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Genetic diversity and population 
structure of Botryosphaeria 
dothidea and Neofusicoccum 
parvum on English walnut (Juglans 
regia L.) in France
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Botryosphaeriaceae species are the major causal agents of walnut dieback worldwide, along 
with Diaporthe species. Botryosphaeria dothidea and Neofusicoccum parvum are the only two 
Botryosphaeriaceae species associated with this recently emergent disease in France, and little is 
known about their diversity, structure, origin and dispersion in French walnut orchards. A total of 381 
isolates of both species were genetically typed using a sequence‑based microsatellite genotyping 
(SSR‑seq) method. This analysis revealed a low genetic diversity and a high clonality of these 
populations, in agreement with their clonal mode of reproduction. The genetic similarity among 
populations, regardless of the tissue type and the presence of symptoms, supports the hypothesis 
that these pathogens can move between fruits and twigs and display latent pathogen lifestyles. 
Contrasting genetic patterns between N. parvum populations from Californian and Spanish walnut 
orchards and the French ones suggested no conclusive evidence for pathogen transmission from 
infected materials. The high genetic similarity with French vineyards populations suggested instead 
putative transmission between these hosts, which was also observed with B. dothidea populations. 
Overall, this study provides critical insight into the epidemiology of two important pathogens involved 
in the emerging dieback of French walnut orchards, including their distribution, potential to mate, 
putative origin and disease pathways.
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Botryosphaeriaceae is a large family of ascomycetous fungi that are either saprophytes, endophytes or pathogens 
and are mainly associated with woody  hosts1. Presently, based on their morphological and genetic characteristics, 
22 genera and more than 100 species belong to the Botryosphaeriaceae  family2–4. Within this family, most genera 
(notably Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia, and Neofusicoccum) can develop within plants as 
latent pathogens, infecting healthy tissues and remaining dormant before being able to switch to a pathogenic 
lifestyle. This behavioral shift can be explained by biotic and abiotic stress conditions such as environmental 
changes, wounds caused by humans or insects and disease development caused by other  microorganisms1,5,6.
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Species belonging to the Botryosphaeriaceae family show a worldwide distribution as well as low host 
 specificity1,7 and are responsible for diseases in both forest and agricultural environments, particularly in woody 
plants, due to their pathogenic  arsenal8. Some species are known to be highly ubiquitous, such as B. dothidea, 
which is associated with 500 different host species, D. sapinea (128) and D. seriata (158), Dot. sarmentorum 
(114), L. pseudotheobromae (161) and L. theobromae (788), Macrophomina phaseolina (551), N. australe (110), N. 
parvum (294) and N. ribis (273)9. Zlatković et al. (2018) further identified 10 Botryosphaeriaceae species associ-
ated with 47 species of ornamental and forest trees belonging to Gymnosperms and Angiosperms in the Western 
 Balkans10. In agroecosystems, Botryosphaeriaceae affect numerous economically important fruit and nut trees, 
such as  citrus11,  mango12,  litchi12,  apple13,  cocoa14,  grapevine15,  pistachio16,  almond17,  olive18 and walnut  trees19,20.

English walnut (Juglans regia L.) is the most widely cultivated species in the world for nut  production21. It was 
historically cultivated in Central Asia, but the crop is now broadly cultivated on all continents, mainly in Asia, 
America, and  Europe22. The top three largest producers in the world are China, followed by the United-States and 
Iran. With a production of 37,740 tons associated with approximately 27,000 hectares in 2021, France rank among 
the top three European  countries23. French walnut orchards are historically affected by walnut blight, anthracnose 
and brown apical necrosis diseases caused by Xanthomonas campestris pv. juglandis, Ophiognomonia leptostyla 
and a fungal complex of Alternaria and Fusarium spp.  respectively24–26. Nevertheless, since 2015, walnut dieback 
symptoms have been extensively reported in  France20,26,27 such as twig necrosis, defoliation and cankers as well 
as fruit necrosis and blight to complete host dieback, associated with significant yield losses. This emergence is 
most likely related to the twofold increase in dedicated areas since the 2000s and to climate change, reflected by 
the unusual succession of hot summers in  France23,28–30. Such symptoms have already been described in Mediter-
ranean climate areas, such as California, Spain and  Italy31,33, and similarly to these nut-growing regions, fungal 
isolations from French symptomatic walnut fruits and twigs led to the identification of a fungal complex. This 
complex is mainly represented in France by Diaporthe eres, only two Botryosphaeriaceae species, B. dothidea and 
N. parvum, but also included Colletotrichum fioriniae and C. godetiae, and Fusarium juglandicola20.

These emergent symptoms and causal agents, although widespread in tree nut orchards abroad as well as in 
other French crops such as vineyards, encouraged us to explore the source and pathways of such biological inva-
sion, which is key to understanding the pathogen  origin34. Human-mediated introduction of pathogen agents 
in new environments, as well as host jumps, are one of the main causes for disease  emergence35–39, which is even 
more likely for Botryosphaeriaceae species considering their wide host range and low host  specificity39,40. To 
identify origin and pathways of biological invasion, population genetics appears to be a useful tool to provide 
relevant insights into the diversity and origin of Botryosphaeriaceae populations newly isolated from French 
walnut trees.

Several recent molecular markers, including inter-simple sequence repeats (ISSR)41,42 and simple sequence 
repeats (SSR)40,43–47, have been used to study the genetic diversity and structure of B. dothidea and N. parvum 
populations from many hosts. Microsatellite markers, or SSRs, are powerful genetic markers widely used in fungal 
population genetic studies. These ubiquitous DNA sequences of eukaryotic genomes are highly polymorphic, 
codominant and their sequencing is highly  reproducible48,49. These studies consistently revealed low genetic 
diversity of B. dothidea and N. parvum populations in cultivated hosts. In contrast, fairly high levels of genetic 
diversity could be found in native hosts. Populations from native hosts tend to have greater genetic diversity, 
as well as populations that have been well developed for a long time on cultivated  hosts43,45, than emergent and 
introduced  populations40,44,46,47.

In this study, microsatellite markers were developed and genotyped using microsatellite sequencing (SSR-
seq50) for both B. dothidea and N. parvum species. Our objectives were to (i) assess the diversity of the main Bot-
ryosphaeriaceae populations newly isolated from French walnut orchards, (ii) compare these walnut populations 
with populations originating from countries and crops characterized by a moderate (Spanish walnut orchards) 
to those with a long history of disease occurrence, including Californian walnut and almond orchards as well 
as French vineyards, and (iii) study the genetic differentiation of populations according to geographic location, 
host and disease development stage.

Results
Distribution of B. dothidea and N. parvum isolates in walnut orchards from the two main 
French production areas
A total of 182 B. dothidea and 323 N. parvum isolates were collected from 326 walnut husks and 315 twigs from 
the two French production regions during three sampling campaigns, including some isolates that originated 
from the same tissue. The prevalence of N. parvum was significantly higher in the South-West than in the South-
East (p < 0.001), contrary to that of B. dothidea, which was significantly more prevalent in the South-East than 
in the South-West, regardless of the campaigns (p < 0.001; Table 1). Similarly, N. parvum was significantly more 
prevalent than B. dothidea in the South-West (p < 0.001) and, conversely, in the South-East (p < 0.001; Table 1). 
Considering tissues, both species were significantly more prevalent in walnut husks than in twigs, regardless of 
campaigns and production area (28.5% vs 11.1%, p = 0.02, for B. dothidea, and 26.1% vs 21.9%, p = 0.04, for N. 
parvum; Table 1). Moreover, both species were similarly prevalent in symptomatic and asymptomatic tissues, 
regardless of the tissue type (Table 1).

Genetic diversity and genotypic variations of French populations of B. dothidea and N. parvum
A total of 11 and 27 loci, involving 138 and 223 Botryosphaeriaceae strains were retained for B. dothidea and N. 
parvum population analysis, respectively (Table 2). Botryosphaeria dothidea strains were divided into a priori 
populations based on French production areas, leading to two distinct populations, namely Bd_SW for the 
southwestern production area (N = 39 individuals) and Bd_SE for the southeastern production area (N = 94 
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individuals). Similarly, the N. parvum population was divided into Np_SW (N = 107 individuals) and Np_SE 
(N = 49 individuals). The descriptive statistics and diversity indices are summarized in Table 2.

Among the 11 SSR loci used for B. dothidea population analysis, the number of alleles ranged from one to 
four, with an average of 2.272 alleles per locus (regardless of production area), with three monomorphic loci in 
the Bd_SE population, and four in the Bd_SW one. Overall, both populations showed a high level of polymorphic 
loci and similar allelic richness values. Moreover, they showed low levels of genetic diversity, unevenly distributed 
among MLGs, although the distribution was more homogeneous in the SW population than in the SE population 
 (E5 = 0.61 and 0.42, respectively; Table 2). The clonality rate (percentage of strains that share a MLG) within the 
two populations ranged from more than 75% (Bd_SW) to 86% (Bd_SE), further illustrating relatively moderate 
genotypic diversity and equitability, although it was still slightly greater in the former than in the latter popula-
tion (H = 1.54 and 0.92, and λc = 0.69 and 0.38, respectively; Table 2). Indeed, more than 75% of strains belonged 
to only one MLG in the Bd_SE population versus two MLGs in the Bd_SW population. Interestingly, no MLGs 
were found to be shared by strains of the two populations, indicating that the 10 and 12 MLGs associated with 
the Bd_SW and Bd_SE populations, respectively, were uniquely associated with the production area.

Neofusicoccum parvum strains were genotyped based on 27 SSR loci with allele counts ranging from one to 
five (mean number of alleles per locus of 2.815, regardless of production area). The Np_SW population repre-
sented a greater percentage of polymorphic loci (23 loci vs 10 loci, respectively) and a higher allelic richness 
(AR = 2.59 vs 1.54; Table 2). Overall, the number of strains belonging to MLGs was much more evenly distributed 
in the Np_SW population than in the Np_SE population  (E5 = 0.73 and 0.39, respectively), which was further 
confirmed by the considerably higher unbiased haploid genetic diversity and λc values in the Np_SW population 
(uh = 0.148 and 0.040; and λc = 0.91 and 0.29, respectively; Table 2). Indeed, the same MLG was shared by 41 out 
of 49 strains of the Np_SE population, whereas 86 out of 107 strains from the Np_SW population belonged to 
12 different MLGs (from 2 to 19 strains per MLG). The Np_SE population was represented by more than 85% 
clonal strains, highlighted by relatively low diversity indices (H = 0.73). The second population was much more 

Table 1.  Prevalence of B. dothidea and N. parvum species in the two geographical areas and the two tissue 
types in 2020 and 2021. Prevalence in symptomatic and asymptomatic tissues was only evaluated in 2021. 
Different lowercase letters indicate significant differences between conditions of the same criterion for each 
species at the α = 0.05 threshold based on the chi-squared test. Different uppercase letters indicate significant 
differences between the two species for each condition at the α = 0.05 threshold based on the chi-squared test.

Criterion Condition (total number of samples)
Prevalence of B. dothidea in % (total number 
of samples)

Prevalence of N. parvum in % (total number 
of samples)

Geographical origin
South-East (281) 31.7aA (89) 18.1bB (51)

South-West (360) 10.8bB (39) 28.6aA (103)

Total 641 20.0 (128) 24.0 (154)

Tissue type
Husks (326) 28.5aA (93) 26.1aA (85)

Twigs (315) 11.1bB (35) 21.9bA (69)

Total 641 20.0 (128) 24.0 (154)

Presence of symptoms on husks (2021)
Asymptomatic husks (54) 22.2aA (12) 7.4aA (4)

Symptomatic husks (212) 28.3aA (60) 25.9aA (55)

Total 266 27.1 (72) 20.3 (59)

Presence of symptoms on twigs (2021)
Asymptomatic twigs (63) 4.8aA (3) 11.1aA (7)

Symptomatic twigs (252) 12.7aA (32) 24.6aA (62)

Total 259 13.5 (35) 26.6 (69)

Table 2.  Descriptive statistics and indices of genetic diversity of B. dothidea and N. parvum populations 
collected from the two main French walnut-producing regions (South-West _SW and South-East _SE). s.d. 
standard deviation, AR allelic richness, uh unbiased haploid genetic diversity, P(%) percentage of polymorphic 
loci, MLG number of observed multilocus genotypes, eMLG number of multilocus genotypes expected at 
the smallest sample size, H Shannon–Wiener index, λc corrected Simpson’s index, E5 evenness, IA index of 
association, rbarD standardized index of association. *Indicates a significant p-value for the  IA and rbarD 
indices at α = 0.05.

Species Population Nb of individuals Nb of loci AR uh (s.d.) P(%) MLG eMLG H λc E5

Uncorrected 
data set

Clone-corrected 
data set

IA rbarD IA rbarD

B. dothidea
Bd_SW 39

11
2.08 0.142 (0.060) 63.64 10 10 1.54 0.71 0.61 1.08* 0.20* 0.44 0.07

Bd_SE 94 1.62 0.077 (0.028) 72.73 12 7.35 0.92 0.39 0.42 1.34* 0.26* − 0.15 − 0.03

N. parvum
Np_SW 107

27
2.59 0.148 (0.034) 85.19 33 20.58 2.68 0.92 0.73 1.14* 0.09* 1.35* 0.10*

Np_SE 49 1.64 0.040 (0.012) 37.04 7 7 0.73 0.30 0.39 2.96* 0.35* 1.35* 0.15*
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diverse (H = 2.68) and thus was associated with a lower rate of clonal strains (69%; Table 2). Interestingly, two 
MLGs were shared by the two production regions but were only shared by one isolate from the other population.

Botryosphaeria dothidea population analysis revealed partial sexual reproduction, although 
clonality was high for both species
Linkage disequilibrium was determined to assess the prevalence of clonal versus sexual reproduction within both 
populations. In addition to the uncorrected dataset, we also considered the clone-corrected dataset to mitigate the 
effect of clonality caused by a high rate of clonal strains for each MLG. As shown by the high number of strains 
sharing the same MLG for most of the populations, clonality was hypothesized to be the main reproduction 
mode for both B. dothidea and N. parvum.

In the case of B. dothidea, the uncorrected dataset showed significant p-values for both the  IA and rbarD 
indices in both SW and SE populations. However, the clone-corrected dataset failed to reject the null hypothesis 
of random mating. This may indicate potential sexual reproduction within the two populations (Table 2). Note 
that negative values were obtained for the Bd_SE population with the clone-corrected dataset. These values 
indicated that the observed variance in the distance between strains was lower than the expected variance under 
the assumption of panmixia.

Conversely, all N. parvum populations showed clonal reproduction as the main mode of reproduction regard-
less of the dataset, as highlighted by relatively high rbarD values and significant p-values at a threshold of 0.05 
(Table 3).

Geographical origin impacted the structure of B. dothidea populations but not that of N. par-
vum populations
The AMOVAs performed on the uncorrected and clone-corrected datasets for B. dothidea populations led to 
opposite results. The uncorrected dataset showed that genetic differentiation was more structured according to 
regions (64.66%) than according to strains (35.34%), while the opposite was found for the clone-corrected dataset 
(79.26% of the genetic diversity was associated with strains vs 20.74% with regions; Supplementary Table S1). 
Nonetheless, the impact of geographical origin was further confirmed with DAPC (Fig. 1) and the Mantel test, 
which revealed a significant association between the genetic and geographic distances of B. dothidea isolates 
 (R2 = 0.42 and p = 0.01). This was consistent with the absence of shared MLGs between the two populations, as 
described previously.

The AMOVA performed on N. parvum populations based on geographical origin indicated that the genetic 
diversity was mainly explained by strains (77.69% of the variation in the uncorrected dataset and 93.39% of the 
variation in the clone-corrected dataset; Supplementary Table S1). For this species, no significant relationship 
between genetic and geographic distances was detected, which was confirmed by both the Mantel test  (R2 = 0.0004 
and p = 0.250) and the DAPC, which revealed relatively high genetic proximity between MLGs from the two 
production areas (Fig. 1).

Table 3.  Number of isolates of B. dothidea and N. parvum collected from French walnut orchards, genotyped 
using SSR-seq and used in the population study after manual clone-correction of datasets as described in SSR 
quality filtering.

Sampling (nb of samples)

B. dothidea isolates N. parvum isolates

Collected Genotyped Population study Collected Genotyped Population study

South-East 124 124 94 96 69 49

2020 (from symptomatic husks only; 30) 18 18 15 14 10 7

 2021 106 106 79 82 59 42

  Husk 79 79 61 50 40 30

   Asymptomatic (15) 16 16 12 4 4 3

   Symptomatic (68) 63 63 49 46 36 27

  Twig 27 27 18 32 19 12

   Asymptomatic (15) 5 5 3 2 1 1

   Symptomatic (72) 22 22 15 30 18 11

South-West 58 57 39 227 131 107

2020 (from symptomatic husks only; 30) 9 8 6 34 21 19

 2021 49 49 33 193 110 88

  Husk 20 20 16 54 35 27

   Asymptomatic (15) 1 1 1 0 0 0

   Symptomatic (60) 19 19 15 54 35 27

  Twig 29 29 17 139 75 61

   Asymptomatic (15) 0 0 0 5 5 5

   Symptomatic (72) 29 29 17 134 70 56

Total isolates 182 181 133 323 200 156
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Population structure was not impacted by the tissue type, the presence of symptoms or over 
time
Further analyses were conducted to compare MLGs associated with strains from walnut husks and twigs in the 
two production areas for both B. dothidea and N. parvum species and from asymptomatic and symptomatic 
tissues.

Overall, more MLGs were detected in the husk-associated populations than in the twig-associated ones (Sup-
plementary Table S2). Minimum spanning networks showed that most of the MLGs associated with husks were 
also identified in twigs for the two species in both regions (Fig. 2). This was consistent with the low percentage 
of variation observed between tissues via AMOVA (Supplementary Table S3) and the overlap of ellipses between 
the twig and husk populations, as shown by the DAPC (Fig. 1). The number of MLGs was greater in twigs than in 
husks in the Np_SW population (Fig. 2C and Supplementary Table S2). All the MLGs that were shared between 
husks and twigs-based populations were predominant for both species in the two areas (Fig. 2). Unlike in the 
South-East area, a few MLGs from the South-West area were uniquely isolated from twigs (3 out of 10 MLGs for 
B. dothidea and 16 out of 33 MLGs for N. parvum). Unbiased genetic diversity values (uh) were relatively low, 
indicating that all tissue-based populations displayed relatively uneven and heterogeneous MLG repartition and 
high levels of clonality (Supplementary Table S2).

Concerning the distribution of populations associated with symptomatic and asymptomatic husks and twigs, 
strains from both species sharing the same MLG could be isolated from both types of tissues. In addition, MLGs 
from symptomatic and asymptomatic tissues were genetically closely-related (Fig. 1). Interestingly, for both spe-
cies, the four SE populations (based on tissues and symptoms) shared the same predominant MLG; this was also 
the case for the Bd_SW population, while Np_SW population was more genotypically differentiated between 
tissues and their disease status. Notably, one highly represented MLG in the Np_SW population collected from 
symptomatic husks and twigs was absent in asymptomatic samples. Conversely, two MLGs, represented by only 
one individual each, were found only in asymptomatic twigs of the Np_SW population.

Moreover, comparisons between strains collected from walnut husks in 2020 and 2021 revealed that these 
populations were relatively similar. More than 60% of the B. dothidea strains from walnut husks in 2020 and 
2021 in the southwestern area shared the same two MLGs, versus more than 75% in the southeastern area. These 
similarities between populations were confirmed by DAPC (Supplementary Fig. S1). Similarly, more than 40% of 
the N. parvum strains from walnut husks in 2020 and 2021 in the southwestern area shared the same two MLGs, 
versus more than 80% in the southeastern area. This greater similarity between strains from the southeastern 
French production region over time was also confirmed by DAPC (Supplementary Fig. S1).

Comparison of B. dothidea and N. parvum populations from French walnut orchards with pop‑
ulations from other countries and/or crops
Populations of B. dothidea and N. parvum from French walnut orchards (SW and SE) were compared with other 
populations from different geographical and host origin: B. dothidea and N. parvum populations isolated from 
grapevines in France (Bd_GRA, N = 5 individuals; and Np_GRA, N = 43 individuals, respectively), N. parvum 
populations isolated from walnut trees in California (Np_CAL_W, N = 5 individuals) and Spain (Np_SPA, N = 5 
individuals), and from almond trees in California (Np_CAL_A, N = 14 individuals). Geographical and plant 
origins of these populations are listed in Supplementary Table S4.

Surprisingly, a certain level of genetic proximity was found between the Bd_SW and Bd_GRA populations, 
as illustrated in the DAPC where the SW and GRA populations were clustered together on the opposite side of 
the SE one (Fig. 3). Despite this higher genetic similarity between Bd_SW and Bd_GRA, only one MLG was 

Figure 1.  Discriminant Analysis of Principal Components of the Botryosphaeria dothidea (A) and 
Neofusicoccum parvum (B) populations. Populations were distinguished according to their geographical origin 
(SW South-West, SE South-East), tissue (H Husk, T Twig) and symptoms (A Asymptomatic, S Symptomatic). 
The SW_HA and SE_TA populations of B. dothidea and the SE_HA and SE_TA populations of N. parvum were 
not represented because they were represented by only one individual.
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shared between these two populations while one MLG was also shared between Bd_SE and Bd_GRA (Supple-
mentary Fig. S2).

The UPGMA dendrogram based on Nei’s genetic distance highlighted an even stronger genetic proxim-
ity between the Np_SW, Np_SE and Np_GRA populations than that reported above with B. dothidea (Fig. 4). 
Indeed, the Np_SE and Np_SW populations shared three and five MLGs, respectively, with the Np_GRA popu-
lation (Supplementary Fig. S2). Taken together, these observations further supported the lack of differentiation 
according to geographical origin of the N. parvum populations. Interestingly, among the individuals collected 
from grapevines in France (see Supplementary Table S4 for geographical origin), those that corresponded to the 
MLGs shared between the Np_SW/Np_SE and Np_GRA populations were all collected in the South-West area 
(Nouvelle-Aquitaine and Occitanie regions). In contrast, grapevine strains from the North-East area (Grand 
Est region) did not share any MLGs with the French walnut populations. Furthermore, the population collected 
from walnut trees in Spain displayed a low genetic proximity to the Np_SW, Np_SE and Np_GRA populations 
according to the UPGMA dendrogram, and no MLGs among the five from this Spanish population were common 
to the previous populations (Fig. 4 and Supplementary Fig. S2). The same was true for the populations collected 
from the Californian walnut (CAL_W) and almond (CAL_A) orchards. This was confirmed by UPGMA, which 
highlighted a higher proximity between the Californian and Spanish populations than between the other three 
populations (Fig. 4).

Discussion
The current study documented the genetic diversity and distribution of B. dothidea and N. parvum populations 
associated with walnut dieback in the two main French walnut production areas. Interestingly, walnut dieback 
symptoms were associated with the presence of ten Botryosphaeriaceae species in addition to two species of 

Figure 2.  Minimum spanning networks of MLGs of B. dothidea (A,B) and N. parvum (C,D) populations. 
The networks were based on Bruvo’s distance and were generated for the southwestern (SW) and southeastern 
(SE) production areas, as well as for walnut husks (H) and twigs (T). (A) Populations of B. dothidea in the 
South-West; (B) Populations of B. dothidea in the South-East; (C) Populations of N. parvum in the South-
West; (D) Populations of N. parvum in the South-East. MLGs are represented by nodes (circles) and edges 
(lines) representing genetic distance between individuals. The size of the nodes corresponds to the number of 
individuals sharing the same MLG.
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Diaporthe in California at the beginning of the  2010s19, while six different species have been associated with 
dieback symptoms in  France20,51,52, among which B. dothidea and N. parvum were the only representatives of 
the Botryosphaeriaceae family. The emergence of this disease in France led us to investigate the genetic and 
genotypic diversity and population structure of B. dothidea and N. parvum from tissues showing walnut dieback 
symptoms as well as asymptomatic ones.

Analysis of both B. dothidea and N. parvum populations from South-West and South-East of France revealed 
relatively low genetic diversity, which is consistent with the emerging nature of the disease in France. The same 
conclusions were also obtained from previous studies using different methods such as RAPD to study B. dothidea 
populations from blackberry, eucalyptus, pecan, pistachio, walnut and willow in  California53 or UP-PCR to study 
N. parvum populations from vineyards in New-Zealand54. However, the latter markers are much less resolutive 

Figure 3.  Discriminant Analysis of Principal Components (DAPC) for B. dothidea (Bd) populations. 
Populations were distinguished according to their origin: French walnut-producing regions (SW South-West, SE 
South-East) and French vineyards (GRA).

Figure 4.  Unweighted Paired Group Mean Arithmetic (UPGMA) dendrogram between four N. parvum (Np) 
populations. The dendrogram was based on Nei’s distance and was generated for populations from southwestern 
and southeastern French regions (SW and SE, respectively), French vineyards (GRA), Californian walnut 
(CAL_W) and almond (CAL_A) trees and Spanish walnut trees (SPA). Bootstrap values above 50 are displayed 
at nodes.
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than  SSRs55. Interestingly, the genetic diversity of both species isolated from different hosts and countries has 
also been reported to range from  moderate40,47 to relatively  high43,45,46 based on microsatellite marker genotyping.

The reproductive mode is known to contribute to the level of genetic diversity, with populations undergoing 
sexual reproduction being more likely to exhibit greater genetic  diversity56. In this study, B. dothidea and N. 
parvum populations were associated with a dominant clonal reproduction pattern. Indeed, Botryosphaeriaceae 
species tend to exhibit relatively low levels of sexual reproduction and primarily rely on asexual reproduction 
under field  conditions1,33. Similarly, both B. dothidea and N. parvum were reported to be represented by a high 
number of individuals sharing the same MLG and to have low genetic  diversity40,45,47,53, suggesting an essential 
role for clonal  reproduction56. Both sexual and asexual reproduction modes, which are associated with high and 
low genetic diversity, respectively, were detected based on linkage disequilibrium by Sakalidis et al., who studied 
the diversity of N. parvum populations collected in different countries, highlighting the ability of this species to 
reproduce in both  ways46. Although evidence for linkage equilibrium was not found in N. parvum populations, in 
the B. dothidea clone-corrected dataset, significant linkage equilibrium was observed, suggesting the occurrence 
of recombination or sexual  reproduction57. This finding is consistent with previous observations of B. dothidea 
populations from grapevines in  China43 as well as the presence of homothallic mating types in these two spe-
cies, as revealed by their genome  analysis6,58,59. The predominance of clonal strains is also characteristic of the 
emergence of diseases, as shown by Ma et al. in strains associated with recent panicle and shoot blight disease 
in pistachios in  California53. Moreover, Botryosphaeriaceae species appear to exhibit higher genetic diversity in 
native hosts and environments, such as N. parvum isolated from Syzygium cordatum in South-Africa45. Further 
investigations on the presence of reproductive structures on the surface of walnut branches could provide more 
information about the reproductive mode of these species in walnut orchards in France. Taken together, our 
observations are consistent with the recent emergence of the disease in  France20.

Comparisons between strains associated with walnut husks and twigs revealed a high percentage of identity 
between MLGs of the two types of tissues and a relatively low genetic distance. These connections between walnut 
husks and twigs support the hypothesis raised by Michailides et al., that walnut dieback disease often originates in 
nuts, with pathogen agents transferring from them to twigs through the  peduncle60. A second hypothesis would 
be that infection could also be directly initiated in twigs through wounds and scars caused by the fall of fruits and 
leaves from walnut trees or even pruning  wounds60,61. Pruning wounds are identified as the primary entry point 
for infection of twigs and branches by Botryosphaeriaceae species in other hosts, such as  vines62, and in walnut 
trees, wounds have been shown to remain susceptible to Botryosphaeriaceae infection for at least 4  months63. 
These different wounds could either constitute a breach for exogenous infections of Botryosphaeriaceae or 
generate abiotic and biotic stresses that could lead to the behavioral shift of Botryosphaeriaceae species from 
endophytes (that is, present in the plant before wounds occurred) to pathogens.

Thus, we also considered isolates from asymptomatic tissues to evaluate the lifestyle of these latent pathogens. 
The results showed that for both species, the populations isolated from symptomatic and asymptomatic husks 
and twigs were genetically similar, indicating that the strains exhibiting latent pathogen lifestyle in asympto-
matic tissues were the same as those exhibiting a pathogenic lifestyle in symptomatic ones. It was evidenced that 
Botryosphaeriaceae species are capable of causing latent infections on young walnut trees in  nurseries33, further 
supporting the hypothesis that these species can remain latent for extended periods and switch to a pathogenic 
lifestyle under abiotic or biotic  stresses1,5,64. For example, the presence of the walnut scale (Quadraspidiotus jug-
lansreginae) exacerbates the symptoms caused by Botryosphaeriaceae species in walnut orchards in  California61. 
In France, the first observation of dieback symptoms occurred in August 2003, concurrently with the occurrence 
of a severe heatwave before dieback symptoms, reported again from 2015 onwards, corresponding to an unusual 
succession of hot  summers20,27,29,30. This temporal link between the occurrence of dieback symptoms and summer 
heatwaves could be explained by the following two non-mutually exclusive hypotheses: (i) environmental stresses 
have an impact on the activation of latent infections by Botryosphaeriaceae species, and (ii) higher temperatures 
increase the sporulation and growth of Botryosphaeriaceae that have a high optimal growth  temperature33.

In addition, we found that most strains from symptomatic walnut husks sampled in 2020 were detected in 
2021 for both species, suggesting a certain stability, at least over a year of experimentation. Further investiga-
tions on individuals collected over multiple years could provide additional information about the spatiotem-
poral structure of the populations of the two species. It could also provide more information on the stability of 
populations over time and potential changes in these populations, as shown in B. dothidea populations from 
pistachios in  California65.

The results also showed that the structure of N. parvum populations is independent of geographical origin, 
tissue type or the presence of symptoms, indicating a lack of genetic differentiation based on these factors. This 
observation would imply a possible dispersion of individuals between the two regions through wind or  insects33, 
allowing for longer distance dispersal than spore dispersal by rain splashes. In addition, our results clearly showed 
a significantly greater level of N. parvum genotypic diversity in the South-West area. This fact, together with a 
significantly higher prevalence of the species in the same area, also suggest that the origin of contamination may 
be older and/or that environmental conditions as well as agronomic practices may favor the implantation of N. 
parvum compared to the South-East area. Past observations in France may support the hypothesis that walnut 
trees in the southwestern area are more subject to abiotic stress and thus more prone to fungal diseases. In fact, 
the first observations of fungal walnut dieback caused by Phytophthora species were reported during the 1990s 
only in the South-West production  region66, even though the “intensive” cultivation of walnut trees has been 
going on for longer in the southeastern area (i.e. at the beginning of the  1900s67) than in the South-West one 
(around the  1950s68). Moreover, a reduction in production due to unhealthy, unproductive and weak walnut 
trees was reported in the South-West in the early 1980s, while at the same time, the South-East was seen as the 
best area for growing walnut  trees69. Conversely, the geographical origin of B. dothidea populations significantly 
impacted their genetic characteristics based on the uncorrected dataset, and no MLGs were shared between the 
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two populations. Therefore, the emergence of B. dothidea on walnut trees may result from separate inoculum 
sources between the South-West and the South-East areas of France.

Interestingly, B. dothidea and N. parvum populations collected from French walnut trees showed differences 
in behavior and structure that could be the result of several parameters, such as host specificity, the mechanisms 
of spore dispersal, and the date of introduction or pathogenicity criteria, such as aggressiveness. In their study, 
Marsberg et al. (2017) highlighted that on the one hand, the low host specificity displayed by Botryosphaeriaceae 
contributes to a lack of spatial differentiation, as observed for N. parvum populations in France, while on the 
other hand, the dispersal of Botryosphaeriaceae spores by rain and water at relatively short distances may lead 
to geographic genetic structure, such as that observed for B. dothidea  populations6. Additionally, considering 
that reproductive mode plays a crucial role in population  structure45, the highlighted traces of sexual reproduc-
tion displayed by B. dothidea populations could also explain their specific structure. Furthermore, a recently-
introduced population is more likely to have no particular  structure47, and some studies have hypothesized 
that the introduction of B. dothidea may be older, originating from  Europe6, which could be a second partial 
explanation. The difference in aggressiveness between the two species is also likely to explain the differences 
observed. Indeed, it has been shown that N. parvum is more aggressive than B. dothidea19,31,70,71, and greater 
aggressiveness involves longer and more numerous lesions as well as a greater level of  reproduction72. A higher 
aggressiveness may also reflect a greater ability to colonize the host. This could also partially explain the greater 
number of collected N. parvum individuals compared to B. dothidea individuals. This higher occurrence of N. 
parvum in walnut orchards displaying dieback symptoms has also been demonstrated in surveys carried out 
in  California19,  Croatia73 and  Turkey74. It has been shown that some cryptic species, such as N. parvum and N. 
ribis, are better invaders due to their better ability to colonize non-native and human-disturbed  environments45.

Furthermore, the analyses revealed that N. parvum populations exhibited genetic similarity between the two 
walnut production regions and showed proximity to strains collected from French vineyards in the southwest-
ern regions. In contrast, the N. parvum French populations clearly differed from the Californian and Spanish 
populations. Interestingly, some individuals from French walnut trees and vineyards even shared identical MLGs. 
Shared MLGs were also detected between the B. dothidea population from the South-West (Bd_SW) and French 
southwestern vineyards. Thus, B. dothidea and N. parvum populations infecting walnut trees could share com-
mon origin with populations collected from vineyards or originate from vineyards, the two species are indeed 
commonly associated with grapevine trunk diseases in  France9. Both hypotheses are supported by the fact that 
Botryosphaeriaceae can colonize numerous wild woody  plants1, and that viticulture is historically older than 
walnut orchards cultivation in the French regions  studied67,68. As described previously, climate change could play 
a significant role in causing abiotic stresses on plants, leading to disease onset and facilitating the geographical 
and host expansion of pathogenic agents, as predicted by Bastista et al.75. Human-mediated transmission is a 
second possible pathway, specifically by introducing infected material. In the history of walnut cultivation, the 
English walnut (Juglans regia L.), which originated in Central Asia, was exported to North-America primarily 
as rootstock to enhance the characteristics and cultivation of walnuts and to improve species  crossbreeding76. 
Initially, the majority of Californian walnut trees were grafted onto Juglans nigra rootstocks, an endemic  species77. 
Currently, scions grafted onto Juglans nigra rootstock are still produced in Californian nurseries and exported 
to different regions, including  France78. Thus, some French walnut producers cultivate J. regia x J. nigra hybrids. 
However, the lack of genetic proximity between strains of French and Californian walnut trees does not confirm 
this origin of infection; and indicates that these strains may have had separate origins or undergone distinct 
evolutionary processes, although additional sampling would be needed in walnut-producing countries to confirm 
this result. Neofusicoccum parvum strains from Spain were also genetically distant from French ones. Neverthe-
less, the implantation and evolutionary pressure of Botryosphaeriaceae populations are likely to be quite similar 
between those two regions, considering that walnut dieback, as in France, was more recently observed in Spain 
than in  California32. Further isolations and investigations of B. dothidea and N. parvum populations from other 
hosts and countries should help to shed light into the emergence of walnut dieback in France.

The present study aimed to explore the genetic diversity and population structure of B. dothidea and N. 
parvum strains collected from walnut trees using SSR-sequencing. Our results showed relatively low genetic 
diversity and a main clonal reproduction pattern, although French populations of B. dothidea displayed traces of 
sexual reproduction. Unlike those from N. parvum, B. dothidea populations from the two production areas did 
not share any MLGs and showed geographic genetic structure. Some strains collected from symptomatic tissues 
could also be isolated from asymptomatic ones, further confirming the ability of both species to switch from 
endophytic to pathogenic lifestyles. The genetic similarity of the N. parvum and B. dothidea walnut populations 
from the South-West of France to grapevine populations from the same country indicates a possible host jump 
from grapevines to walnuts. In addition, the observed genetic distance between French and Spanish N. parvum 
populations and with Californian populations suggested that introduced contaminated materials are less likely 
to be an important source of inoculum. This study provides critical insight into the epidemiology of two essential 
pathogens involved in emergent dieback disease in French walnut orchards, including their distribution, potential 
to mate, putative origin and disease pathways.

Materials and methods
Collection of fungal isolates
The plant and fungal samples were collected in accordance with the Nagoya Protocol to the Convention on Bio-
logical Diversity. Symptomatic and asymptomatic walnut tissues were collected from different trees in 12 French 
orchards (P1–P12) during September 2020 and August 2021 for husks, and during May 2021 for twigs. A total 
of six orchards were surveyed in the South-East area (SE; P1–P6, mainly the Auvergne-Rhône-Alpes region), 
and six orchards were surveyed in the South-West area (SW; P7–P12, mainly the Nouvelle-Aquitaine region; 
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Fig. 5). Two orchards were cultivated with the cultivar Serr (P7 and P9) while the remaining orchards were cul-
tivated with the variety Franquette. The collected walnut husks were characterized by blights and necrosis, while 
symptomatic twigs showed necrosis, defoliation and cankers. In each orchard, five symptomatic walnut husks 
were sampled during September 2020, while 24 symptomatic and six asymptomatic walnut husks and the same 
number of twigs were sampled during the two other campaigns. All the samples were stored at 4 °C until analysis.

Walnut and twig samples were surface-sterilized and cut as described in Belair et al., and five pieces of each 
sample were placed onto potato dextrose agar (PDA) supplemented with 10 mL/L of a penicillin–streptomycin 
solution (10,000 units penicillin and 10 mg streptomycin/mL, Sigma Aldrich, Saint-Louis, Missouri, USA)51. 
Fungal isolates were collected on PDA media and grown for a 4-day incubation period at 25 °C in the dark and 
a 3-day incubation period at room temperature (23 ± 2 °C) under natural light.

Representatives Botryosphaeriaceae isolates were molecularly characterized by amplifying and sequencing 
the internal transcribed spacer (ITS; ITS5 and ITS4  primers79), the translation elongation factor 1-alpha (EF1-α; 
EF1-728F and EF1-986R  primers80), and the β-tubulin gene (β-tub; Bt2a and Bt2b  primers81). DNA extractions 
were performed using the KingFisher Duo Prime System (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) and the Mag-BindⓇ Universal Pathogen DNA extraction kit (Omega Bio-Tek Inc., VWR International, 
Radnor, Pennsylvania, USA) following the manufacturer’s instructions. DNA solutions were quantified with a 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). Sanger sequencing was performed by Eurofins 
Genomics platform (Cologne, Germany). Contig assembly and taxonomic assignment were performed with 
Geneious Prime 2021.1.1.

A chi-squared test was performed to compare the prevalence (defined as the percentage of husks or twigs 
contaminated by B. dothidea and N. parvum) of the two species between the two tissue types, the two sampled 
areas or between asymptomatic and symptomatic tissues. Statistical analyses were conducted using the chisq.
test() R function to compare the  proportions82.

Fungal isolates from French vineyards from UMR  SAVE83 (Santé et Agroécologie du Vignoble) as well as 
from Californian walnut and almond trees and Spanish walnut trees from the Kearney Agricultural Research 
and Extension Center (University of California) and Agronomy Department of the University of Córdoba 
(Spain) were added to the analysis. A part of representatives isolates from UMR SAVE were already molecularly 
 characterized84. The other part, as well as the isolates from California and Spain were identified at the species 
level by amplifying and sequencing three loci as described above.

Phylogenetic analyses
Sequences of the three loci (ITS, EF1-α and β-tub) were aligned independently using MAFFT v7 online 
 service85,86 with the Auto algorithm. The resulting alignments were edited using Gblocks 0.91b87,88 with all the 
options enabled to allow less stringent selection. As no phylogenetic incongruence between the different loci was 
detected (p = 0.02) by performing an Incongruence Length Difference (ILD) test on 1,000 replicates using PAUP 
v4.0a16689, the three individual alignments were concatenated to build a whole dataset.

Phylogenetic analyses were based on Maximum Likelihood (ML) and Bayesian Inference (BI). For ML analy-
sis, the determination of the best models and the phylogenetic reconstruction were conducted using MEGA-X90

. 
The robustness of the analysis was evaluated by 1,000 bootstrap replications. For BI analysis, the best models were 
estimated using the bModelTest add-on in Bayesian Evolutionary Analysis Utility (BEAUti2)91 simultaneously 

Figure 5.  Sampling locations of Botryosphaeria dothidea and Neofusicoccum parvum isolates from French 
walnut orchards. Green and orange dots represent orchards sampled in the South-East and South-West walnut-
producing areas, respectively.
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with the BI analysis using Bayesian Evolutionary Analysis Sampling Trees (BEAST)2 v2.6.1  package92. The 
analysis was performed using the Markov Chain Monte Carlo (MCMC) method by performing 3 independ-
ent repetitions of 1 ×  107 generations each, with sampling a tree at every 1000 generations. Convergence of the 
independent BI analyses was checked using Tracer v1.7.193 and a consensus tree was obtained by a frequency 
of resampling of 10,000 and a burn-in fixed at 10% using LogCombiner and Treeannotator. For both analyses, 
Neoscytalidium dimidiatum CBS 499.66 was selected as an outgroup. The two phylogenetic trees obtained with 
ML and BI analyses were compared using FigTree v1.4.494. A tree based on the topology of ML tree and anno-
tated with bootstrap and posterior probability node supports was built (Supplementary Fig. S3), with nodes with 
bootstrap support < 60% collapsed using TreeCollapserCL  495.

Fungal isolate purification and DNA extraction
All the isolates were single-thalli purified from 14-day-old cultures. Mycelial suspensions were produced by 
scraping surface mycelia with sterile rakes and 5 mL of a solution of sterile distilled water and  TweenⓇ 80 (2 
drops of  TweenⓇ 80 for 1 L of solution; Sigma Aldrich). Serial dilutions in sterile distilled water and  TweenⓇ 
80 down to  10–3 were performed before surface plating (100 µL of  10–2 and  10–3 mycelial solutions) onto PDA 
media. Petri dishes were incubated at 25 °C in the dark and single-thallus growth was observed using a binocular 
loupe after 24 h of incubation. Purified isolates were then collected and isolated on new PDA media and incu-
bated at 25 °C in the dark for seven days. Of our collection of 323 N. parvum isolates, 200 were further selected 
for SSR-sequencing by covering the range of origin and using the same number of isolates for each sampling 
condition. Additionally, if an tissue was infected with a high number of isolates, two to four randomly selected 
isolates were genotyped (Table 3).

Sequence‑based microsatellite genotyping
Microsatellite marker genotyping, from whole-genome microsatellite detection to primer design, as well as 
microsatellite sequencing and bioinformatic analyses, were performed at the Genome Transcriptome Facility 
of Bordeaux (PGTB, Bordeaux, France). A global description of the workflow is available in the publication of 
Lepais et al.50. Briefly, the QDD v 3.1  pipeline96 was used to detect microsatellites and to design associated primer 
pairs based on genome sequences retrieved from the National Center for Biotechnology Information (NCBI) 
(accession numbers: GCA_011503125.2 for B. dothidea and GCA_020912385.1 for N. parvum; https:// www. 
ncbi. nlm. nih. gov/; accessed on 08 April 2022). A total of 60 microsatellite primer pairs were tested for amplifica-
tion via simplex PCR before amplification of the successful locus via multiplex PCR. Amplicons were indexed 
and sequenced in a portion of a P1 flow cell of an Illumina NextSeq 2000 sequencer in a paired-end 2 × 150 bp 
configuration. Then, data analyses were performed using a bioinformatic  pipeline50 integrating the FDSTools 
analysis  toolkit97, leading to complete genotypic profiles for each strain integrating allelic polymorphisms of 35 
loci and 34 loci for N. parvum and B. dothidea, respectively. Moreover, the sequences of 95 strains of each species 
were amplified and sequenced twice to ensure reproducibility of the sequenced SSRs, estimate the allelic error 
rate and compute the overall missing data rate for each locus.

SSR quality filtering
First, loci with more than 20% missing data and/or more than 3% allelic error were discarded. In addition, since 
both species are haploid, loci with more than 20% heterozygosity, suggesting a sequencing error, were also dis-
carded. The genotypes of repeated individuals were compared, and a representative was conserved for further 
analyses, provided that both genotypes were identical. The homozygous genotype was retained if the genotypes 
were not identical (due to heterozygous loci). Individuals with more than 20% heterozygosity or missing data 
were also discarded. Finally, isolates from French walnut orchards were clone-corrected by discarding individuals 
isolated from the same tissue with the same multilocus genotype (MLG) to retain only one representative per 
sample (hereafter uncorrected data sets; Table 3). Clones and MLGs were delineated using the poppr v2.9.4 R 
 package98 by assessing the allelic distance between pairs of individuals sequenced twice (Supplementary Fig. S4). 
Based on these results, MLGs were considered different if they differed by at least one locus.

Population genetic diversity
GenAlEx v6.50399 was used to determine the characteristics of each data set and population, e.g. unbiased haploid 
genetic diversity (uh) and percentage of polymorphic loci (P(%)), as well as the Mantel  test100. Moreover, the 
allelic richness (AR) at the smallest population size across combinations of populations and loci was assessed 
using the PopGenReport v3.0.7 R  package101. The poppr v2.9.4 R package was also used to assess complementary 
estimators such as the number of multilocus genotypes (MLG), the number of expected MLGs (eMLG) at the 
smallest sample size, Shannon (H)102 and corrected Simpson’s indices (λc)103, and the evenness of MLGs (E.5, 
which corresponds to MLGs distribution among  populations104). Simpson’s index was corrected by multiplying by 
N/(N-1), where N represents the total number of individuals of the given population. Shannon index and even-
ness were estimated with a bootstrap value of 1000 and rarefaction at the smallest population size, as indicated 
in Grünwald et al.105. Clone-correction was applied for each population using poppr to retain only one repre-
sentative strain for each MLG in each population (hereafter clone-corrected datasets). Linkage disequilibrium 
was estimated using the index of association and its standardized form  (Ia106 and  rbarD107, respectively) for both 
uncorrected and clone-corrected datasets, with 999 permutations. Genotype accumulation curves were generated 
to ensure that the loci used in the analysis were sufficiently numerous and discriminative to assess the genotypic 
diversity of the B. dothidea and N. parvum populations with a resampling without replacement value of 1000.

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Population structure and differentiation
Analyses of MOlecular VAriance (AMOVA) were performed using the ade4 R  package108 implemented in poppr 
on both uncorrected and clone-corrected datasets. Minimum spanning networks were constructed based on 
Bruvo’s  distance109 using the two R packages poppr and magrittr v2.0.3110. Discriminant Analyses of Principal 
Components (DAPC) were conducted with the adegenet v2.1.10 R package in poppr111,112. The optimal number 
of principal components (PCs) was assessed using cross-validation with the xvalDapc() function. A dendrogram 
of genetic distance among populations of N. parvum was constructed using the Unweighted Pair Group Method 
with Arithmetic mean (UPGMA) method and Nei’s  distance113,114 with the poppr and adegenet R packages. The 
number of bootstraps was set to 1000 and missing data were treated using the “mean” method.

Data availability
The datasets generated and analyzed during the current study are available in the Recherche Data Gouv reposi-
tory, https:// doi. org/ 10. 57745/ J8ERW1.
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