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Abstract Endophytic fungi can be beneficial to plant
growth. However, the molecular mechanisms under-
lying colonization of Acremonium spp. remain unclear.
In this study, a novel endophytic Acremonium strain
was isolated from the buds of Panax notoginseng and
named Acremonium sp. D212. The Acremonium
sp. D212 could colonize the roots of P. notoginseng,
enhance the resistance of P. notoginseng to root rot
disease, and promote root growth and saponin bio-
synthesis in P. notoginseng. Acremonium sp. D212
could secrete indole‐3‐acetic acid (IAA) and jasmonic
acid (JA), and inoculation with the fungus increased
the endogenous levels of IAA and JA in P. noto-
ginseng. Colonization of the Acremonium sp. D212 in
the roots of the rice line Nipponbare was dependent

on the concentration of methyl jasmonate (MeJA)
(2–15 μmol/L) and 1‐naphthalenacetic acid (NAA)
(10–20 μmol/L). Moreover, the roots of the JA
signaling‐defective coi1‐18 mutant were colonized by
Acremonium sp. D212 to a lesser degree than
those of the wild‐type Nipponbare and miR393b‐
overexpressing lines, and the colonization was res-
cued by MeJA but not by NAA. It suggests that the
cross‐talk between JA signaling and the auxin
biosynthetic pathway plays a crucial role in the
colonization of Acremonium sp. D212 in host plants.
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INTRODUCTION

Phytohormones play an important role in the
colonization of endophytic fungi on host plants.
Endophytic fungi‐secreted indole‐3‐acetic acid (IAA)

can cause host plants to adapt to abiotic environ-
mental stress conditions (Ikram et al. 2018).
Exogenous application of methyl jasmonate (MeJA)
activates jasmonic acid (JA) signaling and reduces
wheat root endophytic bacterial communities
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(Liu et al. 2017). The cross‐talk of phytohormones,
including salicylic acid (SA) and JA (Martínez‐Medina
et al. 2017), impacts root colonization by endophytic
fungi. Importantly, plants benefit from endophytic
fungal colonization, and the endophytic relationship
modulates the plant immune system (Yan et al.
2019). The functions of auxin (Vanneste and Friml
2009) and JA (Yan and Xie 2015) are involved in
plant development and immune response,
respectively. It is hypothesized that the interaction
of auxin and JA regulates the colonization of
endophytic fungi in host plants.

Panax notoginseng (Burk) F.H. Chen (called no-
toginseng or sanqi) is a traditional Chinese medicine
(Hu and Wang 2019). Root rot disease caused by
pathogenic fungi (Zheng et al. 2017) seriously
reduces the yield and quality of P. notoginseng
(Chen et al. 2002; Sun et al. 2004). Saponins are the
main medical components in P. notoginseng
and have high clinical value, exhibiting anti‐
inflammation, anti‐oxidation, inhibition of platelet
aggregation, regulation of blood glucose and blood
pressure, inhibition of neuronal apoptosis, and
neuronal protection (Xie et al. 2018). The saponins

are mainly biosynthesized in the roots of P. noto-
ginseng (Li et al. 2019) and can be induced by JA
(Li et al. 2017) and auxin (Washida et al. 2004). In
addition, saponins with autotoxicity can cause
replant failure of P. notoginseng (Yang et al. 2015).
Members of the fungal genus Acremonium are
dominant endophytes that can be isolated, these
fungi promote host plant antifungal activity (Anisha
and Radhakrishnan 2015) and provide potential bi-
ocontrol against Meloidogyne incognita (Yao et al.
2015). The endophytic fungus Acremonium
implicatum strain PH30454 (GenBank accession no.
KP714365) was isolated from P. notoginseng and
detected antimicrobial activity against phytopath-
ogens (Zheng et al. 2017); however, in the National
Center for Biotechnology Information (NCBI) data-
base, this fungus is classified as Sarocladium
implicatum. To date, the roles of phytohormones
and the genus Acremonium in P. notoginseng
development remain poorly understood.

In this study, we aimed to investigate the effect
of auxin and JA cross‐talk on the colonization by the
endophytic fungal genus Acremonium on host
plants. Here, we found a novel Acremonium strain

(Acremonium sp. D212) that could be isolated from
the buds of P. notoginseng and colonize the roots
of P. notoginseng and rice. We found that the
interaction between auxin biosynthesis and JA
signaling regulates the colonization of Acremonium
sp. D212 in host plants. These results open a possi-
bility to reveal the mechanism of endophytic fungal
colonization on host plants.

RESULTS

Isolation and identification of a novel Acremonium
strain
P. notoginseng roots, stems, leaves, embryos, endo-
sperms, and buds were cultured on Murashige and
Skoog (MS) medium. Thirteen endophytic fungi were
isolated from the P. notoginseng tissues. A fungus was
isolated from the buds of P. notoginseng seedlings.
The fungus showed the effect of growth promotion
on P. notoginseng seedlings and was further selected
for its characterization on P. notoginseng develop-
ment. Compared with the control without fungi
(Figure 1A), despite the presence of white hyphae
covering the surface of the medium, seedling growth
was not impaired (Figure 1B), suggesting that the
fungus is not pathogenic to P. notoginseng. The col-
onies were 3–5 cm in diameter, white and had a light‐
yellow surface (Figure 1C, D). Aerial vegetative hyphae
were abundant, cottony, and white (Figure 1C). In
addition, the vegetative hyphae were branched and
had septa (Figure 1E). Conidia were consistently ob-
served in the heads and were hyaline and ellipsoidal
(2.60~4.82 × 1.33~2.58 μm (n= 286), with a length/
width of 1.73~2.14 μm) (Figure 1F, G). The morpho-
logical characteristics of the hyphae and spores of this
fungus were reminiscent of those of the genus
Acremonium.

To determine the identity of the endophytic
fungus, the internal transcribed spacer (ITS) sequence
(GenBank accession no. MH800331) of this endophytic
fungus was aligned with 29 reference sequences of
the genus Acremonium and fungus Alternaria alternata
(KY548069) was used as an outgroup (Table S2).
Phylogenetic analyses confirmed that the newly iso-
lated endophytic fungal strain belongs to the genus
Acremonium (Figure S1). The ITS sequence shared
98.1% and 97.8% identity with Acremonium alternatum
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strains KX958032 and KX958064, respectively, and
clustered into a distinct subgroup in which it was
more closely related to A. alternatum than other
Acremonium isolates (Figure S1). The ITS sequences of
A. implicatum strain PH30454 (Zheng et al. 2017) and
this new endophytic fungus shared 68.7% identity. To
further identify the novel Acremonium strain, the
large subunit (LSU) sequence (GenBank accession

no. MK348236) was analyzed by Basic Local Alignment
Search Tool (BLAST) similarity searches in the NCBI
database, showing 99.8% and 100% identity with the
species A. alternatum (MH871347) and A. sclerotigenum
(MH871515) (Figure S2), respectively. However,
A. alternatum conidia occur in short chains in the initial
and later heads and are ellipsoidal, long, obovate,
hyaline, and smooth‐walled, exhibiting a faintly

Figure 1. Morphogenesis of Acremonium sp. D212
(A, B) One‐month‐old Panax notoginseng seedlings grown on Murashige and Skoog (MS) medium inoculated
without (A) or with (B) Acremonium sp. D212. (C–G) Morphogenesis of colonies (C, D), hyphae (E, F) and
conidiospores (G) of Acremonium sp. D212 grown on potato dextrose agar medium for 7 d. The arrows indicate
the septa. Bar= 1 cm (images C and D), bar= 10 μm (images E, F and G).
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apiculate base and a round upper end (4.2~5.0×
1.5~2.0 µm) (Wang et al. 2002). The A. sclerotigenum
conidia are aggregated in heads, cylindrical, or tapered
toward the tips and slightly fusiform, smooth‐walled,
one‐celled, and hyaline (3.0~5.0× 0.7~1.8 µm) (Park
et al. 2017). The conidial morphogenesis of A. alter-
natum and A. sclerotigenum is different from that of the
novel Acremonium isolate (Figure 1E–G). Analysis of the
morphogenesis, molecular sequences, and a phyloge-
netic tree of known members of the genus Acre-
monium showed that the isolate is a novel Acremonium
species, named Acremonium sp. D212 (or D212 for
short). The fungal strain Acremonium sp. D212 was
deposited in the China General Microbiological Culture
Collection Center (accession no. CGMCC12374).

To further detect the distribution of D212, fungi
were isolated from the rhizosphere soil of P. noto-
ginseng. Three dominant genera, namely, Trichurus,
Penicillium, and Fusarium, were found in the rhizo-
sphere soil, and the genus Acremonium could not be
detected. The antagonistic growth of these fungi with
D212 showed that Acremonium sp. D212 could not
inhibit the growth of T. spiralis, P. janthinellum, and
F. oxysporum (Figure S3). These data show that

Acremonium sp. D212 is not a dominant fungus in
rhizosphere soil.

Acremonium sp. D212 colonizes the roots of
P. notoginseng and rice
To further detect colonization by D212 and prevent
contamination, tissue‐cultured P. notoginseng roots
were inoculated with D212. Compared with the
control (Figure 2A), the fungus grew across the root
surface (Figure 2B), and massive fungal hyphae were
observed in epidermal cells (Figure 2C). Colonization
by D212 inside root cells was further detected by 3D
imaging, the results of which showed that some
hyphae were present inside root epidermal cells
(Figure 2D), indicating that D212 is an endophytic
fungus of P. notoginseng. Because members of the
genus Acremonium are primarily detected in mono-
cotyledonous maize and rice (Potshangbam et al.
2017), colonization by D212 in rice roots was further
checked. Inoculation with D212 did not impair the
development of rice seedlings and did not have
root growth‐promoting effects (Figure S4). Com-
pared with control roots that were not inoculated
with D212 (Figure 2E), fungal hyphae were detected

in rice root epidermal cells inoculated with D212
(Figure 2F).

Acremonium sp. D212 enhances P. notoginseng
resistance to root rot disease and promotes root
growth
To determine the effect of colonization by D212 in
P. notoginseng, 1‐, 2‐ and 3‐year‐old P. notoginseng
seedlings were inoculated with D212. Root rot disease
of P. notoginseng mostly occurred in July each year.
Three‐year‐old P. notoginseng seedlings grown in the
field under natural conditions in July showed root rot
disease symptoms, with wilted leaves and stems
(Figure 3A) and rotten roots accompanied by fewer
lateral roots (Figure 3D). However, inoculation with
D212 enhanced the resistance of P. notoginseng to
root rot disease (Figure 3B, C) and increased the
seedling survival rate (Figure 3E). In addition, compared
with the control treated with water (Figure 3F, I),
D212 treatment also increased the survival rates
(Figure 3G, H, J, K) and fresh weights (Figure 3M) of
2‐ and 1‐year‐old P. notoginseng. Seeds of P. notoginseng
treated with water for 2 months had a germination rate
of 17.3%, while 29.3% of the seeds treated with a D212
solution exhibited germination (Figure 3L) accom-
panied by a greater number of lateral roots (Figure 3N)
and longer primary roots than the water‐treated con-
trols (Figure 3O). Importantly, D212 treatment sig-
nificantly increased the levels of the saponins Re, Rd,
Rb1, R1, and Rg1 (Figure 4A), which was associated with
high levels of saponin biosynthesis genes encoding
farnesyl diphosphate synthase, squalene synthase,
squalene epoxidase, and UDP glycosyltransferases
(Figure S5). Cytochrome P450 functions in saponin
biosynthesis (Tamura et al. 2017), and increased levels
of cytochrome P450‐related genes were observed
in P. notoginseng treated with D212 (Figure S5). When
P. notoginseng was treated with exogenous auxin
1‐naphthalenacetic acid (NAA) (20 μmol/L), the saponin
content in the roots was significantly increased com-
pared with that in the control treated with water
(Figure 4B).

Acremonium sp. D212 can secrete JA and IAA and
induce JA and IAA biosynthesis to promote P.
notoginseng growth
The phytohormones JA (Li et al. 2017) and auxin
(Figure 4F–J) are involved in the regulation of
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saponin biosynthesis. The concentrations of the
phytohormones JA and IAA in P. notoginseng
inoculated with D212 were further examined. The
results showed that inoculation with D212 increased
JA (Figures 5A, 6D) and IAA (Figure 5B, C) levels

in P. notoginseng. In addition, JA concentration
increased in D212 upon inoculation with P. noto-
ginseng (Figure 5A).

The IAA content in supernatants collected from liquid
MS medium which had been inoculated with D212 was

Figure 2. Acremonium sp. D212 could colonize Panax notoginseng and rice root epidermal cells
(A–F) Roots of P. notoginseng (A–D) and rice (E, F) inoculated without (A, E) or with (B, C, D, F) Acremonium sp.
D212 for 14 and 7 d, respectively. (B, C, D, F) Acremonium sp. D212 hyphae were observed in root epidermal cells
(B, C, D, F). The green color shows Acremonium sp. D212 hyphae stained with WGA‐Alexa Fluor 488 (B, C, D, F).
(D) The 3D image shows the colonization of Acremonium sp. D212 in P. notoginseng root epidermal cells. The
bright‐field image shows P. notoginseng and rice root epidermal cells, and the merged image shows the coloc-
alization of Acremonium sp. D212 and root epidermal cells. Bar= 10 μm.
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further analyzed. These supernatants contained sig-
nificantly increased levels of IAA, suggesting that D212
could secrete IAA (Figure 5D). Interestingly, this IAA se-
cretion mechanism was highly sensitive to the auxin
transport inhibitor 1‐N‐naphthylphthalamic acid (NPA), as
the IAA level was dramatically decreased in the super-
natants of the NPA‐treated fungus (Figure 5D). Fur-
thermore, to evaluate the effect of this IAA secreted by
D212, rice seedlings expressing the auxin‐responsive
construct DR5::GUS were inoculated with D212
(Figure 5E). Rice seedlings grown on MS medium showed
pronounced β‐glucuronidase (GUS) activity in the root tip
(Figure 5G) but not in the root differentiation region
(Figure 5F). However, when D212 in MS medium was
added close to the root differentiation region (Figure 5E),
the root differentiation region could respond to IAA due
to increased GUS activity (Figure 5H). The expression of
GUS in root tips was further detected (Figure 5G, I), and
the GUS levels in this region were found to be upregu-
lated in rice seedlings treated with D212 (Figure 5J).

To detect the effect of JA and auxin on P. noto-
ginseng development, 3‐year‐old P. notoginseng seedlings
were treated with D212 (Figure S6B), 20 μmol/L MeJA
(Figure S6C), and 20 μmol/L NAA (Figure S6D). Com-
pared with the control treated with water (Figure S6A),
D212, MeJA, and NAA treatment increased the survival
rate of P. notoginseng seedlings (Figure S6E).

Acremonium sp. D212 globally remodels transcription
in P. notoginseng
To check the gene expression profile of P. notoginseng
inoculated with D212, RNA sequencing of D212‐treated
P. notoginseng was performed. After D212 inoculation,

7 091 and 831 genes were up‐ and downregulated,
respectively, in P. notoginseng (Figure 6A). The
expression of five unigenes involved in auxin biosyn-
thesis in the P. notoginseng genome was detected,
including that of homologues of YUCCA2, YUCCA3,
YUCCA4a, YUCCA4b, and YUCCA6 (Figure 6B). The ex-
pression levels of PnYUCCA3, PnYUCCA4a, and PnYUCCA4b
were clearly upregulated (Table S3; Figure 6B). The
YUCCA4 gene product regulates lateral root formation in
Arabidopsis thaliana (Tang et al. 2017); therefore, the level
of PnYUCCA4a in P. notoginseng was further checked via
quantitative real‐time polymerase chain reaction (PCR).
D212 treatment significantly increased the expression of
the auxin biosynthesis gene PnYUCCA4a in the roots and
leaves of P. notoginseng (Figure 6C), which also supports
the reliability of the RNA sequencing data (Figure 6B).
Moreover, the transcriptomics data showed that the
expression of genes related to JA biosynthesis
(Figure 6D) and signaling (Figure 6E) pathways was
upregulated in P. notoginseng inoculated with D212.

Colonization by Acremonium sp. D212 in rice is an
auxin‐dependent process mediated by JA signaling
To detect the mechanism of colonization by the
fungus D212, the rice lines 35S::miR393b and coi1‐18, a
line exhibiting downregulated expression of the
auxin receptor OsTIR1 (Figure S7) and a JA receptor
mutant line, respectively, were inoculated with D212
(Figure 7D, F). The fungus D212 did not promote root
growth in wild‐type rice Nipponbare plants, whereas
the primary root lengths of the rice lines coi1‐18 and
35S::miR393b were significantly decreased compared
with the control (Figure S8). To check the colonization

Figure 3. Acremonium sp. D212 treatment enhances the resistance of Panax notoginseng to root rot disease and
promotes root growth
(A, B, C, D, F, G, I, J) Three‐ (A–D), 2‐ (F, G), and 1‐year‐old (I, J) P. notoginseng seedlings were treated with water
(A, D, F, I) or Acremonium sp. D212 (B, C, G, J). (C, D) Phenotypes of healthy (C) and rotten (D) roots of
3‐year‐old P. notoginseng seedlings. (E, H, K) Quantification of the survival rates of 3‐year‐old seedlings (E) (H2O:
n= 61, FA: n= 55, 3.5*105 spores/mL), 2‐year‐old seedlings (H) (H2O: n= 38, FA1: n= 29, FA2: n= 35, FA3: n= 42,
FA4: n= 45. 1.5*105 spores/mL, 2*105 spores/mL, 3*105 spores/mL and 3.5*105 spores/mL in FA1, FA2, FA3 and FA4,
respectively) and 1‐year‐old seedlings (K) (H2O: n= 510, FA1: n= 465, FA2: n= 571, FA3: n= 538. 2.25*105 spores/
mL, 3.75*105 spores/mL and 4.5*105 spores/mL in FA1, FA2 and FA3, respectively.). (M) Quantification of root
weights of 1‐year‐old seedlings treated with Acremonium sp. D212 (H2O: n= 14, FA1: n= 14, FA2: n= 14, FA3:
n= 14). (L) One‐year‐old P. notoginseng germinated from seeds treated with water and Acremonium sp. D212.
(N, O) Quantification of the number of lateral roots (N) (H2O: n= 10, FA: n= 20) and the lengths of primary roots
(O) (H2O: n= 10, FA: n= 20) of 1‐year‐old P. notoginseng seedlings. The arrowhead indicates the rotten root. The
data are presented as the mean± SD. *P< 0.05, **P< 0.01 (Student's t‐test). Bar= 5 cm (images C, D), bar= 1 cm
(image L). FA= Acremonium sp. D212.
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by D212, the gene‐specific primers Ac 2‐1‐2 rFP and Ac
2‐1‐2 rRP (Table S1) were used to amplify the fungal
ITS region. The results showed that more D212
colonized the roots of the 35S::miR393b rice line than
of the wild‐type rice, but less D212 colonized the coi1‐
18 mutant (Figure 7G). The effect of auxin and JA on
colonization by D212 was further examined by co-
treating rice seedlings with D212 and NAA (10 or 20
µmol/L) (Figure 8A) or MeJA (2, 5, or 15 µmol/L)
(Figure 8B). The results showed that colonization of
rice roots by D212 is regulated by NAA and JA in a
concentration‐dependent manner (Figure 8A, B). The
JA and IAA levels of the rice lines Nipponbare, 35S::
miR393b and coi1‐18 treated with D212 were further
detected. The results showed that the JA content
was increased in the coi1‐18 mutant (Figure 8C), and

the IAA content was increased in the Nipponbare line
(Figure 8D). Moreover, the IAA content of the rice
line 35S::micro393b inoculated with D212 was sig-
nificantly higher than that of the rice line Nipponbare
(Figure 8D), which is consistent with the increased
colonization by D212 in the rice line 35S::miR393b
(Figure 7G). Inoculation with D212 induced a high level

of JA in the coi1‐18 mutant (Figure 8C) but decreased
colonization by D212 (Figure 7G). When the rice lines
Nipponbare (Figure 8E), 35S::miR393b (Figure 8F) and
coi1‐18 (Figure 8G) were treated with D212 accom-
panied with 20 μmol/L MeJA or 2 μmol/L NAA, the
MeJA treatment significantly increased the colo-
nization of Nipponbare (Figure 8E), 35S::miR393b
(Figure 8F) and coi1‐18 (Figure 8G) by D212, while the
NAA treatment increased the colonization of D212 in
the rice lines Nipponbare (Figure 8E) and 35S::miR393b
(Figure 8F) but had no obvious effect on the colo-
nization of the coi1‐18 rice mutant by D212 (Figure 8G).

DISCUSSION

Phytohormones play crucial roles in the interaction
between endophytic fungi and host plants. The phyto-
hormones SA and JA (Martínez‐Medina et al. 2017), IAA
and gibberellic acid (Waqas et al. 2012) show the
important effects during colonization of endophytic fungi
on host plant development. In this study, colonization by
the endophytic fungus Acremonium sp. D212 in the host
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Figure 4. Saponin content in Panax notoginseng roots
(A–E) One‐year‐old P. notoginseng seedlings inoculated with (n= 10) or without (n= 10) Acremonium sp. D212 for 3
months. (F–J) One‐year‐old P. notoginseng seedlings treated with dimethylsulfoxide or 20 μmol/L
1‐naphthalenacetic acid (NAA) for 9 d. The concentrations of the saponins Re, Rd, Rb1, R1, and Rg1 in the roots
were measured by high‐performance liquid chromatography. The data are presented as the mean± SD.
*P< 0.05, **P< 0.01 (Student's t‐test). DW, dry weight.
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Figure 5. Detection of jasmonic acid (JA) and indole‐3‐acetic acid (IAA) content in Panax notoginseng, rice and
Acremonium sp. D212
(A) Two‐year‐old P. notoginseng seedlings treated with (n= 3) or without (n= 3) Acremonium sp. D212 for 14 d to
measure JA content. (B, C) Two‐year‐old P. notoginseng seedlings treated with (n= 7) or without (n= 6) Acre-
monium sp. D212 for 14 d to measure IAA content in the roots (B) and leaves (C) of P. notoginseng seedlings.
(D) IAA content of Acremonium sp. D212 cultured in liquid Murashige and Skoog (MS) medium with or without
12.5 pmol/L 1‐N‐naphthylphthalamic acid (NPA). (E–I) Seedlings of rice Nipponbare (E) expressing the auxin‐
responsive gene DR5::GUS grown on MS medium treated without (F, G) or with (H, I) Acremonium sp. D212 for 7 d.
Image (E) shows the inoculation of rice seedlings with Acremonium sp. D212. Images (F, H) and (G, I) show the
zones of cell differentiation and cell division of rice roots, respectively. (J) β‐glucuronidase (GUS) activity in root
tips that were treated without or with Acremonium sp. D212 for 7 d. PN, P. notoginseng seedlings used as a
control; PNF, P. notoginseng seedlings inoculated with Acremonium sp. D212; CK, rice seedlings grown on MS
medium; RF, rice seedlings inoculated with Acremonium sp. D212; Fu, Acremonium sp. D212 grown on MS medium;
FPN, Acremonium sp. D212 collected after being inoculated with P. notoginseng; FA, Acremonium sp. D212 cultured
in liquid MS medium; FA+NPA, Acremonium sp. D212 cultured in liquid MS medium supplemented with the auxin
transport inhibitor NPA (12.5 pmol/L); FW, fresh weight. The red arrowhead shows the Acremonium sp. strain
D212. The collection of each data set was repeated with at least three biological replicates. The data are
presented as the mean± SD. *P< 0.05, **P< 0.01 (Student's t‐test). Bar= 200 µm.
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Figure 6. Transcriptional profiles in Panax notoginseng inoculated with Acremonium sp. D212
(A) Volcano plot of gene expression in P. notoginseng inoculated with Acremonium sp. D212 for 14 d. (B, D, E) Heat
maps show the fragments per kilobase of transcript per million mapped reads (FPKM) values of unigenes related
to the genes of auxin biosynthesis (B) and jasmonic acid (JA) biosynthesis (D) and signaling (E) in P. notoginseng.
(C) The relative expression of PnYUCCA4a in the leaves and roots of P. notoginseng was determined by quanti-
tative real‐time polymerase chain reaction (qRT‐PCR). The collection of each data set was repeated with at least
three biological replicates. The 18S rRNA gene was used as an internal control to detect the level of PnYUCCA4a in
P. notoginseng. Green, red and black dots show downregulated, upregulated, and unchanged genes, respectively.
The relative expression intensity is color coded: green, low; black, medium; and red, high. All of the data are
presented as the mean± SD. *P< 0.05 (SPSS analysis). PN, P. notoginseng seedlings used as a control; PNF,
P. notoginseng seedlings inoculated with Acremonium sp. D212.
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Figure 7. Colonization of rice mutants by Acremonium sp. D212
(B, D, F) The rice lines 35S::miR393b and coi1‐18 in a Nipponbare background were inoculated with Acremonium sp.
D212 for 7 d. (A–F) The green color indicates Acremonium sp. D212 hyphae stained with WGA‐Alexa Fluor 488
(B, D, F) relative to the control without Acremonium sp. D212 treatment (A, C, E). (G) The expression of the
internal transcribed spacer (ITS) region of Acremonium sp. D212 was tested by quantitative real‐time polymerase
chain reaction (qRT‐PCR). The rice OsActin7 gene was used as an internal control. All of the data are presented as
the mean± SD. **P< 0.01 (SPSS analysis). Data collection was repeated with at least three biological replicates.
D212: Acremonium sp. D212. The bright‐field image shows the root epidermal cells, and the merged image shows
the colocalization of Acremonium sp. D212 and root epidermal cells. Bar= 10 μm.
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Figure 8. Continued
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plant was mediated by cross‐talk between auxin biosyn-
thesis and JA signaling. This shows that the interaction of
auxin‐ and JA‐mediated pathways is necessary for colo-
nization by endophytic fungi. Furthermore, the endo-
phytic fungus D212 promoted IAA biosynthesis of host
plants was positively regulated by the JA and auxin sig-
naling pathways (Figure 8D), and JA biosynthesis was
negatively regulated by the JA signaling pathway
(Figure 8C). This study shows that the IAA and JA
biosynthesis differ from the ethylene response factor
109 (ERF109)‐mediated (Cai et al. 2014) and tryptophan‐
dependent pathway for IAA biosynthesis (Yamamoto
et al. 2007) and the coronatine‐insensitive protein‐1‐
mediated pathway for JA biosynthesis (Paschold et al.
2008), respectively. This demonstrates that endophytic
fungi could regulate IAA and JA biosynthesis in host
plants via different pathways, in which both endo-
phytes and host plants benefit from this inter‐kingdom
cross‐talk, and this phenomenon has greatly con-
tributed to the adaptation of plants to different envi-
ronmental conditions.

Endophytic fungi can regulate host phyto-
hormone content, including abscisic acid, JA, SA and
ethylene, to modulate abiotic and biotic stress

(Waqas et al. 2012; Lahlali et al. 2014). Inoculation
with D212 enhanced the resistance of P. notoginseng
against root rot disease, promoted root growth
(Figure 3) and secondary metabolite saponin pro-
duction in P. notoginseng (Figure 4A–E) accompanied
by the production of IAA and JA (Figure 5). These
results show that the two phytohormones IAA and
JA are important in the interaction between endo-
phytic fungi and host plants grown under biotic
stress, as described in a previous study (Liu et al.
2019), and the host plant P. notoginseng benefited
from colonization by D212. However, inoculation

with D212 did not promote rice root growth ac-
companied by increased IAA content (Figure 8D).
P. notoginseng and rice are classified as terrestrial
and aquatic plants, respectively. This suggests that
colonization by endophytic fungi D212 enhances host
plant fitness in various environmental conditions.

In this study, Acremonium sp. D212 could colonize
different host plants and promote host development
and adaptation under biotic stress mediated by the
cross‐talk of auxin and JA. This finding shows the
importance of auxin and JA in the interaction between
endophytic fungi and host plants. The effect of the
phytohormones auxin and JA on the colonization
of endophytic fungi will facilitate the elucidation of
molecular mechanisms underlying the complexity of
fungus‐plant cross‐talk in future work.

MATERIALS AND METHODS

Plant materials
To detect the effect of the endophytic fungus on Panax
notoginseng development, 1‐, 2‐ and 3‐year‐old P. noto-
ginseng seedlings were obtained from the Daheqiao farm
of Yunnan Agricultural University (103°16'49''E, 25°31'2''N).
The rice auxin receptor tir1 mutant expressing 35S::
miR393b was obtained from Professor Muyuan Zhu
(Zhejiang University) (Bian et al. 2012). The rice JA
receptor coi1‐18 mutant was acquired from Professor
Yinong Yang (Pennsylvania State University) (Yang
et al. 2012).

Fungal isolation, identification, and antagonism assay
Roots, stems, leaves, embryos, endosperms, and buds
of 3‐year‐old P. notoginseng were surface disinfected
according to previous reports (Gibala et al. 2009;

Figure 8. Colonization of Acremonium sp. D212 in rice seedlings treated with 1‐naphthalenacetic acid (NAA) and
methyl jasmonate (MeJA)
(A, B, E, F, G) The rice lines Nipponbare (A, B, E), 35S::miR393b (F) and coi1‐18 (G) were inoculated with Acre-
monium sp. D212 and cotreated with NAA (10 or 20 µmol/L) (A), MeJA (2, 5, 15 µmol/L) (B), 20 µmol/L MeJA (E, F,
G) and 2 µmol/L NAA (E, F, G) for 7 d. The expression of the internal transcribed spacer (ITS) region of Acre-
monium sp. D212 was tested by quantitative real‐time polymerase chain reaction (qRT‐PCR) (A, B, E, F, G). (C, D)
The jasmonic acid (JA) (C) and indole‐3‐acetic acid (IAA) (D) content in the rice lines Nipponbare, 35S::miR393b
and coi1‐18 inoculated with Acremonium sp. D212 for 7 d was determined by high‐performance liquid chroma-
tography – tandem mass spectrometry (HPLC‐MS/MS). All of the data are presented as the mean± SD. *P< 0.05,
**P< 0.01 (SPSS analysis of difference in gene expression, Student's t‐test for phytohormone measurement.).
Data collection was repeated for at least three biological replicates. D212 = Acremonium sp. D212.
NPB=Nipponbare. miR393b= 35S::miR393b. ND= no difference.
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Zheng et al. 2017) with minor modifications. The samples
were disinfected with 70% ethanol for 90 sec and 2%
sodium hypochlorite for 10min, washed with sterilized
water five times and cultured on MS medium (MS Basal
Medium; M5519; Sigma–Aldrich) containing 4.4 g/L MS
powder, 30 g/L sucrose and 6.8 g/L agar for 14 d. Single
fungal spores were picked and grown on potato dex-
trose agar (PDA) medium containing 200 g/L potato,
10 g/L sucrose, and 15 g/L agar for 14 d at 28°C. Hyphae
and spores were observed using a Leica fluorescence
microscope (Leica Microsystems). Fungal genomic DNA
was isolated using the cetyltrimethylammonium bro-
mide (CTAB) method. The fungal ITS region of the ri-
bosomal DNA (rDNA) gene was amplified using the
primers ITS1 and ITS4 (White et al. 1990), while the
nuclear LSU of the rDNA gene was amplified using
the primer pairs NL1 and NL4 (Giraldo et al. 2012) and
NL1E and NL4E (Table S1). The PCR thermocycling pro-
gram was as follows: 94°C for 5min, followed by
30 cycles of 94 °C for 45 sec, 54°C for 30 sec, and 72°C for
50 sec, with a final step at 72°C for 5min. The PCR
products were cloned into the pJET1.2/blunt vector
(Thermo Fisher Scientific, China) and sequenced by
Tsingke Company. These sequences of ITS and LSU were

submitted to the GenBank database under accession
numbers MH800331 and MK348236, respectively.

To detect the distribution of endophytic fungi in
the rhizosphere soil of P. notoginseng, the roots of
field‐grown P. notoginseng were collected. The rhizo-
sphere soil was collected using previously described
methods (Hirsch and Mauchline 2012) and diluted with
sterilized water. Subsequently, the rhizosphere soil
solution was filtered and diluted to concentrations of
10−1, 10−2, 10−3, 10−4, and 10−5. For each dilution,
200 μL of liquid was plated onto agar‐solidified Rose
Bengal medium and incubated for 7 d at 28°C. Sub-
sequently, single colonies were picked and purified on
PDA medium. The fungal ITS sequences were ampli-
fied by PCR using the primers ITS1 and ITS4 (White
et al. 1990).

As the fungus Acremonium sp. D212 grows slowly,
to detect the effect of antagonistic growth, the
fungus Acremonium sp. D212 was inoculated at four
positions on PDA medium, and the fungi isolated from
rhizosphere soil were inoculated at the center of the
PDA medium. The fungi were inoculated on PDA me-
dium and grown at 28°C for 7 d for characterization of
fungal growth.

Assaying of growth promotion and resistance to root
rot disease of Acremonium sp. D212 and the effect of
phytohormones in field tests
Acremonium sp. D212 was grown on PDA medium for
14 d at 28°C. The hyphae and spores were collected and
diluted in water, and the spore concentration was cal-
culated using a hemocytometer. Subsequently, to detect
the effects of Acremonium sp. D212 on P. notoginseng at
different developmental stages, fungal solution (2.25*105

spores/mL, 3.75*105 spores/mL, and 4.5*105 spores/mL)
was sprayed onto 1‐year‐old P. notoginseng seedlings,
fungal solution (1.5*105 spores/mL, 2*105 spores/mL,
3*105 spores/mL, and 3.5*105 spores/mL) was sprayed
onto 2‐year‐old P. notoginseng seedlings. To detect the
effect of phytohormones on P. notoginseng growth,
3‐year‐old P. notoginseng seedlings were treated with
fungal solution (3*105 spores/mL), MeJA (20 μmol/L) and
NAA (20 μmol/L), respectively. Seedlings treated with
water were used as control. The seedlings were treated
every 14 d for 3 months. To assay the resistance to root
rot disease, 3‐year‐old P. notoginseng seedlings were
treated with fungal solution (3.5*105 spores/mL) every
14 d for 3 months, and the leaf and root phenotypes of P.
notoginseng seedlings were observed after inoculation

with the fungal strain D212 for 10 months. The seedlings
were grown in a greenhouse at the Daheqiao farm of
Yunnan Agricultural University (103°16'49''E, 25°31'2''N) at
28°C under 20% light conditions. There were 600 seed-
lings of 1‐year‐old P. notoginseng and 66 seedlings of
2‐ and 3‐year‐old P. notoginseng per plot with an area of
1.5 square meters. The seedlings were grown on steri-
lized humus soil and fertilizer containing nitrogen,
phosphorus and potassium was applied two times every
year. The seedlings were irrigated with water every 5 d
from May to August and every month from September
to April.

Cellular localization and identification of Acremonium
sp. D212 in P. notoginseng and rice
To examine colonization by Acremonium sp. D212 on
host roots, the fungal hyphae were inoculated onto the
tissue‐cultured seedling roots of 3‐month‐old P. noto-
ginseng “Wenshan” (n= 12) and 1‐week‐old rice lines
(n= 60) Nipponbare, 35S::miR393b and coi1‐18 at a dis-
tance of 2–3mm and incubated for 14 and 7 d,
respectively, at 28 °C. Tissue‐cultured seedlings that
were not inoculated with Acremonium sp. D212 were
used as a control. Each experiment was repeated at

14 Han et al.

Month 2020 | Volume 00 | Issue 00 | 1–19 www.jipb.net



least three times. Seven days after inoculation of rice
seedlings with Acremonium sp. D212, the seedlings were
collected, and the primary root lengths were measured.
Fungal hyphae were stained as previously described
(Sun et al. 2014). The samples were stored in
ethanol overnight, treated with 10% potassium
hydroxide overnight and then transferred into
phosphate‐buffered saline (PBS) (pH 7.4). Next, the
roots were incubated in staining solution containing
10× 10‐6 g/mL WGA‐Alexa Fluor 488 (Thermo Fisher
Scientific) at a 1:10 000 dilution for 30min, after which a
vacuum was applied for 2min, and the roots were
destained in PBS five times at 28°C and observed using a
Leica SP5 confocal microscope (Leica Microsystems)
with excitation at 488 nm and detection at 500–550 nm.

To test the effect of the low IAA and JA concen-
tration on colonization by Acremonium sp. D212, the
fungus was inoculated onto the primary roots of
7‐d‐old rice seedlings grown in MS medium supple-
mented with or without the synthetic auxin NAA
(2, 10, 20 µmol/L) or MeJA (2, 5, 15, 20 µmol/L) for 7 d.
Subsequently, the rice genomic DNA was isolated
using the CTAB method, and the partial ITS sequence
of the fungus was amplified using the gene‐specific

primers Ac 2‐1‐2 rFP and Ac 2‐1‐2 rRP (Table S1) via a
real‐time PCR assay as mentioned below.

Phylogenetic tree construction
The ITS sequences of the genus Acremonium in the
NCBI database were used to construct a phylogenetic
tree with the neighbor‐joining method using MEGA
5.1. Each bootstrap value was analyzed with 1,000
replicates.

Saponin and phytohormone content measurements
One‐year‐old P. notoginseng seedlings were treated with
Acremonium sp. D212 at 1*106 spores/mL for 3 months or
20 μmol/L NAA for 9 d, and 2‐year‐old P. notoginseng
seedlings were treated with Acremonium sp. D212 at
3.5*105 spores/mL for 14 d in natural conditions at 26 °C.
Roots of 5‐d‐old Nipponbare, 35S::miR393b and coi1‐18 rice
seedlings were grown on MS medium inoculated with
Acremonium sp. D212 for 7 d at 26°C. Samples of the
fungus Acremonium sp. D212 inoculated with P. noto-
ginseng were collected. Subsequently, the IAA and JA
levels of P. notoginseng, Acremonium sp. D212 and rice
roots were quantified via HPLC‐MS/MS as previously
described (Luo et al. 2016). To measure the content of

saponins in P. notoginseng, dry roots were ground into a
powder, and 0.2 g of the powder were mixed with 15mL
of 70% methanol and disrupted for 30min by ultra-
sonication at room temperature (28°C). The methanol
extract was filtered twice with a 0.22‐μm filter and then
measured by HPLC. A standard curve was established
with the saponins Re, Rd, Rb1, R1, and Rg1. To detect IAA
secreted by Acremonium sp. D212, the fungus D212 was
cultured in liquid MS medium with or without 12.5 pmol/L
NPA for 5 d and then centrifuged at 12,000 rpm for 10
min. The supernatant was used to determine the IAA
content as previously described (Luo et al. 2016) with
minor modifications. For IAA extraction, the supernatant
was mixed with an equal volume of ethyl acetate spiked
with 5× 10‐9 g of D5‐IAA (OlhemIm) as an internal
standard. Multiple reaction monitoring was performed to
analytically monitor the parent ion→ product ion
process: mass‐to‐charge ratio (m/z) 176.00→ 130.00
(CE,−15 V; Q1 pre bias,−19 V; Q3 pre bias,−22 V) for IAA;
m/z 181.00→ 134.05 (CE,−18 V; Q1 pre bias,−23 V; Q3 pre
bias, −23 V) for D5‐IAA.

GUS activity assay
Fifty micrograms of P. notoginseng root inoculated
with or without Acremonium sp. D212 for 7 d was
ground in liquid nitrogen. GUS activity was measured
as previously described (Yoo et al. 2007) with minor
modifications. The root samples were homogenized in
an extraction buffer containing 100mmol/L Tris‐HCl
(pH 7.6), 50 mmol/L Na2 ethylenediaminetetraacetic
acid, 5% polyvinylpolypyrrolidone (Sigma‐Aldrich), and
5 × 10‐3 g/mL diethyldithiocarbamate (Adamas‐beta).
After centrifugation (16,000 × g at 4°C for 20min),
the supernatant was collected, and the protein con-
centration was determined using the Bradford assay.
For the GUS activity assay, 10 µL of the protein sample
and 100 µL of substrate mix containing 10 mmol/L Tris‐
HCl, 1 mmol/L 4‐methylumbelliferyl glucuronide, and
2 mmol/L MgCl2 were mixed and incubated at 37°C for
30–180 min. Subsequently, 0.9 mL of 0.2 mol/L Na2CO3

was added to stop the reaction, and GUS activity
was measured using a fluorometer with excitation
and emission wavelengths of 365 and 455 nm,
respectively.

Transcriptome analysis of P. notoginseng
One‐year‐old P. notoginseng seedlings grown on MS me-
dium were inoculated with Acremonium sp. D212 for 14 d.
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The total messenger RNA from the P. notoginseng seed-
lings was isolated using the RNAsimple Total RNA Kit
(TIANGEN Biotech (Beijing) Co., Ltd). The RNA quantity
was measured using a Qubit 2.0 instrument (sample
concentration: ≥ 50× 10‐9 g/μL; sample volume: >10 µL;
total sample weight: >3× 10‐6 g), and an Agilent 2100
(sample purity: optical density (OD) 260/280≥ 1.8, OD260/
230≥ 0.5; RNA integrity: RIN≥ 6.5; 5 S peak is normal.).
The RNA library was constructed using the NEBNext®
Ultra RNA Library Prep Kit for Illumina® (0131705‐12; New
England Biolabs). Paired‐end sequencing of sample com-
plementary DNA (cDNA) was performed using an Illumina
HiSeq 2500 with a read length of PE125. The sequence
reads were trimmed by deleting adapters and low‐quality
reads to obtain high‐quality clean data. Trinity was used
for de novo assembly using the parameters Perl Trinity.pl
–seqType fq –JM 50G –left reads_1.fq –right reads_2.fq –
CPU 6. Bowtie was used for read mapping with the
parameters bowtie2 ‐p 8 ‐x index ‐1 reads_1.fq ‐2 reads_2.
fq ‐S out.sam. Additional 6G replicates were sequenced.
RSEM was used to identify differentially expressed genes.
Fragments per kilobase of transcript per million mapped
reads (FPKM) values were directly used to compare dif-
ferences in gene expression. False discovery rate≤ 0.01

and an absolute value of log2 ratio≥ 1 were set as the
thresholds for the significance of the differences in gene
expression between two samples. All unigenes were
obtained and functionally annotated by the Biomarker
Technologies Corporation (Beijing, China). The tran-
scriptome data of P. notoginseng were submitted to the
Genome Sequence Archive public database (http://gsa.
big.ac.cn) (accession no. CRA001331).

Real‐time PCR analysis
Real‐time quantitative PCR was performed using an
ABI QuantStudio 7 Flex Real‐Time PCR system (Applied
Biosystems, Foster City, CA, USA). PCR amplification
was performed with Power UpTM SYBRTM Green
Master Mix (Thermo Fisher Scientific) using 0.42 ×
10‐9 g of cDNA template in a 10 μL reaction system. The
PCR program was as follows: 95 °C for 30 sec, followed
by 40 cycles of 95°C for 45 sec, 52°C for 30 sec, and 72°C
for 1 min. The 18S rRNA (GenBank: D85171) and Osactin7
(AK060893) genes were used as internal controls in
P. notoginseng and rice, respectively. The level of gene
expression was calculated using the 2−ΔΔCt method.
The 10 µmol/L gene‐specific primer pairs PnYUCCA4a‐
FP and PnYUCCA4a‐RP, OsTIR1‐FP and OsTIR1‐RP,

Ac 2‐1‐2 rFP and Ac 2‐1‐2 rRP, 18S rRNA‐FP and 18S
rRNA‐RP, and OsActin‐FP and OsActin‐RP (Table S1)
were used to determine the levels of PnYUCCA4a,
OsTIR1 (EU400583), the ITS of Acremonium sp. D212,
18S rRNA and OsActin7, respectively.

Statistical analysis
Student's t‐test was used to analyze plant phenotypes,
including root length, root weight, phytohormone con-
tent, saponin content, GUS activity, and seedling survival
rate. SPSS version 19.0 (IBM Inc., Armonk, NY, USA) was
used to analyze differences in gene expression. P< 0.05
indicated a statistical difference, and P< 0.01 indicated a
statistically significant difference.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online
in the supporting information tab for this article: http://
onlinelibrary.wiley.com/doi/10.1111/jipb.12905/suppinfo
Figure S1. Phylogenetic tree of the genus Acremonium
Phylogenetic tree constructed from internal tran-
scribed spacer (ITS) sequences based on a neighbor‐
joining analysis. The numbers indicate bootstrap
values at the branching points. The scale bar repre-
sents the relative branch length. The red box indicates
the fungus Acremonium sp. D212. The fungus Alter-
naria alternata (KY548069) was used as an outgroup.
Figure S2. Large subunit (LSU) sequences in different
Acremonium strains
Alignment of LSU sequences of the fungi Acremonium
sp. D212, Acremonium alternatum, and Acremonium
sclerotigenum.

Figure S3. Acremonium sp. D212 could not inhibit fungi
growth
(A–C) Acremonium sp. D212 co‐inoculated on potato
dextrose agar medium with the fungi Trichurus spiralis
(A), Penicillium janthinellum (B) and Fusarium oxy-
sporum (C) for 1 week. Arrowheads indicate Acre-
monium sp. D212.
Figure S4. Phenotype of rice seedlings inoculated with
Acremonium sp. D212
(A, B) Rice line Nipponbare inoculated without (A) or
with (B) Acremonium sp. D212 for 1 week. (C) Quan-
tification of the lengths of primary roots (CK: n= 36,
D212: n= 38). The data are presented as the mean±
SD. CK= rice seedlings grown on Murashige and
Skoog (MS) medium, D212= rice seedlings grown on
MS medium inoculated with Acremonium sp. D212.
Figure S5. Transcriptional profiles of saponin
biosynthesis‐related genes
Panax notoginseng inoculated with Acremonium
sp. D212 for 2 weeks. Heat maps show the expression
profiles of saponin biosynthesis‐related genes in
P. notoginseng. The data set was repeated for at least
three biological replicates. The fragments per kilobase
of transcript per million mapped reads (FPKM) values

of unigenes correlated with saponin biosynthesis‐
related genes in the P. notoginseng genome. The
relative expression intensity is color coded: green,
low; black, medium; red, high. PN: P. notoginseng
seedlings used as a control; PNF: P. notoginseng
seedlings inoculated with Acremonium sp. D212.
Figure S6. Phenotype of 3‐year‐old Panax notoginseng
seedlings treated with Acremonium sp. D212, methyl
jasmonate (MeJA) and 1‐naphthalenacetic acid (NAA)
(A–D) Three‐year‐old Panax notoginseng seedlings
were treated with water (n = 54) (A), Acremonium
sp. D212 (n = 52, 3*105 spores/mL) (B), 20 µmol/L
jasmonic acid (JA) (n = 56) (C) or 20 µmol/L NAA
(n = 56) (D) for 3 months. (E) Quantification of the
survival rates of 3‐year‐old seedlings. The data are
presented as the mean ± SD. *P < 0.05, **P < 0.01
(Student's t‐test). D212 = Acremonium sp. D212.
Figure S7. Gene expression of OsTIR1
Rice lines Nipponbare and 35S::miR393b were grown
on Murashige and Skoog (MS) medium for 2 weeks,
and the expression of OsTIR1 was checked by quan-
titative real‐time polymerase chain reaction (qRT‐
PCR). The collection of each data set was repeated
for at least three biological replicates. The Osactin7
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gene was used as an internal control. All of the data
are presented as the mean± SD. **P< 0.01 (SPSS
analysis).
Figure S8. Root lengths of rice mutant plants
inoculated with Acremonium sp. D212
(A–F) Rice lines Nipponbare (A, B), coi1‐18 (C, D) and
35S::miR393b (E, F) inoculated without (A, C, E) or with
(B, D, F) Acremonium sp. D212 for 1 week. (G) Quanti-
fication of rice root lengths in Nipponbare (n= 35 and
38 for the control and D212 treatment, respectively),
coi1‐18 (n= 44 and 38 for the control and D212

treatment, respectively) and 35S::miR393b (n= 18 and
21 for the control and D212 treatment, respectively). All
of the data are presented as the mean± SD. **P< 0.01
(Student's t‐test). CK= rice inoculated without Acre-
monium sp. D212. D212= rice seedlings inoculated with
Acremonium sp. D212. Bar= 1 cm.
Table S1. Sequences of gene‐specific primers
Table S2. Isolates and accession nos. used to con-
struct the phylogenetic tree
Table S3. Unigenes of Panax notoginseng used in the
transcriptomic analysis
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