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Symbiotic microorganisms are ubiquitous on the body surface or internal tissues of invertebrates, providing them with benefits.
Developing symbiotic relationships requires synchronization of developmental stages and physical proximity of partners. Therefore,
the identification of metabolites that coordinate the reproduction of symbiotic partners is essential. This study demonstrates that
palmitoleic acid (C16: 1) coordinates bilateral propagation by regulating the synchronization of reproduction between the invasive
pinewood nematode (PWN) and its newly associated blue-stain fungus, Sporothrix sp.1. When the PWN fed on Sporothrix sp.1, there
was a significant increase in lipid metabolism gene expression and metabolite abundance. Through further investigations, it
highlighted a significant enhancement in the reproduction of the PWN through direct acquisition of C16: 1, which was abundantly
present in Sporothrix sp.1. Furthermore, the PWN biosynthesized C16: 1 through the involvement of the stearoyl-CoA 9-desaturase
gene fat-5 and its hormone nuclear receptor nhr-80, which was clarified to promote the egg-laying capacity of females. Moreover, it
is worth noting that the production of C16: 1 was significantly higher by the associated fungus Sporothrix sp.1 to enhance
sporulation during the spore formation phase compared to the hypha growth phase. Thus, by coordinating the fecundity and spore
production, the key lipid metabolite C16: 1 facilitates the rapid and successful colonization of a mutually beneficial symbiotic
relationship between the invasive PWN and the native Sporothrix sp.1 within the host. This finding emphasizes the significant role
of metabolite sharing and its function in promoting partner synchronization within symbiotic relationships.
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INTRODUCTION
Symbiotic microbes are widely distributed, found not only on the
body surface but also inside the gut and blood cavity of associated
invertebrates. These microbes provide the partners with additional
nutritional intake, growth, development, and pathogen resistance
[1, 2]. Studies have reported that associated bacteria synthesize
amino acids, fix nitrogen, and degrade cellulose, providing
nutrition and energy to their symbiotic partners, such as ants,
aphids, and cockroaches [3–6]. Some symbiotic bacteria, such as
Pseudomonas and Streptomyces, can also produce polyketide
toxins and antibiotics to protect their partners from pathogenic
microbes and predators [7, 8]. Correspondingly, some insects have
evolved a range of strategies to protect, carry, and transmit their
primary associated fungi such as mycangia [9, 10]. These
microbes-invertebrates interactions have formed and persisted
over millions of years of evolution [11]. The establishment of a
symbiotic relationship requires the developmental consistency of
symbiotic partners overlapping in time and space. However, the
primary focus of research has been on examining well-established
symbiotic relationships, and the process of establishing new
symbiotic relationships remains relatively unclear.
In fact, invasive species frequently exhibit the capacity to

expeditiously establish new symbiotic associations with indigenous
species, thereby assuming a conspicuous function in ameliorating

the bottleneck effect encountered by small populations of the
invader [1, 12]. The symbiotic microorganisms serve as suitable
partners for invasive species as a beneficial factor in its successful
colonization [13]. For example, some woody plants cannot be
successfully introduced without forming ectomycorrhizal associa-
tions with soil fungi [14]. Conversely, invasive organisms can
accelerate their establishment if they meet a new beneficial
symbiotic partner in a newly invaded region [15, 16]. For instance,
after invading China, the pinewood nematode (PWN), which is
native to North America, quickly formed a new symbiotic partner-
ship with the indigenous blue-stain fungus, Sporothrix sp.1. This
enhanced the nematode’s reproductive capacity and facilitating its
successful colonization in the new ecological environment [17].
Moreover, invasive organisms could further promote the spread of
newly associated fungal partners in the invaded regions to occupy a
major ecological niche [15, 16]. The metabolites that bilaterally
coordinate the life cycles in time and space of associated partners
when a new symbiotic interaction should be explored.
The entire pathogenic cycle of the PWN relies on intricate

interactions with its symbiotic partners, especially symbiotic fungi
[18–21]. The PWN often enters new healthy host pine trees
through the young branches along with associated microorgan-
isms, especially ophiostomatoid blue-stain fungi. Subsequently,
these fungi rapidly grow and spread along the trunk of the pine
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tree, thereby accelerating the reproduction and migration of PWN
from the tree crown to the base of the trunk. As the infestation
progresses, the nutrient supply for PWN in the pine tree decreases.
The spores of the ophiostomatoid fungi become the primary
source of nutrition for the PWN population, and cause the xylem
to turn blue [20–22]. This study focused on exploring the
symbiotic invasive system between PWNs and S. sp. 1. We aimed
to uncover the metabolites that coordinate the reproduction
capacities and adaptability of both organisms. The key metabolite
palmitoleic acid (C16: 1) was successfully identified through the
application of genomic, transcriptomic, and metabolomic ana-
lyses, along with biochemical and molecular biology techniques.
This study is a theoretical expansion of nutrient metabolites in the
establishment of a new symbiotic system of the theoretical
paradigm of symbiotic invasion. It also provide a framework for
the study of the nutrient metabolites and biological characteristics
of enhanced fertility.

MATERIALS AND METHODS
Nematode strains and fungi culture condition
The flowchart of the experimental design in this study is shown in Fig. 1A.
PWN isolates from China (CNPWN) and North America (USPWN) were
obtained from Zhashui, Shaanxi, China, and Pennsylvania, USA, respec-
tively. Isolates were cultured on 2% Malt Extract Agar (MEA) with two blue-
stain fungi at 25 °C. The fungi were grown on 2% MEA at 25 °C and 80%
humidity for one week. S. sp. 1 is a local Chinese species of blue-stain fungi
from the group of ophiostomatoid, while Ophiostoma ips is a common
species in both China and North America. Voucher specimens were
deposited in the culture collection (CMW) of the Forestry and Agricultural
Biotechnology Institute (FABI), University of Pretoria, South Africa. Fatty
acid supplementation medium, xylem powder medium were prepared and
experiments were conducted following the Supplementary Methods.

Effect of two blue-stain fungi on the fecundity of PWNs
Two species of blue-stain fungi, S. sp. 1 and O. ips, were cultured in 2%
MEA. Each dish (90 mm diameter) was inoculated with 10 PWNs (5 males
and 5 females) suspended in 40 μL sterile water, after the fungi had
grown throughout the dish. The nematodes were then incubated at 25 °C
in the dark and counted at generation 0, then after 5, 20, and 40
generations using the Baermann funnel method to measure changes in
fecundity [23].

Effect of two blue-stain fungi on the pathogenicity of PWNs
Two-to-three-year-old Pinus thunbergii seedlings were transplanted from a
field area into pots in a greenhouse (25 °C and 40% humidity with a
photoperiod of 10 L:14 D). Each of the ten pines was inoculated with
approximately 1000 PWNs cultured on two blue-stain fungi, with three
replicates per treatment [24]. After 20 days, the proportion of wilted black
pine seedlings was recorded, and the total number of nematodes
per seedling was determined by collecting nematodes from small trunk
sections using the Baermann funnel method. The number of nematodes
per gram of dry weight of seedling was calculated based on the dried
wood chips. (n= 10).

RNA-seq analyses and qRT-PCR analysis
The RNA extraction, RNA-seq analysis, cDNA synthesis, and qRT-PCR followed
the protocol outlined in the Supplementary Methods. Supplementary
Table S1 contains the primers used in this study. Both CNPWN and USPWN
strains were continuously cultured on colonies of each of the two fungi for 40
generations. The 40th generation nematodes were prepared by combining
mixed-stage nematodes. Transcriptome sequencing and qRT-PCR were
performed on PWNs supplemented with C16: 1 and oleic acid (C18: 1) using
the protocol described in the Supplementary Methods, with three biological
replicates. The RNA-seq data of PWNs at different life-stages were obtained
from the SRA database of NCBI (PRJNA798902) and analyzed using the same
methods as described in the Supplementary Methods.

Lipid droplets (LDs) staining
Lipids were visualized by staining nematodes with Oil-Red O (Sigma,
Missouri, USA) and fungi with Bodipy (D3922, Molecular Probes, Carlsbad,

California, USA). To ensure that the number of fungal hyphae and cells
within the field of view was roughly the same, bright-field images and cell
nucleus images stained with 4,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific, Massachusetts, USA) were captured separately. Samples
were collected and washed two or three times with phosphate-buffered
saline (1 × PBS) and incubated for 2 h in Oil-Red O or Bodipy solution at
room temperature. After two or three washes with 1 × PBS, samples were
mounted on glass slides. The nematodes were examined using differential
interference contrast (DIC) microscopy (Olympus, BX51) at 10 ×magnifica-
tion. Fungi were examined under a Zeiss LSM 710 confocal microscope at
63× magnification with an excitation wavelength of 493 nm and an
emission wavelength of 503 nm.

Triacylglycerol (TAG) measurements
The nematodes and fungi were homogenized in 100 μL of 1 × PBS
containing 0.5% Tween-20 and incubated at 70 °C for 5 min. Triglyceride
reagent (Sigma) was added to the samples and they were incubated for
30min at 37 °C. After centrifugation, the samples were transferred to 96-
well plates and incubated with free glycerol reagent (Sigma) for 5 min at
37 °C. Finally, the samples were assayed using SpectraMax Plus384 at a
wavelength of 540 nm.

Determination of fatty acids (FAs) levels
To investigate the differences in FAs between two blue-stain fungi and
PWNs treated by these fungi, we utilized approximately 5 mg of fungi or
10,000 nematodes. The samples were frozen in liquid nitrogen and ground
in a 2% H2SO4/98% methanol solution (1 mL). Subsequently, the samples
were sealed with a cap and incubated at 80 °C for 1 h. After adding 0.3 mL
of hexane and 1.5 mL of H2O, the fatty acid methyl esters were extracted
into the hexane layer by shaking and then centrifuged at 5000 × g for
10min. We analyzed the organic phase samples using an Agilent
Technologies 6890 N GC-5973N mass selective detector (GC/MS). Mass
spectrometry was conducted as per the methods described in the
Supplementary Methods.

Effect of FAs on the fecundity of PWNs
Two blue-stain fungi (S. sp. 1 and O. ips) were cultured in a 2% MEA
medium and we added different kinds of FAs described in the
Supplementary Methods. Ten PWNs (males : females= 5 : 5) suspended
in 40 μL sterile water were inoculated in the middle of each dish (12
replicates) after the fungi had grown all over the dish (60mm diameter).
The nematodes were placed in a dark incubator at 25 °C for one week,
using the Baermann funnel method of separation to calculate the change
in fecundity [23].

31D labeled palmitic acid (C16: 0) treatment
In order to investigate the absorption of C16: 0 and biosynthesis of C16: 1,
a stable isotope of C16: 0 (31D-C16: 0) was utilized. S. sp. 1 and O. ips were
cultured in 2% ME (20 g malt extract and 1 L deionized water) added with
1mM 31D-C16: 0 and 0.1% Tergitol detergent (type NP-40, Sigma-
Aldrich) for one week. PWNs were cultured on the Petri dish with Botrytis
cinerea. Labeled fatty acid was spread evenly on the fungal mat as
described in the Supplementary Methods. Collection, extraction and
detection of PWNs and its FAs are described in the Supplementary
Methods as well. The labeled ion are m/ z: 301 for 31D-C16: 0 and 297 for
29D-C16: 1.

Double-stranded RNA (dsRNA) synthesis and RNAi
Double-stranded RNA synthesis was performed as previously described.
Briefly, PCR was performed using the cDNA samples as templates to
generate 300 bp nhr-80 and fat-5 specific fragments using both sense and
antisense primers (Table S1) fused with T7-phage promoter sequences.
Synthesis of dsRNA was accomplished by simultaneous transcription of
both strands of the template by the T7 RiboMAXTM Express RNAi System
(Promega, USA).
The nematodes were collected and washed with Phosphate-Buffered

Saline with Tween (1 × PBST) buffer. For each reaction, around 10,000
nematodes were soaked in dsRNA in a final volume of 50 μL. Control
samples were soaked in dsRNA of green fluorescent protein (GFP). To
dissolve the FAs in the solution, Tergitol was added as previously
described. All the soaked samples were incubated in an orbital shaker at
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175 rpm, 20 °C for 48 h. After soaking, the nematodes were washed three
times with double distilled water. Nematodes were sorted according to
sex, and experiments continued until no more eggs were laid. Twelve
adults (♀: ♂= 3: 1) were incubated in microtiter wells containing 150 μL
ddH2O. Eggs laid were counted at room temperature after incubation at
25 °C for three days (6 replications).

Metabolomic analysis
A comparative metabolomic analysis of S. sp. 1 and O. ips was conducted
to trace the origin of FAs in PWNs. Metabolite extractions, LC-MS/MS
detection, data processing, metabolite annotation and enrichment were
performed as described in the Supplementary Methods. Six biological
replicates were used in this study.
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Effect of fatty acid on the hypha growth, branching and
sporulation of fungi
To investigate the effect of FAs on the growth and fecundity of fungi, we
selected 1mM of different kinds of FAs to assess the effect on the growth
rate, dry weight, branching and sporulation of fungi. Medium preparation
and experiments were performed as described in the Supplementary
Methods. In addition, the FAs difference of S. sp. 1 between the hypha
growth stage (at 3 days after inoculation) and spore formation stage (at
14 days after inoculation) was compared using GC/MS as described in the
Supplementary Methods.

RESULTS
S. sp. 1 promote the fecundity of PWNs
In this study, we investigated the effect of two blue-stain fungi, S. sp.
1 and O. ips, on the fecundity of PWNs (S. sp. 1+ PWNs and O.
ips+ PWNs). Nematode strains from China (CNPWNs) and North
America (USPWNs) were cultured on each fungus for multiple
generations. Our finding demonstrated that S. sp. 1 has a significant
positive effect on the fecundity of PWNs compared to O. ips, and this
effect increases with the number of generations in culture.
For CNPWNs, the PWN number per Petri dish cultured on O. ips

in generations 0, 5, 20, and 40 were 2771, 2117, 2435, and 2310,
respectively. However, the PWN number per Petri dish cultured on
S. sp. 1 were 2850, 3572, 3950, and 8655, respectively. Statistical
analysis revealed significant differences between the two groups
(5th generation: df= 9.0, t= 2.5, p < 0.05; 20th generation: df=
13.4, t= 3.7, p < 0.01; 40th generation: df= 9.2, t= 6.5, p < 0.0001)
(Fig. 1B). Similarly, for USPWNs, the PWN number per Petri dish
cultured on O. ips were 1815, 1810, 1995, and 2015, respectively,
while for S. sp. 1+ PWN, the PWN number were 2550, 3050, 3300,
and 6000, respectively. Statistical analysis revealed significant
differences between the two groups (0th generation: df= 14.0,
t= 2.2, p < 0.05; 5th generation: df= 11.7, t= 3.5, p < 0.01; 20th

generation: df= 18, t= 2.3, p < 0.05; 40th generation: df= 18,
t= 6.0, p < 0.0001) (Fig. S1).

S. sp. 1 promote the pathogenicity of PWNs
In this study, we investigated the impact of continuous culture of
PWNs on different fungi on their pathogenicity. After 40
generations of continuous culture on a medium inoculated with
S. sp. 1, PWNs exhibited a wilt rate of 91.67% on pine seedlings. In
contrast, after 40 generations of continuous culture on an O. ips
medium, the PWN showed a wilt rate of 62.5% on pine seedlings
(df= 3.2, t= 3.5, p < 0.05) (Fig. 1C). Moreover, PWNs cultured on S.
sp. 1 and propagated on pine seedlings for 2912.9 post-
generations produced, while the PWN cultured on O. ips produced
1599.6 offspring (df= 17.7, t= 4.5, p < 0.001) (Fig. 1D). These
results demonstrate that S. sp. 1 can increase both the fertility and
pathogenicity of PWNs within host P. thunbergii.

S. sp. 1 up-regulated lipid metabolic genes expression of PWN
In this study, we analyzed the impact of S. sp. 1 on gene expression
of PWN. We observed that CNPWN treatment with S. sp. 1 resulted
in 170 up-regulated genes (S. sp. 1 >O. ips) and 212 down-regulated

genes (S. sp. 1 <O. ips); similarly, USPWN treatment with S. sp. 1
resulted in 440 up-regulated genes (S. sp. 1 >O. ips) and 197 down-
regulated genes (S. sp. 1 <O. ips) (Fig. S2). KEGG functional
enrichment analysis of these genes revealed that in addition to
up-regulating signaling pathways related to reproduction, such as
oocyte meiosis and oxytocin signaling pathway, some pathways
related to nutrient metabolism were also significantly enriched (e.g.,
insulin signaling pathway, alcoholism, fatty acid degradation, and
glycolysis/gluconeogenesis) (Fig. 1E).
Reproduction and nutrition are closely linked. The nutrient

supply plays a vital role in providing energy for reproduction.
Organisms undergoing reproduction can mobilize stored energy
to improve metabolic efficiency as well. To explore the underlying
factors responsible for the increased pathogenicity of PWN, we
performed a positive co-expression analysis of these differential
genes and found highly similar positive correlations in the
expression profiles of genes related to reproduction and lipid
metabolism in S. sp. 1-treated CNPWN and USPWN (Fig. 1F).
Therefore, our findings suggest that S. sp. 1 may increase the
fecundity of PWN through up-regulation of lipid metabolic genes.

Identification and expression analysis of lipid metabolism
genes
To better understand the impact of S. sp. 1 on the fecundity of
PWN and identify essential genes or compounds involved, we
conducted a genomic search to identify PWN genes associated
with lipid metabolism (Fig. 1G). Similar to C. elegans, PWN contain
different classes of lipids, such as TAG, FAs, and phospholipids,
and possess genes involved in the synthesis and degradation of
these lipids. Notably, unlike C. elegans, PWN have only one delta-9
fatty acid desaturase gene, fat-5, whereas C. elegans has three, fat-
5, fat-6, and fat-7 [25]. Furthermore, PWN lack the omega-3 fatty
acid desaturase gene, fat-1 [26]. Similarly, unlike C. elegans, which
has a single gene for fat-2 that initiates conversion of
monounsaturated fatty acids (MUFAs) to polyunsaturated fatty
acids (PUFAs), PWN have three such genes, fat-2.1, fat-2.2 and fat-
2.3 [27]. RT-qPCR analysis revealed that S. sp. 1-treated PWN
exhibited significantly lower expression of fat-5, which was down-
regulated by 0.09-fold compared to the O. ips-treated PWN
(df= 4.0, t= -7.3, p < 0.01). Additionally, the expression levels of
fat-2.2 and fat-2.3 were up-regulated by 7.52 and 6.02 times
compared to controls, respectively, which was statistically
significant (df= 5.0, t= 8.0, p < 0.0001; df= 4.2, t= 7.6, p < 0.01)
(Fig. 1H). Collectively, these results suggest that FAs, especially
MUFAs or their related genes, may be crucial for the reproductive
capacity of S. sp. 1-treated PWNs.

S. sp. 1-treated PWNs contain a greater abundance of lipid
compounds
Lipids are mainly stored in LDs in the form of TAGs from
nematodes to mammals. This study compared lipid content by
staining LDs with oil-red and measuring TAGs. The results of LD
staining demonstrated a higher density of LDs in PWNs cultured
with S. sp. 1 than O. ips (Fig. 2A). Correspondingly, PWNs cultured

Fig. 1 Effect of two blue-stain fungi on PWNs. A The experimental design diagram. B Abundance of CNPWN continuously cultured on two
blue-stain fungi for the 0, 5th, 20th and 40th generations, and 10 nematodes were inoculated into each dish, with 10 replicates for each
treatment. *, **, **** stand for significant difference under p < 0.05, p < 0.01, and p < 0.0001 respectively [Student’s t test]. C Mortality rate of
PWNs with two blue-stain fungi on Pinus thunbergii was assessed, with one treatment applied to 10 trees and 3 replicates for each treatment. *
stand for significant difference under p < 0.05 [Student’s t test]. D Population growth of PWN in P. thunbergii, with 10 replicates for each
treatment. *** stand for significant difference under p < 0.001 respectively [Student’s t test]. E Distribution of KEGG function groups within up-
regulated genes in PWNs continuously cultured on Sporothrix. sp.1 and Ophiostoma ips for 40 generation. F Co-expression network (r ≥ 0.8) of
genes highly expressed in the S. sp. 1-cultured PWNs. Lines connecting genes indicate correlated expression; functional annotations: involved
in reproduction (yellow filled), lipid metabolism process (orange filled). G Fat metabolism pathways with genes used in RT-qPCR. H Gene
expression profiles of genes in the lipid metabolism treated with two blue-stain fungi based on RT-qPCR. [n= 5; *p < 0.05; **p < 0.01;
****p < 0.0001; Student’s t test].
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on S. sp. 1 exhibited approximately four times higher relative TAG
content compared to PWNs cultured on O. ips no matter CNPWN
and USPWN (df= 5.0, t= 2.7, p < 0.05; df= 5.2, t= 2.5, p < 0.05)
(Fig. 2B). These findings suggest that PWNs cultured on S. sp. 1
may have received more energy for various biological activities as
a result of enhanced lipid accumulation.
Furthermore, we determined the FFAs composition of PWNs

cultured on two blue-stain fungi by GC/MS, and found that it was
mainly composed of SFAs (C16: 0 and stearic acid: C18: 0), MUFAs
(C16: 1 and C18: 1), and PUFAs (linoleic acid: C18: 2). The CNPWNs
cultured in S. sp. 1 had higher levels of FFAs, especially C16: 1 and
C18: 1, with fold increases of 1.4 and 3.9, respectively, compared
to the control group (df= 10, t= 2.5, p < 0.05; df= 10, t= 6.9,
p < 0.0001) (Fig. 2C). In addition, the C16: 1 levels is 1.7 fold of the
USPWNs cultured in S. sp. 1 compared to the control group
(df= 7.7, t= 3.4, p < 0.05) (Fig. S3). Notably, in the previous
section, we found that the expression of fat-5, which encodes for

the synthesis of MUFAs, was downregulated in PWNs cultured in S.
sp. 1, while the expression of fat-2.2 and fat-2.3, which are
involved in the conversion of MUFAs to PUFAs, was upregulated
(Fig. 1G). These results suggest that the high levels of MUFAs in S.
sp. 1-cultured PWNs may not be attributed to biosynthesis but
instead to food intake or other routes.

C16: 1 promote the fecundity of PWNs
In order to investigate the potential role of FAs in enhancing the
fertility of PWN, we added various types of FAs to the medium of
two fungi. Our research findings demonstrate that the addition of
C16: 1 on S. sp. 1 increased the PWN number from 1825 to 2779
per Petri dish; Similarly, the addition of C16: 1 on O. ips increased
the PWN number from 354.2 to 616.7 (PWNs+S. sp. 1: F8, 99= 14.9,
p < 0.05; PWNs+O. ips: F8, 99= 62.7, p < 0.05 ANOVA, Tukey’s test)
(Fig. 2D). These results indicate that supplementing with C16: 1
improves the fecundity of PWN.

Fig. 2 Effect of two blue-stain fungi on lipid metabolism of PWNs. A Fat content visualized by oil-Red-O staining. Nematodes were grown
and treated as described in Materials and Methods. Staining was performed on female nematodes and photographed using DIC microscope.
Red indicates lipid. B The relative TAG levels between two blue-stain fungi cultured CNPWN and USPWN. [n= 5; *p < 0.05; Student’s t test].
C The relative fatty acid levels between two blue-stain fungi cultured CNPWN [n= 6; *p < 0.05; ****p < 0.0001; Student’s t test]. D Fecundity of
PWNs in the different supplementation of fatty acids (n= 12). Labels with different letters are significantly different at p < 0.05 (ANOVA, Tukey’s
multiple comparison test).
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Gene expression profiles of lipid metabolism in PWNs at
different life-stages
In addition to dietary acquisition, de novo synthesis is an
important way of acquiring FAs. To further investigate the role
of C16: 1 in the reproduction of PWN, we compared the
expression profiles of lipid metabolism genes in PWN at different
life stages. We found that most lipid metabolism genes are highly
expressed in the larval stage, but dgat-2 and the nuclear hormone
receptor nhr-80, which are associated with TAG and MUFAs
content, respectively, are highly expressed in adult stages,
particularly in females (Fig. 3A). It has been shown that fat-5 is a
key target of nhr-80 in C.elegans, which is homologous to
mammalian hnf-4, and can regulate the desaturation of SFAs to
MUFAs by modulating the expression of fat-5 [28, 29]. We found
that the promoter region of the fat-5 gene in PWN contains the
putative HNF4 binding domain CAAAGTCCA (Table S2, Fig. S4A).
Additionally, we compared the expression of nhr-80 and fat-5
between males and females using qRT-PCR and found that the
expression level of nhr-80 in male is 0.68 of that in females (df= 7,
t= 3.0, p < 0.05) and fat-5 in males is 0.46 of that in females
(df= 8, t= 7.0, p < 0.0001) (Fig. S4B). The C16: 1 content of female
and male PWNs was further determined using GC/MS analysis,
revealing a higher concentration of C16: 1 in female PWNs
(Fig. S4C). These findings indicate that the gene expression
involved in the biosynthesis of C16: 1 is more active in female
nematodes, suggesting its potential involvement in the reproduc-
tive process of PWNs.

Production and absorption of C16: 1 by PWNs
To confirm the capability of PWN to obtain MUFAs through direct
feeding and biosynthesis, the present study supplemented media
with C16: 0 and C16: 1 to cultivate PWNs. Specifically, PWNs
supplemented with C16: 1 showed a significant increase in their
C16: 1 content. Additionally, PWNs fed with C16: 0 were able to
produce additional C16: 1 (Fig. 3B).
To provide additional evidence of PWNs’ ability to produce C16:

1, we labeled 31D-C16: 0 and assessed whether the label was
integrated into C16: 1. The GC/MS analysis revealed the presence
of 29D-C16:1 in PWNs (Fig. 3C).

RNAi of nhr-80 and fat-5 reduces C16: 1 conversion and
decreases PWN fecundity
The ability of PWN to convert C16: 1 by biosynthesis and the high
expression of these genes in females were already demonstrated.
To further explore how fatty compounds are involved, we
performed RNAi of nhr-80 and fat-5 on PWNs. Our results showed
that both nhr-80 and fat-5 knockdowns reduced the expression of
fat-5 and the relative amount of C16: 1 in nematodes (Fig.3D and
S5). Notably, the RNAi treatment had sex-specific effects on PWN
egg production. For nhr-80, the mean egg production of PWNs for
both males and females treated with dsGFP was 41.5. However,
when only males were treated with dsnhr-80, the mean egg
production reduced to 34 (df= 10, t= 2.1, p= 0.06), while for
females treated with dsnhr-80, the egg production further
decreased to 23.5 (df= 10, t= 7.1, p < 0.0001) (Fig. 3E). For fat-5,
the mean number of eggs laid by dsGFP-treated PWNs was 41.
However, for males treated with dsfat-5, the mean number
decreased to 36.7 (df= 10, t= 1.3, p= 0.238), and for females
treated PWNs, it reduced to 25.7 (df= 10, t= 3.5, p < 0.01) (Fig. 3F).
These findings suggest that the fat-5 gene regulates C16: 1
conversion and the fecundity of PWN females and is regulated by
nhr-80.

C16: 1 may improving insulin receptor sensitivity in PWN
In order to gain a deeper understanding of the molecular
mechanisms underlying the enhanced fecundity of PWN by C16:
1, we conducted transcriptome sequencing on PWNs treated with
both C16: 1 and C18: 1. Our results indicated that PWNs treated

with C16: 1 exhibited up-regulation and enrichment of genes
associated with lipid catabolism, aging, and the insulin receptor
signaling pathway (Fig. 3G). Conversely, the aforementioned
pathways were not activated by C18: 1 treatment (Fig. S6). We
further validated the up-regulation of genes associated with the
insulin receptor signaling pathway using RT-qPCR on PWNs
treated with two different fungi for 40 generations, as well as
PWNs treated with two different MUFAs. These results showed
that both S. sp. 1 and C16: 1 were capable of up-regulating genes
related to the insulin receptor signaling pathway (Fig. 3H, I).

MUFAs are more abundant in S. sp. 1 compared to O. ips
To investigate the reasons for the higher lipid content in S. sp.
1-treated PWNs than in O. ips-treated PWNs, and to determine
why S. sp. 1 is a better symbiotic partner than O. ips, we conducted
a metabolomic analysis of the metabolites of the two fungi. Using
annotation and enrichment analysis of differential metabolites, we
observed that lipids, nucleic acids, peptides, phytochemicals,
vitamins, and cofactors, which are essential for the growth and
development of organisms, were the main categories of
metabolites produced by S. sp. 1 (up-regulated compared to O.
ips) (Fig. 4A). Notably, two MUFAs, C16: 1 and C18: 1, were
abundant in S. sp. 1. Conversely, O. ips had a high content of
compounds with insecticidal activity, such as atrazine, which can
kill nematodes [30], and some alkaloids, including trichothecene,
were found to be active ingredients in plant-derived substances
with nematicidal activity (Fig. S7) [31]. The interspecific interac-
tions between native symbiotic species and invasive alien species
are one of the most critical factors in determining the successful
colonization of invasive alien species. Specifically, the fungal
species S. sp. 1 provides PWNs with relatively high-quality
nutrients, while O. ips produces compounds that can be harmful
to PWNs.
Fungi were subjected to BODIPY staining solution to stain the

TAGs in their mycelium and conidia. Bright green fluorescence
was observed under the laser confocal scanning microscope,
dotting the mycelium and conidia cells. The nuclei were stained
bright blue with DAPI. Mycelium was photographed using bright
field. A field of view with similar cell numbers was selected for
photography, and the green fluorescence of S. sp. 1 was densely
distributed in the field, indicating its high fat content (Fig. 4B).
Measuring the TAG content of the two fungi revealed that S. sp. 1
had a TAG content about two times higher than that of O. ips
(df= 8, t= -6.0, p < 0.0001) (Fig. 4C).
Furthermore, by using GC/MS to determine the FAs content of

the two blue-stain fungi, we identified a range of SFAs with
lengths from C16 to C24, including C16: 0, C18: 0, eicosanoic acid
(C20: 0), docosanoic acid (C22: 0), and lignic acid (C24: 0); MUFAs
were C16: 1 and C18: 1; PUFAs were hexadecanoic acid (C16: 2),
C18: 2, and linolenic acid (C18: 3). The relative contents of C16: 0,
C18: 0, C16: 1, C18: 1, and C18: 2 in S. sp. 1 were 1.81, 1.25, 3.38,
4.52, and 1.45 times higher than those in O. ips, respectively
(df= 7, t= 24.1, p < 0.001; df= 7, t= 5.6, p < 0.01; df= 4.9, t= 3.1,
p < 0.05; df= 7, t= 8.1, p < 0.001; df= 7, t= 2.9, p < 0.05;), with
C16: 1 and C18: 1 being particularly abundant (Fig. 4D). In order to
eliminate any bias introduced by artificial media on fungal fatty
acid content, we prepared a pine xylem powder medium to
cultivate the blue-stain fungi. The results showed that S. sp.
1-cultured in xylem powder medium contained 3.54 times more
C16: 1 than O. ips (df= 10, t= 5.208, p < 0.0001) (Fig. S8).

The native symbiotic fungus S. sp. 1 is more capable of
produce C16: 1
Sporothrix. sp. 1 as a new symbiotic fungi for PWNs, provided more
C16: 1 for PWNs, which can significantly promote the fecundity.
This suggests that the ability of symbiotic fungi to produce C16: 1
plays a crucial role in the successful invasion of PWNs in China. To
confirm that S. sp. 1 has a greater capacity to produce C16: 1, we
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cultured two blue-stain fungi in ME supplemented with 31D-C16: 0
and examined if the label was incorporated into C16: 1. The results
indicated that 29D-C16: 1 was present in both fungi, but was found
in greater abundance in S. sp. 1 (Fig. 4E).

C16: 1 promotes mycelial branching and spore production in
blue-stain fungi
FAs are crucial nutrients for fungal survival. To investigate
the effects of various FAs on the growth and development of

Fig. 3 Effect of the C16: 1 produced by female PWNs on fecundity. A Expression patterns of lipid metabolism genes in different life-stages of
PWN. B Biosynthesis and absorbing of C16: 1 by PWNs. Detection of C16: 0 and C16: 1 of PWNs by GC/MS added with C16: 0 or C16: 1.
C Biosynthesis of C16: 1 by PWNs. Detection of 29D-labeled C16: 1 (m/z 298.6) by GC/MS in PWNs fed with 31D-labeled C16: 0 (m/z 301.6).
D Relative C16: 1 levels of PWNs after RNAi by soaking dsnhr-80, dsfat-5, and dsGFP (Control) (n= 6). **p < 0.01; ****p < 0.0001; Student’s t test.
E Fecundity was assessed following RNAi of male and female PWNs (6 replications) by soaking with dsnhr-80 and dsGFP (Control) separately.
****p < 0.0001; Student’s t test. F Fecundity was assessed following RNAi of male and female PWNs (6 replications) by soaking with dsfat-5 and
dsGFP (Control) separately. **p < 0.01; Student’s t test. G Distribution of GO function groups within up-regulated genes in PWNs treated by C16:
1, p adjust< 0.05. H Expression patterns of insulin receptor signaling pathway genes treated with S. sp. 1 and O. ips of PWN based on RT-qPCR.
I Expression patterns of insulin receptor signaling pathway genes treated with C16: 1 and C18: 1 of PWN based on RT-qPCR.
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blue-stain fungi in the PWNs-fungi mutualistic symbiosis system,
we used mycelial growth rate and fungal dry weight as criteria to
measure the growth and development of fungi. Our results
showed that in S. sp. 1-treated with C16: 1, the mycelial growth
rate was only 68.13% of the control group (df= 94.2, t= 10.4,
p < 0.0001). In O. ips-treated with C16: 1, the mycelial growth rate
was only 50.47% of the control group (df= 103.2, t= 27.6,
p < 0.0001). While having no significant effect on fungal dry
weight (Fig. 5A,B).
Subsequently, we used the paper disc method to investigate

the impact of FAs on the mycelial branching of two blue-stain
fungi and discovered that C16: 1 promotes fungal mycelial
branching (Fig. 5C, S9). Additionally, C16: 1 promoted the
production of more spores by the fungi. The dry weight of spores
in the C16: 1 treatment was 2.23 mg, compared to 0.3 mg in the
control group (F8, 18= 3.6, p < 0.05). The number of spores in the
C16: 1 treatment was 9.06 × 106, while in the control group it was
4.79 × 106 (F8, 126= 628.2, p < 0.05) (Fig. 5D, E). Fungal life cycle
encompasses hypha growth stage and spore formation stage.
During hypha growth, fungi absorb more nutrients, while spore
formation facilitates fungal reproduction and dissemination. We
also examined the FAs composition of S. sp. 1 at different life
stages. The C16: 1 level during the spore formation stage was 5.4
times higher than during the hypha growth stage (df= 6, t= -
8.344, p < 0.001) (Fig. 5F). The results showed that positive effect of
C16: 1 on reproductive capacity is further amplified through a
positive feedback loop, with reproductive stages producing and
accumulating C16: 1, which, in turn, leads to further enhancement
of reproductive capacity.

DISCUSSION
Metabolites were found to act as “molecular bridges” that facilitate
the coordination of symbiotic relationships and the maintenance
of homeostasis. In the symbiotic interaction between PWN and
fungi, lipids C16: 1 produced by the fungus play a crucial role in
enhancing the fecundity and sporulation capacities of both
associated partners, respectively, thereby facilitating the establish-
ment of a symbiotic relationship. PWN utilize C16: 1 synthesized
by S. sp. 1 and PWN themselves to increase fecundity and expand
populations. With the host pine trees weakened, there was a lack
of sufficient nutrients. The blue-stain fungus might increase its
chances of survival by producing spores. The blue-stained xylem
with S. sp. 1 became the main nutrients of PWN subsequently.
Fatty acids have been identified as important signaling molecules
in many symbiotic relationships. For plants and symbiotic
arbuscular mycorrhizal fungi, FAs are essential energy substrates
in the evolution of mutually beneficial symbiotic systems during
the process of plant terrestrialization [32]. However, plants must
rely on specific membrane transport proteins to effectively
convert FAs into acylated glycerol and transport them into the
fungal partner to maintain their symbiotic relationship [33]. In
contrast, animals can acquire FAs from their symbiotic partners
simply by consuming them. The key lipid metabolite C16: 1 plays a
crucial role in facilitating the rapid successful colonization of a
mutually beneficial symbiotic relationship between the invasive
PWN and the native S. sp. 1. within the host. It highlights the
efficient sharing significance of metabolites and its functions to
promote the synchronization of partners in symbiotic
relationships.
Understanding the colonization of symbiotic relationships in the

introduced ranges is crucial for comprehending colonization and
outbreak of invasive species. Our research revealed that when the
PWN is introduced, it rapidly utilizes the metabolic resources of
the native ophiostomatoid fungi, S. sp. 1. This utilization allows the
PWN to quickly overcome the bottleneck of a small population by
significantly enhancing its reproductive capacity. These metabo-
lites mediated coordination and communication between the

symbiotic partners. The ability of symbiotic microorganisms to
confer new traits to their partners has also been observed in other
invasive species. For example, soil microorganisms in the
European cornflowers’s native habitat inhibit its growth and limit
its expansion. However, when this cornflowers invades North
America and establishes a symbiotic relationship with new soil
microorganisms, these microorganisms promote its growth and
development [34]. Therefore, studying the key metabolites
involved in these symbiotic relationships is a new direction and
a new view for elucidating the establishment and spread of
invasive species.
In this study, we present evidence that C16: 1 plays a significant

role in enhancing the reproduction. Although MUFAs’ positive
effects on disease and aging have been widely investigated [35], our
findings highlight a novel role for them in improving reproductive
capacity. Specifically, we observed that the supplementation of C16:
1 promotes sporulation by S. sp. 1 and reproduction by PWNs. For S.
sp. 1, C16: 1 producing and accumulating during the spore
formation phase compared to the hypha growth stage. For PWN,
the up-regulation of nhr-80 and fat-5 in female promotes the
biosynthesis of C16: 1. Furthermore, our findings suggest that C16: 1
may promotes nematode fecundity by enhancing PWNs’ regulation
of the insulin signaling pathway. C16: 1 also has been reported to
improve insulin sensitivity in humans, and the insulin signaling
pathway has been shown to regulate organisms’ reproductive
capacity of mating, egg production, and ovarian development
[36, 37]. The MUFAs' role of getting offspring might be conserved in
organisms and merits further investigation.
The results of our study provide further support for the idea that

"you are what you eat." It’s indicated that the nutritional quality of the
food source might have a direct impact on the reproductive
outcomes. The relationship between diet and fertility in a variety of
organisms are also showed in previous studies. For instance, in
zebrafish, docosahexaenoic acid (DHA) enhances fertility, while
arachidonic acid (ARA) broadly promotes fertility in birds [38]. In
addition, diet can also influence biological processes such as
metabolism, immunity and development of organisms through gene
transfer, signal regulation, and reshaping of the gut microbiota
[39–41]. The positive effects of MUFAs are particularly noteworthy,
given their dietary availability of using diet as a tool to improve
reproductive outcomes in both humans and other organisms. Indeed,
proteomic and carbohydrate effects on the fecundity of PWN may
also have a dramatic effect and deserve further investigation.

DATA AVAILABILITY
The datasets presented in this study can be found in online repositories. The names
of the repository/repositories and accession number(s) can be found below: National
Center for Biotechnology Information (NCBI) BioProject database under Accession
Number PRJNA941926. All other study data are included in the article and/or
supporting information files.

REFERENCES
1. Zayed A. Evolution: insect invasions and natural selection. Nature.

2016;539:500–2.
2. Biedermann PHW, Vega FE. Ecology and evolution of insect-fungus mutualisms.

Annu Rev Entomol. 2020;65:431–55.
3. Hansen AK, Moran NA. Aphid genome expression reveals host-symbiont coop-

eration in the production of amino acids. Proc Natl Acad Sci USA.
2011;108:2849–54.

4. Feldhaar H, Straka J, Krischke M, Berthold K, Stoll S, Mueller M, et al. Nutritional
upgrading for omnivorous carpenter ants by the endosymbiont Blochmannia.
BMC Biol. 2007;5:1–11.

5. Sabree ZL, Kambhampati S, Moran NA. Nitrogen recycling and nutritional pro-
visioning by Blattabacterium, the cockroach endosymbiont. Proc Natl Acad Sci
USA. 2009;106:19521–6.

6. Tokuda G, Elbourne LD, Kinjo Y, Saitoh S, Sabree Z, Hojo M, et al. Maintenance of
essential amino acid synthesis pathways in the Blattabacterium cuenoti symbiont
of a wood-feeding cockroach. Biol Lett. 2013;9:20121153.

J. Ning et al.

1870

The ISME Journal (2023) 17:1862 – 1871



7. Piel J. A polyketide synthase-peptide synthetase gene cluster from an uncultured
bacterial symbiont of Paederus beetles. Proc Natl Acad Sci USA. 2002;99:14002–7.

8. Kaltenpoth M, Gottler W, Herzner G, Strohm E. Symbiotic bacteria protect wasp
larvae from fungal infestation. Curr Biol. 2005;15:475–9.

9. Mueller UG, Rehner SA, Schultz TR. The evolution of agriculture in ants. Science.
1998;281:2034–8.

10. Paine TD, Stephen FM. Fungi associated with the southern pine beetle: avoidance
of induced defense response in loblolly pine. Oecologia. 1987;74:377–9.

11. Sachs JL, Simms EL. Pathways to mutualism breakdown. Trends Ecol Evol.
2006;21:585–92.

12. Lu M, Hulcr J, Sun J. The role of symbiotic microbes in insect invasions. Annu Rev
Ecol Evol S. 2016;47:487–505.

13. Richardson DM, Allsopp N, D'Antonio CM, Milton SJ, Rejmanek M. Plant
invasions–the role of mutualisms. Biol Rev Camb Philos Soc. 2000;75:65–93.

14. Vlk L, Tedersoo L, Antl T, Vetrovsky T, Abarenkov K, Pergl J, et al. Alien ectomy-
corrhizal plants differ in their ability to interact with co-introduced and native
ectomycorrhizal fungi in novel sites. ISME J. 2020;14:2336–46.

15. Nunez MA, Horton TR, Simberloff D. Lack of belowground mutualisms hinders
Pinaceae invasions. Ecology. 2009;90:2352–9.

16. Bever J. Negative feedback within a mutualism: host-specific growth of mycor-
rhizal fungi reduces plant benefit. Proc R Soc London Ser B. 2002;269:2595–601.

17. Zhao L, Lu M, Niu H, Fang G, Zhang S, Sun J. A native fungal symbiont facilitates
the prevalence and development of an invasive pathogen-native vector sym-
biosis. Ecology. 2013;94:2817–26.

18. Mamiya Y. Pathology of the pine wilt disease caused by Bursaphelenchus xylo-
philus. Annu Rev Phytopathol. 1983;21:201–20.

19. Kikuchi T, Cotton JA, Dalzell JJ, Hasegawa K, Kanzaki N, McVeigh P, et al. Genomic
insights into the origin of parasitism in the emerging plant pathogen Bursa-
phelenchus xylophilus. PLoS Pathog. 2011;7:e1002219.

20. Niu H, Zhao L, Lu M, Zhang S, Sun J. The ratio and concentration of two
monoterpenes mediate fecundity of the pinewood nematode and growth of its
associated fungi. PLoS ONE. 2012;7:e31716.

21. Maehara N, Hata K, Futai K. Effect of blue-stain fungi on the number of Bursa-
phelenchus xylophilus (Nematoda: Aphelenchoididae) carried by Monochamus
alternatus (Coleoptera: Cerambycidae). Nematology. 2005;7:161–7.

22. Maehara N, Futai K. Population changes of the pinewood nematode, Bursaphe-
lenchus xylophilus (Nematoda: Aphelenchoididae), on fungi growing in pine-
branch segments. Appl Entomol Zool. 2000;35:413–7.

23. Baermann G. Eine einfache methode zur auffindung von Ancylostomum (Nema-
toden) larven in erdproben. Geneeskd Tijdschr Ned Indie. 1917;57:131–7.

24. Bolla RI, Winter RE, Fitzsimmons K, Linit MJ. Pathotypes of the pinewood
nematode Bursaphelenchus xylophilus. J Nematol. 1986;18:230–8.

25. Du X, Huang Q, Guan Y, Lv M, He X, Fang C, et al. Caffeine promotes conversion of
palmitic acid to palmitoleic acid by inducing expression of fat-5 in Caenorhabditis
elegans and scd1 in mice. Front Pharmacol. 2018;9:321.

26. An L, Pang Y, Gao H, Tao L, Miao K, Wu Z, et al. Heterologous expression of C.
elegans fat-1 decreases the n-6/n-3 fatty acid ratio and inhibits adipogenesis in
3T3-L1 cells. Biochem Cell Biol. 2012;428:405–10.

27. Zhou XR, Green AG, Singh SP. Caenorhabditis elegans Δ12-desaturase FAT-2 is a
bifunctional desaturase able to desaturate a diverse range of fatty acid substrates
at the Δ12 and Δ15 positions. J Biol Chem. 2011;286:43644–50.

28. Goudeau J, Bellemin S, Toselli-Mollereau E, Shamalnasab M, Chen Y, Aguilaniu H.
Fatty acid desaturation links germ cell loss to longevity through NHR-80/HNF4 in
Caenorhabditis elegans. PLoS Biology. 2011;9:e1000599.

29. He B, Zhang J, Wang Y, Li Y, Zou X, Liang B. Identification of cytochrome b5 CYTB-
5.1 and CYTB-5.2 in C. elegans; evidence for differential regulation of SCD. BBA
Mol Cell Biol. 2018;1863:235–46.

30. Garcia-Espineira M, Tejeda-Benitez L, Olivero-Verbel J. Toxicity of atrazine- and
glyphosate-based formulations on Caenorhabditis elegans. Ecotoxicol Environ Saf.
2018;156:216–22.

31. Nitao JK, Meyer SL, Schmidt WF, Fettinger JC, Chitwood DJ. Nematode-
antagonistic trichothecenes from Fusarium equiseti. J Chem Ecol. 2001;27:859–69.

32. Rich MK, Vigneron N, Libourel C, Keller J, Xue L, Hajheidari M, et al. Lipid
exchanges drove the evolution of mutualism during plant terrestrialization. Sci-
ence. 2021;372:864–8.

33. Jiang YN, Wang WX, Xie QJ, Liu N, Liu LX, Wang DP, et al. Plants transfer lipids to
sustain colonization by mutualistic mycorrhizal and parasitic fungi. Science.
2017;356:1172–5.

34. Connolly B, Pearson D, Mack R. Granivory of invasive, naturalized, and native
plants in communities differentially susceptible to invasion. Ecology.
2014;95:1759–69.

35. Han S, Schroeder EA, Silva-Garcia CG, Hebestreit K, Mair WB, Brunet A. Mono-
unsaturated fatty acids link H3K4me3 modifiers to C. elegans lifespan. Nature.
2017;544:185–90.

36. Tricò D, Mengozzi A, Nesti L, Hatunic M, Gabriel Sanchez R, Konrad T, et al. Cir-
culating palmitoleic acid is an independent determinant of insulin sensitivity,
beta cell function and glucose tolerance in non-diabetic individuals: a long-
itudinal analysis. Diabetologia. 2020;63:206–18.

37. Yan H, Opachaloemphan C, Carmona-Aldana F, Mancini G, Mlejnek J, Descostes
N, et al. Insulin signaling in the long-lived reproductive caste of ants. Science.
2022;377:1092–9.

38. McDougall MQ, Choi J, Stevens JF, Truong L, Tanguay RL, Traber MG. Lipidomics
and H2

18O labeling techniques reveal increased remodeling of DHA-containing
membrane phospholipids associated with abnormal locomotor responses in
alpha-tocopherol deficient zebrafish (danio rerio) embryos. Redox Biol.
2016;8:165–74.

39. Brüssow H, Parkinson S. You are what you eat. Nat Biotechnol. 2014;32:243–5.
40. Hooper LV. You are what you eat: linking diet and immunity. Cell.

2011;147:489–91.
41. Mao C, Xiao P, Tao XN, Qin J, He QT, Zhang C, et al. Unsaturated bond recognition

leads to biased signal in a fatty acid receptor. Science. 2023;380:eadd6220.

ACKNOWLEDGEMENTS
This study was supported by the National Key Plan for Scientific Research and
Development of China (2021YFC2600100 and 2022YFC2602400), the Natural Science
Foundation of China (NSFC 32230066), CAS Key Research Projects of the Frontier
Science (QYZDB-SSW-SMC014), the Basic Frontier Scientific Research Program of the
Chinese Academy of Sciences from 0 to 1 (ZDBS-LY-SM027-03), the Strategic Priority
Research Program of Chinese Academy of Sciences (Grant No. XDPB16), and the
National Youth Talent Support Program of China (Ten Thousand People Plan).

AUTHOR CONTRIBUTIONS
JN, XG, JS, and LZ were involved in the experimental design. JN, XG, JZ, and HZ were
responsible for the cultivation and sampling of nematodes and fungi. JN and XG
conducted the detection and quantification of lipids and related genes. JN and XG
performed biological testing of fatty acids on nematodes and fungi. JN and XG
handled and graphed the majority of data for the manuscript. JZ and HZ conducted
microscopic imaging. JN, XG, JS, and LZ wrote the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41396-023-01489-8.

Correspondence and requests for materials should be addressed to Lilin Zhao.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium 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/.

© The Author(s) 2023

J. Ning et al.

1871

The ISME Journal (2023) 17:1862 – 1871

https://doi.org/10.1038/s41396-023-01489-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Palmitoleic acid as a coordinating molecule between the invasive pinewood nematode and its newly associated fungi
	Introduction
	Materials and methods
	Nematode strains and fungi culture condition
	Effect of two blue-stain fungi on the fecundity of PWNs
	Effect of two blue-stain fungi on the pathogenicity of PWNs
	RNA-seq analyses and qRT-PCR analysis
	Lipid droplets (LDs) staining
	Triacylglycerol (TAG) measurements
	Determination of fatty acids (FAs) levels
	Effect of FAs on the fecundity of PWNs
	31D labeled palmitic acid (C16: 0) treatment
	Double-stranded RNA (dsRNA) synthesis and RNAi
	Metabolomic analysis
	Effect of fatty acid on the hypha growth, branching and sporulation of fungi

	Results
	S. sp. 1 promote the fecundity of PWNs
	S. sp. 1 promote the pathogenicity of PWNs
	S. sp. 1 up-regulated lipid metabolic genes expression of PWN
	Identification and expression analysis of lipid metabolism genes
	S. sp. 1-treated PWNs contain a greater abundance of lipid compounds
	C16: 1 promote the fecundity of PWNs
	Gene expression profiles of lipid metabolism in PWNs at different life-stages
	Production and absorption of C16: 1 by PWNs
	RNAi of nhr-80 and fat-5 reduces C16: 1 conversion and decreases PWN fecundity
	C16: 1 may improving insulin receptor sensitivity in PWN
	MUFAs are more abundant in S. sp. 1 compared to O. ips
	The native symbiotic fungus S. sp. 1 is more capable of produce C16: 1
	C16: 1 promotes mycelial branching and spore production in blue-stain fungi

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




