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1  |  INTRODUC TION

The pine wood nematode (Bursaphelenchus xylophilus; PWN), re-
sponsible for pine wilt disease (PWD), has inflicted considerable 
damage on conifer forests globally (Futai, 2013; Jones et al., 2013). 
PWNs have been documented in various regions, including Asia, 
North America, and Europe, and the impact of PWNs on local co-
niferous ecosystems has been significant (Mamiya,  1988; Mota 

et  al.,  1999; Robertson et  al.,  2011; Ye,  2019). Notably, the se-
verity of PWN infection in Asia surpasses that in North America, 
highlighting a geographical discrepancy in disease impact 
(Bergdahl, 1988; Wingfield et al., 1982). The initial identification 
of PWNs in China was reported in 1982 (Cheng et  al.,  1983; Yu 
et  al.,  2011). By 2021, PWNs had affected approximately 1.72 
million ha, resulting in the loss of over 14 million trees in China 
alone (Li et al., 2022). Recent announcements by the China State 
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Abstract
Following the invasion by the pine wood nematode (PWN) into north-east China, a 
notable disparity in susceptibility was observed among Pinaceae species. Larix olgen-
sis exhibited marked resilience and suffered minimal fatalities, while Pinus koraiensis 
experienced significant mortality due to PWN infection. Our research demonstrated 
that the PWNs in L. olgensis showed a 13.43% reduction in lipid content compared to 
P. koraiensis (p < 0.05), which was attributable to the accumulation of caffeic acid in L. 
olgensis. This reduction in lipid content was correlated with a decreased overwinter-
ing survival of PWNs. The diminished lipid reserves were associated with substan-
tial stunting in PWNs, including reduced body length and maximum body width. The 
result suggests that lower lipid content is a major factor contributing to the lower 
overwintering survival rate of PWNs in L. olgensis induced by caffeic acid. Through 
verification tests, we concluded that the minimal fatalities observed in L. olgensis 
could be attributed to the reduced overwintering survival of PWNs, a consequence 
of caffeic acid-induced stunting. This study provides valuable insights into PWN–host 
interactions and suggests that targeting caffeic acid biosynthesis pathways could be a 
potential strategy for managing PWN in forest ecosystems.
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Forestry and Grassland Administration (no. 6 of 2022) indicate 
that PWNs have expanded their host range to include species such 
as Larix spp., Pinus koraiensis, and Pinus sylvestris var. mongolica, 
particularly in the Liaoning and Jilin provinces of north-east China. 
These areas are known for their harsh winter conditions, with tem-
peratures often reaching below −20°C. The emergence of PWNs 
in north-east China has led to significant changes in host species, 
vector insects, and local ecosystems, complicating efforts to con-
trol the spread of PWNs. Despite over four decades of research 
into PWNs, the mechanisms of its overwintering in different hosts 
within the cold climates of north-east China remain a burgeoning 
field of study. A comprehensive understanding of how PWNs sur-
vive low temperatures across various host species is critical for 
developing effective management strategies and mitigating the 
spread of PWNs.

In north-east China, the cold climate significantly shortens the 
reproductive period for PWNs, leading to most pine trees not ex-
hibiting visible symptoms of infection until the subsequent year, 
a phenomenon known as ‘over-year death’ (Futai,  2013; Zhang 
et al., 2022). Therefore, the ability of PWNs to overwinter and their 
survival rate directly determines the initial PWN population in pine 
trees the following year, which in turn affects whether the trees 
will exhibit symptoms in the subsequent year. Low temperatures 
can profoundly affect the physiological processes of organisms, 
including the collapse of ion homeostasis (Tomcala et  al.,  2006), 
protein denaturation (Bischof et  al.,  2002), and impaired mem-
brane function (Drobnis et al., 1993). The transition of lipid struc-
tures into a more rigid gel form at low temperatures, which impairs 
membrane functions, can be mitigated by increased lipid unsatu-
ration, lowering the temperature at which this transition occurs 
(Bai et  al.,  2021; Hayward et  al.,  2007; Liu et  al.,  2019; Savory 
et al., 2011). A key adaptation for PWN survival in low-temperature 
environments is the development of third-stage dispersal juveniles 
(DJ3), which are characterized by a significant increase in lipid con-
tent (Chen, Zhang, Li, & Wang, 2021; Chen, Zhang, Li, Wang, Jiang, 
& Wang, 2021; Mamiya, 1983; Zhao et al., 2020). The physiological 
responses to cold exposure in DJ3 of PWNs include an increase in 
unsaturated lipid and glycerol content (Liu et al., 2019). Research 
on Caenorhabditis elegans has demonstrated that the accumulation 
of cryoprotectant glycerol, resulting from lipid hydrolysis regulated 
by the cAMP-protein kinase A  (cAMP-PKA) pathway, enhances 
tolerance to low temperatures (Liu et  al.,  2017), using lipids as a 
substrate for these physiological processes. Therefore, lipid accu-
mulation is a vital strategy for PWNs to withstand low tempera-
tures, serving as a crucial source of energy. In the context of C. 
elegans, for example, lipid reserves become a critical energy source 
after dauer formation, a stage during which the nematode ceases 
feeding (Riddle & Albert, 1997). This underscores the importance 
of lipids for nematode survival, especially under extreme condi-
tions such as low temperatures.

Since the 1970s, afforestation and reforestation programmes 
have been actively implemented in China. Due to the expansion of 

the forest plantation area (from 12.7 × 106 ha in the late 1970s to 
23.1 × 106 ha in 1994–1998), approximately 4 × 108 tonnes of carbon 
were sequestered (Fang et al., 2001). Larix forests, comprising fast-
growing tree species, were among the species promoted by govern-
ment policies for reforestation (Zhang et  al.,  2000). Beyond their 
ecological benefit of carbon sequestration, Larix species are also 
significant timber resources in China. A previous study indicates 
that Larix species cover approximately 23% (9.2 × 106 ha) of the area 
dedicated to the five main afforestation types (Larix spp., Pinus tabu-
liformis, Pinus massoniana, Cunninghamia lanceolata, Populus spp.) in 
China. Furthermore, the stem volume of Larix species constituted 
40% (872 × 106 m3) of the total stem volume of these five afforesta-
tion types (Zhao & Zhou, 2005). Larix species are widely distributed 
in north-east China, with Liaoning Province alone accounting for 
6.45 × 105 ha. Unfortunately, instances of mortality in Larix olgen-
sis, Larix kaempferi, and Larix gmelinii var. principis-rupprechtii due to 
PWN infection have been reported in Fushun, Liaoning, China (Yu 
et al., 2019).

Both L. olgensis and P. koraiensis have been reported to be nat-
urally infected with PWNs in Liaoning, China (Yu et al., 2019; Yu & 
Wu, 2018). Consistent with the susceptibility observed in P. koraien-
sis in Korea (Han et al., 2008), P. koraiensis in Liaoning, China, exhib-
its a high susceptibility to PWNs (Zhang et al., 2022). Compared to 
P. koraiensis, L. olgensis showed a significantly lower probability of 
exhibiting symptoms under the same conditions, indicating a higher 
level of resistance in L. olgensis. It was discovered that the lipid con-
tent in PWNs isolated from L. olgensis was significantly lower than 
that in PWNs isolated from P. koraiensis. Moreover, PWNs with high 
lipid content are capable of surviving overwintering. Morphological, 
transcriptomic, and metabolomic along with in vitro validation tests 
revealed that the stunting and reduced lipid content in PWNs were 
induced by caffeic acid secreted by L. olgensis. This decreased the 
overwintering survival rate of PWNs in L. olgensis, further reveal-
ing the limited mortality in L. olgensis to PWN infection. This study 
enhances the understanding of the interaction mechanism between 
PWNs and L. olgensis in the middle temperate zone. It lays a crucial 
groundwork for developing strategies aimed at breeding and select-
ing PWN-resistant varieties, potentially curbing the spread of PWNs 
in low-temperate regions.

2  |  RESULTS

2.1  |  The overwintering survival rate of PWNs in 
resistant L. olgensis was found to be low

Feeding marks attributed to Monochamus saltuarius, the insect 
vector for PWNs, were observed on both L. olgensis and P. koraien-
sis, indicating its ability to feed on both species. Nevertheless, 
the likelihood of the two species exhibiting symptoms of PWD 
differed significantly. Of the P. koraiensis trees, 33.6% exhib-
ited symptoms, with needles turning chlorotic or reddish-brown 
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(Figure 1a,b). However, no L. olgensis trees in the same sampling 
plot displayed symptoms. This suggests that L. olgensis exhibits re-
sistance to PWNs when infected naturally through transmission 
by M. saltuarius.

The evaluation of host resistance to PWNs was carried out by 
artificially inoculating 30-year-old L. olgensis and P. koraiensis trees. 
The results indicated that L. olgensis exhibited resistance to PWNs 
(Figure  1c). Two years after inoculation, 58.3% of the P. koraiensis 
trees showed symptoms, with needles turning yellow or reddish-
brown. In contrast, the needles of the 70 inoculated L. olgensis trees 
remained green without any noticeable symptoms throughout the 
observation period. These findings suggest that mature L. olgen-
sis trees exhibit resistance to PWNs when subjected to artificial 
inoculation.

To elucidate the correlation between host resistance and 
the overwintering survival rate of PWNs, PWNs from differ-
ent hosts were quantitatively analysed. Significant differences 

in the overwintering survival rates of PWNs between L. olgensis 
and P. koraiensis were observed (Figure 1d). Specifically, the aver-
age overwintering survival rate of PWNs in L. olgensis was 1.5%, 
compared to 21.7% in P. koraiensis (p < 0.01). These findings sug-
gest that L. olgensis presents a challenging environment for PWN 
proliferation.

2.2  |  Stunted PWNs were observed during 
prewintering in L. olgensis

The impact of the challenging environment in L. olgensis on PWN 
proliferation was investigated through morphological measure-
ments (Table S1, Figure 2). PWNs isolated from P. koraiensis were 
the control group (CK) for the phytophagous phase, and PWNs 
isolated from Botrytis cinerea were the CK for the mycophagous 
phase. The body sizes of fourth-stage propagative juveniles (J4), 
DJ3, male, and female nematodes isolated from L. olgensis were 
significantly smaller compared to those from P. koraiensis and B. ci-
nerea (Figure 2a). The body length (L), maximum body width (MW), 
and median bulb width (MBW) of PWNs were measured. The L 
and MW for J4, DJ3, male, and female nematodes from L. olgensis 
were smaller than those of PWNs at equivalent stages from P. ko-
raiensis and B. cinerea (Figure 2b). No significant differences in L or 
MW were detected at the second-stage propagative juvenile (J2) 
or third-stage propagative juvenile (J3) level under various culture 
conditions. Consistently, the MBW did not significantly vary among 
the different culture conditions (Figure 2b). These results indicate 
that PWN growth was hindered in L. olgensis compared with P. ko-
raiensis and B. cinerea.

Correlation analysis demonstrated that L and MW of prewinter-
ing PWN were positively correlated with the PWN overwintering 
survival rate (Figure  2c), with correlation coefficients of 0.85 and 
0.83, respectively (Figure 2d,e,p <0.05). The correlation coefficient 
between the MBW and the overwintering survival rate was 0.45 
(p < 0.05). The parameters a (L/MW) and 1/a (MW/L) were calcu-
lated from L and MW. No significant correlation was detected be-
tween a and the overwintering survival rate, or between 1/a and the 
overwintering survival rate. These results suggest that the observed 
stunted growth of PWNs was associated with a lower overwintering 
survival rate.

2.3  |  The expression of genes involved in lipid 
degradation in PWNs from L. olgensis was promoted

Transcriptomic analyses were conducted to explore the causes 
behind differences in the L and MW of PWNs isolated from L. ol-
gensis and P. koraiensis. The analyses revealed that 486 genes were 
upregulated and 1957 genes were downregulated in PWNs from L. 
olgensis compared to those from P. koraiensis. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis was performed 

F I G U R E  1 Resistance of Larix olgensis to pine wood nematodes 
(PWNs) in natural infection and inoculation scenarios. (a) Aerial 
view depicting PWN-infected L. olgensis and Pinus koraiensis. 
(b) Close-up of individual L. olgensis and P. koraiensis under natural 
PWN infection. (c) Assessment of L. olgensis and P. koraiensis 1 day 
and 2 years after artificial PWN inoculation. (d) Overwintering 
survival rates of PWNs in one to five individuals of L. olgensis and P. 
koraiensis.
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on differentially expressed genes (DEGs) (Figure 3a). The pathways 
identified were classified into metabolism, genetic information pro-
cessing, environmental information processing, cellular processes, 
and organismal systems. Within the metabolism category, lipid 

metabolism emerged as the secondary classification with the larg-
est number of genes, in addition to global and overview maps. This 
finding highlighted the importance of focusing on lipid metabolism 
in our study.

F I G U R E  2 Growth inhibition of pine wood nematodes (PWNs) in Larix olgensis prewintering. (a) Microscopic examination of J2, J3, J4, 
DJ3, male, and female nematodes extracted from L. olgensis and Pinus koraiensis prewintering samples, with PWN from Botrytis cinerea as 
the control (CK) for mycophagous phase. Scale bars represent 100 μm. (b) Comparison of length (L), maximum body width (MW), and median 
bulb width (MBW) of prewintering PWN from L. olgensis, P. koraiensis, and B. cinerea. (c) Correlation analysis between overwintering survival 
rates and morphometric parameters, as well as correlations among different morphometric measurements. (d) Correlation analysis between 
overwintering survival rates and L. (e) Correlation analysis between overwintering survival rates and MW.

F I G U R E  3 Gene expression involved in lipid degradation of pine wood nematodes (PWNs) from Larix olgensis is promoted. (a) KEGG 
enrichment analysis of differentially expressed genes (DEGs) in PWNs from L. olgensis relative to PWNs from Pinus koraiensis. In metabolism, 
in addition to global and overview maps, lipid metabolism has the largest number of genes. (b) The pathway connection analysis. The 
secondary classifications with the largest number of genes in each primary classification are selected for pathway connection analysis. 
The nodes represent KEGG pathways, and the node size represents the connectivity degree. (c) Network for the genes enriched in lipid 
metabolism. The central position triangle node is the gene with the highest node degree score, which is regarded as the hub gene. Three 
of the top eight genes in the connectivity degree score are involved in fatty acid degradation (the triangle nodes). (d) Expression of genes 
involved in fatty acid degradation, glycerolipid metabolism, biosynthesis of unsaturated fatty acid, and fatty acid biosynthesis. Genes 
involved in fatty acid degradation (lipid degradation) are all upregulated. Glycerolipid metabolism, biosynthesis of unsaturated fatty acid, and 
fatty acid biosynthesis involve lipid synthesis.
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For each primary classification, the secondary classification 
containing the largest number of genes was selected for pathway 
connection analysis (Figure 3b). In the signal transduction category, 

pathways associated with lipid metabolism were identified, such as 
the mTOR signalling pathway (ko04150), the cAMP signalling path-
way (ko04024), and the AMPK signalling pathway (ko04152), which 
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have been validated by previous studies. Additionally, lipid metabo-
lism was connected to the PPAR signalling pathway (ko03320) and 
other hormone-related pathways within the organismal systems cat-
egory. These findings suggest that lipid metabolism in PWNs from L. 
olgensis is influenced by regulation of the aforementioned signalling 
pathways.

The correlations among 97 lipid metabolism-related genes were 
analysed, leading to the exclusion of two genes due to their low 
correlation with the others (Figure  3c). Among the 95 remaining 
genes, BXY_0492900, which is represented by the central triangle in 
Figure 3c, was identified as a hub gene with the highest connectiv-
ity degree, involved in fatty acid degradation (ko00071). Of the top 
eight genes in terms of connectivity degree, three were associated 
with fatty acid degradation (indicated by triangles). In addition, all the 
genes involved in fatty acid degradation were significantly upregu-
lated (Figure 3d). Lipid degradation primarily entails the hydrolysis 
of triglycerides to glycerol and fatty acids, with the fatty acids then 
being broken down to generate energy (Zechner et al., 2012). The 
upregulation of genes associated with fatty acid degradation indi-
cates the modifications in lipid metabolism in PWNs from L. olgensis; 
specifically, these findings suggest a promotion in lipid degradation. 
The expression of genes related to lipid synthesis, including those in-
volved in glycerolipid metabolism (ko00561), biosynthesis of unsat-
urated fatty acids (ko01040), and fatty acid biosynthesis (ko00061), 
was examined. Among the 24 genes involved in lipid synthesis, nine 
were found to be downregulated, while 15 were upregulated. These 
upregulated genes associated with lipid synthesis could be induced 
by lipid degradation.

2.4  |  Low lipid content stunted the growth and 
impaired the survival of PWNs

Lipid staining of PWNs under different culture conditions revealed 
significant differences. Specifically, prewintering PWNs isolated 
from P. koraiensis exhibited extensive red lipid droplets, similar to 
PWNs cultured on B. cinerea. In contrast, prewintering PWNs iso-
lated from L. olgensis exhibited noticeably fewer lipid droplets. 
Furthermore, PWNs isolated from L. olgensis consistently showed a 
reduced lipid content (Figure 4a,b).

The distribution of the lipid content in PWNs varied signifi-
cantly with host species, with notably lower levels observed in 
populations in L. olgensis (Figure 4c). A total of 75.6% of the lipid 
content in PWNs from L. olgensis was distributed between 0.4 and 
0.8. However, 75.9% of the lipid content in PWN from P. koraiensis 
was distributed between 0.5 and 0.9. A total of 77.4% of the lipid 
content in PWNs from B. cinerea was distributed between 0.6 and 
0.9. The fitting results indicated that at the maximum frequency, 
the lipid content in PWNs from L. olgensis was 0.55, which was 
less than that in the PWNs from P. koraiensis (0.70) and B. cinerea 
(0.78). These results indicate that the lipid content in PWNs from 
L. olgensis was centred around 0.55, whereas the lipid content in 

PWNs from P. koraiensis and B. cinerea was centred around 0.70 
and 0.78, respectively.

The cumulative frequency of lipid content in PWNs from dif-
ferent hosts was analysed (Figure 4c). The analysis separated the 
percentage of PWNs falling below specific lipid content thresh-
olds, revealing a clear gradient in lipid content levels from L. olgen-
sis to P. koraiensis and B. cinerea. A lower proportion of individuals 
with high lipid content was observed in PWNs from L. olgensis 
compared to those from other conditions. The cumulative fre-
quency fitting curve further indicated that 75% of the PWNs from 
L. olgensis had a lipid content less than 0.71, while the lipid con-
tents in PWNs from P. koraiensis and B. cinerea were 0.80 and 0.85, 
respectively. Fifty percent of PWNs from L. olgensis had lipid con-
tents less than 0.58, whereas the lipid contents in PWNs from P. 
koraiensis and B. cinerea were 0.70 and 0.77, respectively. Twenty-
five percent of PWNs from L. olgensis had lipid contents less than 
0.47, whereas the lipid contents in PWNs from P. koraiensis and 
B. cinerea were 0.58 and 0.68, respectively (Figure  4c). PWNs 
isolated from L. olgensis exhibited a distinct trait, with a low pro-
portion (26.2%) of high-lipid individuals (lipid content above 0.70), 
differing significantly from the PWNs from P. koraiensis (>50.0%) 
or B. cinerea (>69.2%).

The lipid content in PWNs isolated from L. olgensis (0.58) was 
lower than that in PWNs from P. koraiensis (0.67) and B. cinerea 
(0.73, Figure  4d). This disparity suggests an insufficient lipid 
content in prewintering PWNs from L. olgensis. Further analy-
sis revealed a significant positive correlation between the over-
wintering survival rate of PWNs and lipid content (R2 = 0.8095, 
p = 0.0004). Additionally, both the L and MW of the PWNs were 
positively correlated with lipid content (R2 = 0.97, p < 0.0001, and 
R2 = 0.71, p = 0.002, respectively). These correlations indicate that 
PWNs isolated from L. olgensis experienced stunted growth due to 
their low lipid content (Figure 4e), which adversely affected their 
survival through winter.

2.5  |  Caffeic acid levels in L. olgensis increased 
significantly following PWN inoculation

To investigate the cause of the reduced lipid content in PWNs from 
L. olgensis, the metabolite profiles of L. olgensis and P. koraiensis 
were compared. In L. olgensis, 135 metabolites were upregulated at 
15 days post-inoculation (dpi), and 203 metabolites were upregu-
lated at 30 dpi. In contrast, fewer metabolites were upregulated 
in P. koraiensis, with 74 at 15 dpi and 153 at 30 dpi. Thirty-eight 
metabolites were upregulated in L. olgensis but downregulated or 
unchanged in P. koraiensis at both 15 and 30 dpi (Figure 5a–c).

Of the 38 differentially expressed metabolites, the five most 
strongly correlated with lipid content are shown in Figure  5d. 
Caffeic acid (3,4-dihydroxycinnamic acid) was identified as hav-
ing the greatest correlation with PWN lipid content (R2 = 0.91, 
p = 0.003). The peak diagram and the structural formula of caffeic 
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acid are shown in Figure 5e. In addition, the results showed that 
the fold change in caffeic acid intensity in L. olgensis increased 
over the inoculation period and was greater than that in P. koraien-
sis at both 15 and 30 dpi (Figure 5f). HPLC analyses confirmed a 
significant increase in caffeic acid in L. olgensis at both 15 and 30 
dpi after PWN inoculation (Figure 5g, Figure S1). In contrast, P. ko-
raiensis did not exhibit a significant change in caffeic acid content 

after inoculation. At 15 dpi, the mean caffeic acid content in 
L. olgensis was 65.45 μg/g, significantly greater than the 5.75 μg/g 
observed in P. koraiensis. By 30 dpi, the mean caffeic acid con-
tent in L. olgensis rose to 93.93 μg/g, compared to 7.14 μg/g in P. 
koraiensis.

The significant increase in caffeic acid after PWN inoculation 
suggests a possible role in the immune response of L. olgensis against 

F I G U R E  4 Low lipid content stunts the growth of pine wood nematodes (PWNs) isolated from Larix olgensis prewintering. (a) Lipid 
staining of PWNs cultured from L. olgensis, Pinus koraiensis or Botrytis cinerea. (b) Magnified view of lipid staining in PWNs cultured under 
different conditions. (c) Frequency distribution histogram and cumulative frequency curve illustrating the variation in lipid content (LC) 
of PWNs cultured under different conditions. The grey bars represent frequency (left y-axis), while the black points represent cumulative 
frequency (right y-axis). The red line represents the frequency fitting curve, and the black line represents the cumulative frequency fitting 
curve. (d) Quantification of lipid content in PWNs cultured under different conditions. (e) Correlation analyses between lipid content and 
overwintering survival rate, length (L), and maximum body width (MW).
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F I G U R E  5 Upregulation of caffeic acid in Larix olgensis following pine wood nematode (PWN) inoculation. (a) Intersection of metabolite 
lists upregulated in L. olgensis at 15 and 30 days post-inoculation (dpi) and downregulated or unchanged in Pinus koraiensis at 15 dpi. 
(b) Intersection of metabolite lists upregulated in L. olgensis at 15 and 30 dpi and downregulated or unchanged in P. koraiensis at 30 dpi. 
(c) Differential metabolite screening of upregulated metabolites in L. olgensis while downregulated or unchanged in P. koraiensis at both 
15 and 30 dpi after PWN inoculation. (d) Correlation analysis between lipid content in PWN and fold change of metabolite intensity at 
corresponding time. Top five metabolites selected from 38 screened metabolites for exhibition. (e) Peak diagram and structural formula 
of caffeic acid. (f) Fold change of caffeic acid intensity determined in L. olgensis and P. koraiensis at 15 and 30 dpi using untargeted 
metabolomics. (g) HPLC analysis determining the caffeic acid content in L. olgensis and P. koraiensis at 15 and 30 dpi after PWN inoculation. 
CK, not inoculated.
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PWN, which may contribute to the observed reduction in PWN lipid 
content. The inhibitory impact of caffeic acid on PWN lipid metabo-
lism was further substantiated.

2.6  |  Greater caffeic acid concentration linked to 
reduced lipid content in PWNs

Validation experiments demonstrated that PWNs treated with caf-
feic acid displayed fewer lipid droplets compared to the negative 
control (CK, 0 μg/mL) (Figure 6a–d). The lipid content in PWNs de-
creased as the concentration of caffeic acid increased (Figure 6e). 
No significant difference in lipid content was observed between 
PWNs treated with caffeic acid at concentrations below 25 μg/
mL (10 and 25 μg/mL) and the CK. However, PWNs treated with 
concentrations of caffeic acid exceeding 25 μg/mL (50, 75, and 
100 μg/mL) had significantly lower lipid contents compared to the 
CK. Correlation analysis revealed a negative correlation between 
the lipid content in PWNs and the concentration of caffeic acid 

(R2 = 0.55, p < 0.0001), indicating that greater concentrations of caf-
feic acid reduce the lipid content of PWN.

2.7  |  Low lipid content impairs PWN survival at 
low temperatures

PWNs that had decreased lipid content after caffeic acid treat-
ment were exposed to low-temperature conditions (8°C) to eval-
uate their survival rate. The survival rate of PWNs decreased as 
the concentration of caffeic acid increased (Figure 7a). Correlation 
analyses revealed a negative correlation between the survival 
rate of PWNs at low temperatures and the concentration of caf-
feic acid (R2 = 0.60, p = 0.0001, Figure  7b). Additionally, there 
was a positive correlation between the survival rate of PWNs at 
low temperatures and their lipid content (R2 = 0.55, p = 0.0004, 
Figure  7c). These findings suggest that greater concentrations 
of caffeic acid decrease PWNs' survival under low-temperature 
conditions by reducing their lipid content.

F I G U R E  6 Greater concentration of caffeic acid reduces the lipid content of pine wood nematodes (PWNs). (a) Lipid staining of 
control (CK) treated with 0 μg/mL caffeic acid. (b) Magnified view of lipid staining in the CK treated with 0 μg/mL caffeic acid. (c) Lipid 
staining of PWNs treated with 100 μg/mL caffeic acid. (d) Magnified view of lipid staining in PWNs treated with 100 μg/mL caffeic acid. 
(e) Quantification of lipid content in PWNs treated with varying concentrations of caffeic acid. (f) Correlation analysis between lipid content 
in PWNs and the concentration of caffeic acid treatment. Scale bars represent 100 μm.
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3  |  DISCUSSION

3.1  |  Caffeic acid as a game changer: Lipid 
metabolism and PWN survival

The profound impact of the PWN on Pinaceae species, particularly P. 
koraiensis, along with the notable resilience of L. olgensis, provides in-
sights into the intricate interactions between invasive pests and hosts. 
Our study uses a multidisciplinary approach, incorporating morpho-
logical, transcriptomic, and metabolomic analyses, to investigate the 
intricate dynamics of interactions between the PWNs and hosts.

In north-east China, PWNs face formidable challenges due to the 
harsh climate. Firstly, exacerbated by the harsh climate, the effective 
reproductive period of the PWN is shortened, significantly curbing 
the population growth of the PWN. This explains why PWNs can 
cause the death of P. massoniana and P. thunbergii in warm south-
ern China within a year, but not P. koraiensis in north-east China. 
Secondly, the harsh winter in north-east China can significantly re-
duce the PWN population. Despite the natural suppression by the 
harsh climate in north-east China, P. koraiensis is still declining an-
nually due to PWN infection. Notably, only a negligible number of L. 
olgensis in these forests were visibly affected by the PWN, despite 
being potential hosts. How the resilience of L. olgensis combined 
with the natural suppression by the harsh climate works together to 
resist PWNs posed a scientific puzzle.

Our research aimed to unravel this mystery through a rigorous 4-
year inoculation trial involving 180 mature Pinaceae trees that were 
30 years old. We discovered that L. olgensis has evolved from being 
a passive victim to an active defender against PWNs, primarily by 
secreting high levels of caffeic acid (Figure 8). This chemical defence 
mechanism disrupts the lipid metabolism of PWNs, severely stunting 
their growth and impairing their ability to survive the harsh winter.

Further insights were also gained from a comprehensive 5-year 
field survey (natural infection), confirming that mortality due to PWN 
infection was not observed in the surveyed L. olgensis. These findings 
underscore the effectiveness of the L. olgensis's unique biochemi-
cal strategy. Caffeic acid-induced stunting significantly reduced the 

overwintering survival rate of PWNs in L. olgensis, providing insight 
into the limited susceptibility of L. olgensis to PWN infection. In con-
trast, the neighbouring P. koraiensis trees have suffered extensively 
due to their inability to produce sufficient caffeic acid to thwart the 
PWN. This deficiency allows the PWNs to flourish within P. koraiensis, 
often reaching a lethal population threshold within just 1–2 years.

This study represents a significant milestone in the large-scale 
inoculation of 30-year-old Pinaceae trees, a task made challenging 
by quarantine regulations and the substantial resources required to 
manage pathogens. Conducting field trials involving 180 trees was 
intricate, necessitating meticulous control measures to mitigate 
potential ecological harm. Despite these challenges, the 4-year ex-
periment was successfully concluded without causing proliferation 
or ecological disasters, thereby providing novel insights into the be-
haviour of PWNs and setting a standard for future research in forest 
pathology under stringent quarantine constraints.

This study not only highlights the stark differences in species 
resilience against the PWN but also underscores the potential of 
leveraging naturally occurring chemical defences as a strategy for 
managing PWNs. By harnessing the L. olgensis's innate resistance 
mechanism, more effective and ecologically friendly strategies can 
be developed to protect vulnerable pine species, ultimately preserv-
ing forest health and biodiversity.

3.2  |  The role of lipids in cold tolerance and 
overwintering survival of PWNs

Lipids play crucial roles in energy storage and thermogenesis and 
serve as the primary regulators of energy balance and nutritional ho-
meostasis (Rosen & Spiegelman, 2014). Studies have demonstrated 
larger individuals of insects (within a species) with larger lipid storage 
can survive for longer (Sinclair & Marshall, 2018), which was also con-
firmed in our research. The L and MW of PWN were positively cor-
related with their overwintering survival rate. Larger PWNs from P. 
koraiensis, which had larger lipid storage, exhibited stronger cold tol-
erance. In contrast, it was difficult for PWNs in L. olgensis to survive in 

F I G U R E  7 Caffeic acid reduced the survival of pine wood nematodes (PWNs) at low temperature by reducing lipid content. (a) Survival 
curve of PWNs treated with 0 (CK), 10, 25, 50, 75, and 100 μg/mL of caffeic acid under low temperature. (b) Correlation analysis between 
PWN survival rate under low temperature and concentrations of caffeic acid treatment. (c) Correlation analysis between PWN survival rate 
under low temperature and lipid content in PWNs.



    |  11 of 15WANG et al.

winter. Lipids confer cold tolerance to nematodes through three main 
mechanisms. The first function is used to synthesize unsaturated 
fatty acids (Lee et al., 2019; Svensk et al., 2013). The second function 
is as substrates for the formation of cryoprotectants (Liu et al., 2017). 
The third function is to provide energy for organisms. Lipid content 
is essential not only for individual survival but also for species repro-
duction. The fat-5 fat-6 double mutants of C. elegans exhibit reduced 

survival in the absence of food. The fat-6 fat-7 double mutants have 
decreased lipid content, exhibiting slow growth and reduced fertility 
(Brock et al., 2007). These findings reinforce our results that PWNs 
with decreased lipid content and stunted growth struggled to survive 
and reproduce in L. olgensis over an extended period.

The persistence of many populations has been linked to the 
success of overwintering (Lynch et  al.,  2014), and lipids are a key 

F I G U R E  8 Mechanism of the limited mortality in Larix olgensis after pine wood nematode (PWN) infection. High levels of caffeic acid in L. 
olgensis significantly diminish the overwintering survival of the PWNs by decreasing their lipid content, correlating with the limited mortality 
observed in L. olgensis following PWN infection. In contrast, Pinus koraiensis does not produce sufficient caffeic acid, which fails to diminish 
PWN overwintering survival through disruption of lipid metabolism. Consequently, the PWN population in P. koraiensis reaches a critical 
threshold more quickly, leading to increased mortality in the subsequent year.
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component of overwintering success and post-winter fitness 
(Sinclair, 2015), both of which were further confirmed in combina-
tion in this study. Due to reduced lipid content, there was a signifi-
cant decrease in the population amount during each overwintering. 
Reductions in PWN populations may make it difficult for the PWN 
population to reproduce to the threshold that causes L. olgensis to 
show symptoms.

3.3  |  The host strategy: L. olgensis caffeic acid and 
lipid reduction in PWNs

Plants have exploited their metabolic systems to produce natu-
ral chemicals to adapt to challenging ecosystems (Weng,  2014). 
Plant polyphenols not only possess direct antimicrobial properties 
(Bhattacharya et al., 2010; Polturak et al., 2023) but also reduce 
lipid content (Nwakiban Atchan et al., 2022) by inhibiting triglycer-
ide accumulation, stimulating lipolysis, and fatty acid β-oxidation 
(Cao et al., 2022). Caffeic acid is a polyphenol (Cao et al., 2022) 
that suppresses lipid accumulation by promoting lipolysis and β-
oxidation (Kong et al., 2022). Phosphorylation of AMPK increases 
after caffeic acid treatment, leading to promotion of lipolysis. 
Furthermore, caffeic acid reduces triglyceride content and inhibits 
lipid synthase activities via sterol regulatory element-binding pro-
tein 1c (Liao et al., 2013, 2014). Our study found that higher caf-
feic acid content in L. olgensis reduced the lipid content in PWNs. 
It was found that the caffeic acid content in L. olgensis increased 
with the time of interaction with PWNs, which was the host strat-
egy to cope with PWN infection. The effect of P. koraiensis on re-
ducing lipid content in PWNs was not significant, one reason being 
that the caffeic acid content in P. koraiensis was deficient. In the 
in  vitro validation test, no significant difference in lipid content 
was observed between PWNs treated with 10 μg/mL of caffeic 
acid (similar to the content of caffeic acid in P. koraiensis) and the 
CK (0 μg/mL, Figure 6e). PWNs treated with 75 and 100 μg/mL of 
caffeic acid (similar to the content of caffeic acid in L. olgensis) 
had significantly lower lipid content compared to those treated 
with 10 μg/mL of caffeic acid and the CK (0 μg/mL). At present, 
the mechanism by which caffeic acid reduces lipid content in PWN 
needs to be further clarified. Based on the transcriptome results, 
caffeic acid reduced lipid content in PWNs by promoting fatty 
acid degradation. The mTOR, cAMP, AMPK, and PPAR signalling 
pathways were potentially involved in the regulation of caffeic 
acid-promoted fatty acid degradation in PWNs from L. olgensis. 
Our upcoming research will focus on investigating the regulatory 
mechanism of fatty acid degradation by caffeic acid in PWNs and 
exploring the practical application of caffeic acid in screening for 
resistance breeding.

It should be emphasized that, based on five biological repli-
cates, no significant mortality was observed in PWNs treated with 
caffeic acid (100 μg/mL) for 24 h at 25°C. Additionally, downreg-
ulated metabolites in L. olgensis were screened (Tables  S2 and 
S3), including procyanidin C1, neryl rhamnosyl-glucoside, and 

procyanidin B2. The downregulated metabolites were found to 
be predominantly flavonoids. Flavonoids accounted for 30.6% 
of the downregulated metabolites at 15 dpi and 32.3% at 30 dpi. 
Whether the downregulation of these metabolites contributes to 
L. olgensis resistance and the mechanisms involved need to be fur-
ther investigated.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Investigation of the resistance of different 
hosts to PWN

Resistance of L. olgensis and P. koraiensis to PWNs was investi-
gated under natural infection. The experimental site was selected 
as Dahuofang Forest Farm in Fushun, Liaoning, China. The plots 
of L. olgensis and P. koraiensis are located in adjacent subcompart-
ments of the same compartment. The distance between the two 
plots is within the flight capacity of M. saltuarius. The probability 
of showing symptoms in the two plots was calculated according 
to formula (1):

where p is the probability of showing symptoms of hosts, AS is the 
amount of hosts showing symptoms, and At is the total amount of 
hosts.

Resistances of the two hosts to PWNs were further investi-
gated under artificial inoculation. PWNs were collected from dis-
eased P. koraiensis in Fushun and cultured on the fungus B. cinerea 
at 25°C in an incubator without light. The selected inoculation 
plots are situated at an elevation of 220–300 m, with an eastward 
orientation in Dahuofang Forest Farm (41°59′ N, 124°17′ E). The 
first inoculation assay was conducted in August–September 2020, 
simulating infection by M. saltuarius during its autumn emergence. 
PWNs were inoculated into 70 healthy 30-year-old L. olgensis 
and P. koraiensis originating from the plantation forests. The se-
lected trees appeared healthy, no PWNs were isolated, and no 
DNA amplification of PWNs was detected by molecular detection 
(Figures  S2 and S3, Table  S4). Ten wounds were drilled on each 
tree using an electric drill. Two hundred microlitres of distilled 
water containing 5000 PWNs (a mixture of PWNs with the ratio of 
female to male to juvenile approximately 1:1:2) was pipetted into 
each wound and sealed for a total of 50,000 PWNs per tree. The 
success of inoculation was determined by isolating PWNs from 
inoculated trees at 7 dpi. Twenty healthy 30-year-old L. olgensis 
and P. koraiensis trees were treated with distilled water as nega-
tive controls. The symptoms of both hosts were monitored, and 
the probability of showing symptoms after PWN inoculation was 
calculated according to Equation  (1). A second inoculation assay 
was conducted in June 2021, simulating infection by M. saltuarius 
during its summer emergence to verify consistency. The two inoc-
ulation assays yielded consistent results.

(1)p =

As

At
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Prewintering and overwintering, PWNs in inoculated L. olgensis 
and P. koraiensis were isolated to calculate the PWN overwinter-
ing survival rate. Prewintering period was estimated to be 16–20 
October, overwintering period was estimated to be 11–15 April 
based on the 2015–2019 Fushun temperatures data (Figure  S4). 
As illustrated in Figure S5, the wooden discs of varying parts from 
inoculated trees were collected. The PWNs in wooden discs were 
isolated using a Baermann funnel. The overwintering survival rate 
was calculated after counting the amount of PWNs. Equation (2) 
for calculating the overwintering survival rate is as follows:

where r is the overwintering survival rate, Np is the amount of PWNs 
prewintering, and No is the amount of PWNs after overwintering.

4.2  |  Comparison of PWN morphology from 
different hosts

Prewintering PWNs were isolated from L. olgensis and P. koraiensis. 
PWNs isolated from B. cinerea were the CK for the mycophagous 
phase. Morphometric measurements were performed on J2, J3, J4, 
DJ3, male, and female nematodes. The L, MW, and MBW of PWNs 
were measured using a BX51 microscope (Olympus) with an ocular 
micrometer and converted to actual lengths. PWNs were photo-
graphed using the BX51 microscope. Parameter a (L/MW) and 1/a 
(MW/L) were calculated through L and MW.

4.3  |  Gene expression differences in PWNs from 
different hosts

PWNs from five L. olgensis individuals and five P. koraiensis individu-
als were isolated prewintering. The wooden strips of the sample 
were split extremely finely to rapidly isolate the PWNs. Total RNA of 
PWNs was extracted using TRIzol (Invitrogen). The RNA quality was 
evaluated by agarose gel electrophoresis and a NanoDrop spectro-
photometer (Thermo Scientific). Transcriptome sequencing was per-
formed according to the BGISEQ-500 standard protocol (BGI). Raw 
data were filtered using SOAPnuke. Clean reads were then mapped 
to reference sequences using HISAT2.

DEGs were screened on the basis of log2(PWNL . olgensis/
PWNP. koraiensis) > 1 (false discovery rate [FDR] < 0.05, upregulated) 
or log2(PWNL . olgensis/PWNP. koraiensis) < −1 (FDR <0.05, downreg-
ulated). KEGG enrichment analysis (https://​www.​kegg.​jp/​) was 
performed on the screened DEGs. In addition to metabolism, the 
secondary classification with the highest gene number was se-
lected for pathway connection analysis. The pathway connection 
analysis was performed among lipid metabolism, translation, sig-
nal transduction, transport and catabolism, and endocrine sys-
tem. Lipid metabolism gene connection analysis was performed 
based on gene correlations >0.7 or < −0.7, p < 0.05. The hub 

gene was screened through connectivity degree calculated by 
Cytoscape v. 3.9.1.

4.4  |  Lipid content determination of PWNs from 
different hosts

Lipids in nematodes are stored mainly as triglycerides and other neu-
tral lipids. Therefore, we focused on the role of neutral lipids in this 
study. The Oil-Red-O staining method was employed to visualize 
the neutral lipid in PWNs isolated from L. olgensis and P. koraiensis 
prewintering (Leagene) (Chen, Zhang, Li, & Wang, 2021). PWNs iso-
lated from B. cinerea were the control for the mycophagous phase. 
The stained PWNs were photographed using a BX51 microscope 
(Olympus). ImageJ was used to quantify the Oil-Red-O intensity.

4.5  |  Differential metabolite screening in 
different hosts

A liquid chromatography-mass spectrometry (LC–MS) system was 
used for untargeted metabolomic analysis (Di Guida et  al.,  2016). 
We speculated that metabolites produced by L. olgensis in early de-
fences would inhibit the PWNs, as indicated by the 15 and 30 dpi 
PWN amount results (data not shown). Therefore, the metabolite in-
tensity of L. olgensis and P. koraiensis was measured at 15 and 30 dpi. 
Differential metabolite screening was based on inoculation/CK fold 
change >2 or <0.5 and p < 0.05 (Yang & Lv, 2022). The differential 
metabolites were screened, of which the intensity was upregulated in 
L. olgensis, with downregulated or no significant change in P. koraiensis 
at both 15 and 30 dpi after inoculation. The correlation between the 
fold change of metabolite intensity and lipid content was analysed by 
Graphpad Prism v. 10.1.2, and caffeic acid with the highest correla-
tion was selected for further investigation. The caffeic acid content 
in L. olgensis and P. koraiensis at 15 and 30 dpi was further determined 
by HPLC.

4.6  |  Evaluating the effect of caffeic acid on 
reducing the lipid content in PWNs

Stock solutions of caffeic acid were prepared by dissolving it in di-
methylsulphoxide (DMSO). Working solutions were obtained by 
diluting the stock solutions with M9 buffer. Treatments were per-
formed in 48-well polystyrene culture plates in the dark at 25°C 
and 53%–58% RH. Based on the HPLC analysis of the caffeic acid 
content in the trees, the concentration of the treatment was set at 
10, 25, 50, 75, and 100 μg/mL. PWNs treated with the same concen-
tration of DMSO (0.5% vol/vol) was the CK (0 μg/mL caffeic acid). 
Sixty PWNs per well were treated in 200 μL solution for 14 days. The 
pH of the treatment solutions was 6.77–6.82, and the pH of CK so-
lution was 6.79–6.83. The pH of the treatments and CK solutions 
exhibited no significant differences and remained consistently near 

(2)r =
No

Np

https://www.kegg.jp/
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neutral. Three biological replicates were performed in the experi-
ment. The staining and quantification of the PWN lipid content were 
conducted as described above.

4.7  |  Determination of the low-temperature 
survival rate of PWNs after caffeic acid treatment

PWNs treated with 10, 25, 50, 75, and 100 μg/mL of caffeic acid were 
the treatments, and PWNs treated with DMSO (0.5% vol/vol) was the 
CK (0 μg/mL caffeic acid). Treatment was performed in 48-well poly-
styrene culture plates in the dark at 25°C, 60 PWNs per well were 
treated for 14 days. After 14 days of treatment, PWNs were trans-
ferred to an incubator at 8°C. The survival rate was monitored daily 
for the next 20 days. Three biological replicates were performed.

4.8  |  Harmless treatment

All experiments involving PWNs in this study were conducted in 
Liaoning. All materials associated with PWNs underwent harmless 
treatment, and trees inoculated with PWNs were handled in com-
pliance with regulatory requirements. No spread of PWNs was 
observed, and no ecological disturbances were reported, during on-
going field surveys and testing.

4.9  |  Data statistics and text editing

Graphpad Prism v. 10.1.2 was used to analyse the correlations. 
Origin was used to calculate the frequency. The Shapiro–Wilk test 
was used to test normality, and the Levene test was used to test 
the uniformity of variance. One-way analysis of variance (ANOVA) 
or t test was used for data analyses. The LSD posterior was used to 
compare differences among the groups. DeepL Write was used to 
improve the readability.
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