.​org/​10.​1186/​
s40659-​019-​0246-3

	10.	 Davies MK, Jibran R, Zhou Y, Albert WN, Brummell AD, Jordan 
RB, Bowman LJ, Schwinn EK (2020) The evolution of flavo-
noid biosynthesis: a bryophyte perspective. Front Plant Sci 11:7. 
https://​doi.​org/​10.​3389/​fpls.​2020.​00007

	11.	 Vries S, Fürst-Jansen RMJ, Irisarri I, Ashok DA, Ischebeck T, 
Feussner K, Abreu NI, Petersen M, Feussner I, Vries J (2021) The 
evolution of the phenylpropanoid pathway entailed pronounced 

radiations and divergences of enzyme families. Plant J 107:975–
1002. https://​doi.​org/​10.​1111/​tps.​15387

	12.	 Hawkins PJ, Oresnik IJ (2022) The rhizobium-legume sym-
biosis: co-opting successful stress management. Front Plant Sci 
12:796045. https://​doi.​org/​10.​3389/​fpls.​2021.​796045

	13.	 Kusaba I, Nakao T, Maita H, Sato S, Chijiiwa R, Arima S, Kojoma 
M, Ishimaru K, Akashi R, Suzuki A et al (2021) Mesorhizobium 
sp. J8 can establish symbiosis with Glycyrrhiza uralensis, increas-
ing glycyrrhizin production. Plant Biotechnol 38:57–66. https://​
doi.​org/​10.​5511/​plant​biote​chnol​ogy.​20.​1124a

	14.	 Broughton WJ, Dilworth MJ (1971) Control of leghemoglobin 
synthesis in snake beans. Biochem J 125:1075–1080. https://​doi.​
org/​10.​1042/​bj125​1075

	15.	 Bergersen FJ (1970) The quantitative relationship between 
nitrogen fixation and the acetylene-reduction assay. Aust J Biol 
Sci 23:1015–1026. https://​doi.​org/​10.​1071/​BI970​1015

	16.	 Shabani L, Ehsanpour AA, Esmaeili A (2010) Assessment of 
squalene synthase and beta-amyrin synthase gene expression in 
licorice roots treated with methyl jasmonate and salicylic acid 
using real-time qPCR. Russ J Plant Physiol 57:480–484. https://​
doi.​org/​10.​1134/​S1021​44371​00400​47

	17.	 Kojoma M, Ohyama K, Seki H, Hiraoka Y, Asazu NS, Sawa S, 
Sekizaki H, Yoshida S, Muranaka T (2010) In vitro proliferation 
and triterpenoid characteristics of licorice (Glycyrrhiza uralen-
sis Fischer, Leguminosae) stolons. Plant Biotechnol 27:59–66. 
https://​doi.​org/​10.​5511/​plant​biote​chnol​ogy.​27.​59

	18.	 Nishida H, Nosaki S, Suzuki T, Ito M, Miyakawa T, Nomoto M, 
Tada Y, Miura K, Tanokura M, Kawaguchi M, Suzaki T (2021) 
Different DNA-binding specificities of NLP and NIN transcrip-
tion factors underlie nitrate-induced control of root nodulation. 
Plant Cell 33:2340–2359. https://​doi.​org/​10.​1093/​plcell/​koab1​
03

	19.	 Ito M, Tajima Y, Ogawa-Ohnishi M, Nishida H, Nosaki S, Noda 
M, Sotta N, Kawade K, Kamiya T, Fujiwara T, Matsubayashi 
Y, Suzaki T (2024) IMA peptides regulate root nodulation and 
nitrogen homeostasis by providing iron according to internal 
nitrogen status. Nat Commun 15:1–13. https://​doi.​org/​10.​1038/​
s41467-​024-​44865-4

	20.	 Xiong D, Chen J, Yu T, Gao W, Ling X, Li Y, Peng S, Huang J 
(2015) SPAD-based leaf nitrogen estimation is impacted by envi-
ronmental factors and crop leaf characteristics. Sci Rep 5:1–12. 
https://​doi.​org/​10.​1038/​srep1​3389

	21.	 Seki H, Ohyama K, Sawai S, Mizutani M, Ohnishi T, Sudo H, 
Akashi T, Aoki T, Saito K, Muranaka T (2008) Licorice β-amyrin 
11-oxidase, a cytochrome P450 with a key role in the biosynthesis 
of the triterpene sweetener glycyrrhizin. Proc Natl Acad Sci USA 
105:14204–14209. https://​doi.​org/​10.​1073/​pnas.​08038​76105

	22.	 Seki H, Sawai S, Ohyama K, Mizutani M, Ohnishi T, Sudo H, 
Fukushima OE, Akashi T, Aoki T, Saito K, Muranaka T (2011) 
Triterpene functional genomics in licorice for identification of 
CYP72A154 involved in the biosynthesis of glycyrrhizin. Plant 
Cell 23:4112–4123. https://​doi.​org/​10.​1105/​tpc.​11008​2685

	23.	 Chung YS, Seki H, Fujisawa Y, Shimoda Y, Hiraga S, Nomura 
Y, Saito K, Ishimoto M, Muranaka T (2020) A cellulose syn-
thase-derived enzyme catalyses 3-O-glucuronosylation in sapo-
nin biosynthesis. Nat Commun 11:1–11. https://​doi.​org/​10.​1038/​
s41467-​020-​19399-0

	24.	 Chen X, Hudson GA, Mineo C, Amer B, Baidoo EEK, Crowe SA, 
Liu Y, Keasling JD, Scheller HV (2023) Deciphering triterpe-
noid saponin biosynthesis by leveraging transcriptome response to 
methyl jasmonate elicitation in Saponaria vaccaria. Nat Commun 
14:1–15. https://​doi.​org/​10.​1038/​s41467-​023-​42877-0

	25.	 Hayashi S, Reid DE, Lorenc MT, Stiller J, Edwards D, Gresshoff 
PM, Ferguson BJ (2012) Transient Nod factor-dependent gene 
expression in the nodulation-competent zone of soybean (Glycine 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gecco.2022.e02014
https://doi.org/10.1016/j.gecco.2022.e02014
https://doi.org/10.1016/0303-7207(91)90179-v
https://doi.org/10.1248/yakushi.123.619
https://doi.org/10.1248/yakushi.123.619
https://doi.org/10.3389/fpls.2021.762546
https://doi.org/10.3389/fpls.2021.762546
https://doi.org/10.1186/s40659-019-0246-3
https://doi.org/10.1186/s40659-019-0246-3
https://doi.org/10.3389/fpls.2020.00007
https://doi.org/10.1111/tps.15387
https://doi.org/10.3389/fpls.2021.796045
https://doi.org/10.5511/plantbiotechnology.20.1124a
https://doi.org/10.5511/plantbiotechnology.20.1124a
https://doi.org/10.1042/bj1251075
https://doi.org/10.1042/bj1251075
https://doi.org/10.1071/BI9701015
https://doi.org/10.1134/S1021443710040047
https://doi.org/10.1134/S1021443710040047
https://doi.org/10.5511/plantbiotechnology.27.59
https://doi.org/10.1093/plcell/koab103
https://doi.org/10.1093/plcell/koab103
https://doi.org/10.1038/s41467-024-44865-4
https://doi.org/10.1038/s41467-024-44865-4
https://doi.org/10.1038/srep13389
https://doi.org/10.1073/pnas.0803876105
https://doi.org/10.1105/tpc.110082685
https://doi.org/10.1038/s41467-020-19399-0
https://doi.org/10.1038/s41467-020-19399-0
https://doi.org/10.1038/s41467-023-42877-0


844	 Journal of Natural Medicines (2025) 79:833–844

max [L.] Merr.) roots. Plant Biotechnol J 10:995–1010. https://​doi.​
org/​10.​1111/j.​1467-​7652.​2012.​00729.x

	26.	 Wei X, Zhipeng H, Meng Y, Zhaoxiang W, Aihua Z, Jinglong 
L, Xin Z, Baodong C (2019) Improved phosphorus nutrition 
by arbuscular mycorrhizal symbiosis as a key factor facilitat-
ing glycyrrhizin and liquiritin accumulation in Glycyrrhiza 
uralensis. Plant Soil 439:243–257. https://​doi.​org/​10.​1007/​
s11104-​018-​3861-9

	27.	 Posada FL, Ramírez M, Ochoa-Gómez N, Cuellar-Gaviria ZT, 
Argel-Roldan EL, Ramírez AC, Villegas-Escobar V (2016) Bio-
prospecting of aerobic endospore-forming bacteria with biotech-
nological potential for growth promotion of banana plants. Sci-
entia Horticul 212:81–90. https://​doi.​org/​10.​1016/j.​scien​ta.​2016.​
09.​040

	28.	 Ngo PN, Yamada T, Higuma S, Ueno N, Saito K, Kojima K, 
Maeda M, Yamaya-Ito H, Ohkama-Ohtsu N, Kanekatsu M, 
Yokoyama T (2019) Spore inoculation of Bacillus pumilus 
TUAT1 strain, a biofertilizer microorganism, enhances seedling 
growth by promoting root system development in rice. Soil Sci 
Plant Nutr 65:598–604. https://​doi.​org/​10.​1080/​00380​768.​2019.​
16897​95

	29.	 William PB, Sandra B (2018) Mini-review: nod factor regulation 
of phytohormone signaling and homeostasis during rhizobia-leg-
ume symbiosis. Front Plant Sci 9:1247. https://​doi.​org/​10.​3389/​
fpls.​2018.​01247

	30.	 Da G, Jingrui L, Peng L, Yuzhan W, Na C, Xiangling F, Tao W, 
Jiangli D (2024) The jasmonate pathway promotes nodule sym-
biosis and suppresses host plant defense in Medicago truncatula. 
Mol Plant 17:1183–1203. https://​doi.​org/​10.​1016/j.​molp.​2024.​06.​
004

	31.	 Christian S, Verena MK, Verena CTP, Florian B, Marlene K, 
Heidi H, Rudolf R, Thomas H, Caroline G, Corinna D (2021) 
Quantitative mapping of flavor and pharmacologically active 
compounds in European licorice roots (Glycyrrhiza glabra L.) in 
response to growth conditions and arbuscular mycorrhiza sym-
biosis. J Agric Food Chem 69:13173–13189. https://​doi.​org/​10.​
1021/​acs.​jafc.​1c055​76

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

Authors and Affiliations

Shion Yamamoto1,2 · Aya Shimomura2 · Satoshi Watanabe1,2 · Mareshige Kojoma3 · Akihiro Suzuki1,2

 *	 Aya Shimomura 
	 ashim@cc.saga-u.ac.jp

 *	 Akihiro Suzuki 
	 azuki@cc.saga-u.ac.jp

1	 The United Graduate School of Agricultural 
Sciences, Kagoshima University, 1‑21‑24 Korimoto, 
Kagoshima 890‑0065, Japan

2	 Faculty of Agriculture, Saga University, 1 Honjo‑machi, 
Saga 840‑8502, Japan

3	 School of Pharmaceutical Sciences, Health Sciences 
University of Hokkaido, 1757 Kanazawa, Isgikari‑gun, 
Hokkaido 061‑0293, Japan

https://doi.org/10.1111/j.1467-7652.2012.00729.x
https://doi.org/10.1111/j.1467-7652.2012.00729.x
https://doi.org/10.1007/s11104-018-3861-9
https://doi.org/10.1007/s11104-018-3861-9
https://doi.org/10.1016/j.scienta.2016.09.040
https://doi.org/10.1016/j.scienta.2016.09.040
https://doi.org/10.1080/00380768.2019.1689795
https://doi.org/10.1080/00380768.2019.1689795
https://doi.org/10.3389/fpls.2018.01247
https://doi.org/10.3389/fpls.2018.01247
https://doi.org/10.1016/j.molp.2024.06.004
https://doi.org/10.1016/j.molp.2024.06.004
https://doi.org/10.1021/acs.jafc.1c05576
https://doi.org/10.1021/acs.jafc.1c05576

	Overwhelming glycyrrhizin production in Glycyrrhiza glabra induced by rihizobial symbiosis
	Abstract 
	Graphical abstract
	Introduction
	Materials and methods
	Soil materials
	Plant materials
	Preparation of rhizobium and rhizobial inoculation
	Growth conditions of G. glabra
	Measurement of SPAD value
	Acetylene reduction assay (ARA) for nitrogenase activity
	Measurements of root and stem diameter
	Expression analysis of GL and jasmonic acid (JA) synthesis marker genes
	Measurement of GL content
	Methyl jasmonate (MeJA) treatment

	Results
	Confirmation of nodulation by inoculation of strain J8 in G. glabra
	Effect of strain J8 on the growth of G. glabra at 30 DAI.
	Effect of strain J8 on GL synthesis marker genes expression at 30 DAI
	Effect of strain J8 on G. glabra growth at 150 DAI
	Effect of strain J8 on GL synthesis marker genes expression and GL production at 150 DAI
	Involvement of JA in the mechanism of increased GL production by rhizobial inoculation

	Discussion
	Acknowledgements 
	References




