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Highlights 

 This study is the first to test experimental admixture among Deladenus siricidicola 
lineages. 

 Lineages were shown to interbreed using microsatellites to confirm admixture in 
offspring. 

 The offspring from one cross showed significantly higher growth rate compared to 
parental strains. 

 An opportunity exists to introduce more genetic diversity into biological control 
programs using admixture between distinct lineages. 

 

Abstract 

Deladenus siricidicola is a principal biological control agent used to suppress populations of 
the globally invasive pine pest, the woodwasp Sirex noctilio. Previous studies have reported 
low genetic diversity in D. siricidicola populations in biological control programs in the 
Southern Hemisphere and identified two additional, distinct lineages in North America and 
Spain. In this study, we tested the ability of these three lineages to interbreed and produce 
viable offspring. We used microsatellite markers to confirm admixture in offspring. 
Secondly, we compared growth rates among parental and admixed replicates on four isolates 
of the Amylostereum areolatum fungus on which nematodes typically feed in their asexual, 
non-parasitic phase. We show that all the lineages were capable of interbreeding and that 
admixture was asymmetric (i.e., skewed towards one of the parents). The offspring from one 
of the crosses showed significant variation in growth rate on different isolates of A. 
areolatum, compared to the parental isolates, but specifically on the slowest growing fungal 
isolate. Our results pave the way for the strategic introduction of genetic diversity into 
biological control programs and also inform expectations of accidental introductions of D. 
siricidicola into new regions. 
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1. Introduction 

Biological control is an important tool for the management of invasive pest insects (Heimpel 
and Mills, 2017). Given the increasingly global distribution of many pests of agriculture and 
forestry (Wingfield et al., 2008), the same biological control agents are frequently applied 
across regions or even continents as a management tool. During collection and rearing, 
biological control agent populations very likely undergo population bottlenecks, drift and 
inbreeding, as well as selection to laboratory conditions (Yek and Slippers, 2014). As a result, 
biological control agent populations are often likely to have reduced additive genetic 
variation, which can (but decidedly does not always, ”Garcia-Rossi et al., 2003, Garnas et al., 
2016, Hufbauer, 2001, Mills, 2017, Rasmussen et al., 2018, Salt and van den Bosch, 1967″) 
result in reduced adaptive potential “Roderick and Navajas, 2003″. A lack of adaptive 
potential of the biological control agent could in turn limit fitness in novel environments or 
response to variable host phenology of defences, among myriad other selective pressures 
(Fowler et al., 2015). 

Numerous authors have highlighted reduced genetic diversity in introduced natural enemy 
populations as a potential threat to biological control programs (Hufbauer, 2002, Phillips et 
al., 2008, Tomasetto et al., 2018, Tomasetto et al., 2017). Until recently, there was limited 
evidence for evolution of resistance to macroparasites (which develop but do not multiply 
within infected hosts) in biocontrol systems (Garcia-Rossi et al., 2003, Hufbauer, 2001, Mills, 
2017). However, it has been documented that populations of the Argentine ryegrass stem 
weevil (Listronotus bonariensis) have evolved resistance to the South American braconid 
biocontrol parasitoid, Microctonus hyperodae (Tomasetto et al., 2018, Tomasetto et al., 
2017). The authors speculated that reduced genetic diversity in biocontrol agent populations 
limit its responses to evolved resistance observed in the weevil pest, though definitive tests 
are lacking. In another example, the root-knot nematode Meloidogyne javanica, has 
apparently evolved resistance against the endospore-forming biocontrol bacterium (Pasteuria 
penetrans) resulting in decreased attachment ability over four generations (Tzortzakakis et 
al., 1996). 

In cases where a lack of additive genetic variation is found to limit adaptive potential in 
biocontrol populations, a number of potential mitigation strategies exist. Proposed strategies 
include 1) collection across multiple biological control agent populations from a broader 
geographic range; 2) multiple introductions; and/or 3) maintenance of large or multiple 
populations in quarantine. Many of these strategies can be expensive so careful cost-benefit 
analysis is warranted (Yek and Slippers, 2014). Intentional genetic admixture (direct cross-
breeding among multiple rearing lines) has also gained attention in the recent years as a 
method to introduce diversity in biological control programs (Myers and Cory, 2017, 
Rasmussen et al., 2018, Reed and Frankham, 2003, Reed et al., 2003, Rius and Darling, 
2014). Genetic admixture results in gene flow between independent lineages (often from 
different parts of a geographic range) resulting in inter-lineage hybrid offspring (Benvenuto 
et al., 2012a, Rius and Darling, 2014). Interspecific hybrid individuals often show elevated 
fitness over parental sources at least in the short-term, via “hybrid advantage”, or heterosis 
(Crow, 1948, Lippman and Zamir, 2007). In principle, similar benefits could be conferred to 
admixed individuals of the same species, particularly where source populations represent 
evolutionarily distinct or isolated lineages. 

The long-term positive (or negative) effects of admixture on adaptive potential via increased 
additive genetic diversity or through the creation of novel phenotypes are largely unknown 
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(Abbott et al., 2013, Barton, 2001). A few examples are emerging such as the improved 
establishment success (via enhanced reproduction, survival during periods of limited food 
availability, and cold tolerance) of the biocontrol agent, Cryptolaemus montrouzieri 
(Coleoptera: Coccinellidae), achieved through experimental admixture of two laboratory 
maintained populations (Li et al., 2018). In another biocontrol system, admixture between the 
invasive (North American) population of Harmonia axyridis and a local biocontrol strain 
used in Europe appears to have improved life-history traits (i.e., larval survival, fecundity, 
and age at first hatching), possibly facilitating the insect’s subsequent invasion in Europe 
(Turgeon et al., 2011). Positive effects of admixture, however, can either be short-lived 
(Benvenuto et al., 2012b, Dlugosch et al., 2015, Lynch, 1991) or negative, resulting in local 
maladaptation (Burke and Arnold, 2001, Edmands, 2007, Johansen-Morris and Latta, 2006). 

An important forestry biological control system is the entomoparasitic nematode, Deladenus 
siricidicola Bedding (Tylenchida: Neotylenchidae), deployed in annual augmentative release 
to control the woodwasp Sirex noctilio Fabricius (Hymenoptera: Siricidae) in many parts of 
Southern Hemisphere (Hurley et al., 2008, Slippers et al., 2015). During its mycetophagous 
(fungus-feeding) phase nematodes feed and reproduce asexually on the mycelium of the 
basidiomycetous mycangial fungal symbiont (Amylostereum areolatum), inoculated into trees 
by ovipositing wasps. Upon encountering wasp larvae, the juvenile nematodes develop into a 
parasitic form which eventually enters the ovaries of the female or testes of the male wasp, 
sterilizing the female (Bedding, 1972, Bedding, 1974, Zondag, 1969). Nematodes reared too 
long on fungal cultures alone experience strong selection for rapid growth in laboratory 
rearing conditions and can lose the ability to convert to the parasitic form upon encountering 
a wasp host (Bedding and Iede, 2005). 

Deladenus siricidicola is thought to be native to Eurasia (Bedding and Akhurst, 1978, 
Spradbery and Kirk, 1978), but today is distributed globally, having been moved both 
intentionally for biological control and accidentally with S. noctilio introductions. In 
countries such as Australia, Chile, Brazil, Argentina and South Africa, a single strain of D. 
siricidicola (known as the Kamona strain, forms the cornerstone of biological control 
program of S. noctilio (Hurley et al., 2007). Studies on biological control strains of the 
nematode have shown that the biological control agent has limited diversity (Mlonyeni et al., 
2011, Fitza et al., 2019). The restricted range of the nematodes original collection and 
subsequent recollection, as well as the occurrence of bottlenecks and inbreeding, which are 
expected during mass rearing, could explain the limited genetic diversity of the biological 
control strain (Mlonyeni et al., 2011). 

A recent study on the diversity of D. siricidicola identified three distinct lineages amongst 57 
globally-collected nematode strains (Fitza et al., 2019). These lineages broadly conform to 
the accidental introduction of nematode populations in North America (lineage A), to 
biological control populations in the Southern Hemisphere (lineage B), and a population from 
the native range in Spain (lineage C). Additionally, Chilean samples appear to comprise of an 
admixed population between lineage A and an unintentionally introduced lineage B (Fitza et 
al., 2019). This latter discovery laid the foundation for the augmentation of diversity of D. 
siricidicola populations using inter-strain admixture since lineage interbreeding was possible 
and resulting progeny did not exhibit observable fitness disadvantage. The readily accessible 
admixed individuals in Chile suggest that fitness consequences of mixing were at least 
largely neutral, if not beneficial. Bittner et al. (2019) also demonstrated admixture between 
the USA (lineage A) and biological control (lineage B) strains of the nematode. The question 
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remained, however, whether all these nematode strains from evolutionary distinct lineages 
would readily interbreed and if so, how such admixture would influence fitness. 

Variable levels of parasitism of D. siricidicola around the Southern Hemisphere have raised 
the question about its adaptive capacity and/or phenotypic plasticity (Hurley et al., 2007, 
Slippers and Wingfield, 2012, Villacide and Corley, 2008). To be successful, D. siricidicola 
populations must perform well under various environmental conditions including climate 
(e.g., in the summer and winter rainfall regions of South Africa), tree species, fungal isolates, 
and wasp hosts. Boissin et al. (2012) showed that the invasive populations of S. noctilio are 
highly variable and genetically distinct from each other across their invasive range and that 
global movement is complex. Variation in A. areolatum is also likely to be important – recent 
studies have shown significant variation in the growth of nematodes on different isolates of 
the fungus (Mlonyeni et al., 2018b, Morris et al., 2012, Morris et al., 2014). 

The aim of this study was to investigate the ability of the different lineages of D. siricidicola 
identified by Fitza et al. (2019) to interbreed in culture. We considered whether such 
admixture would impact reproductive rates on different isolates of A. areolatum. We use 
previously designed microsatellite markers (Fitza et al., 2019, Mlonyeni et al., 2011) to type 
both parental and to identify admixed lineages. 

2. Materials and methods 

2.1. Nematode strains 

We used “isolate” throughout the manuscript when referring to a specific isolate used in 
crosses, and “lineages/strain” when referring to a broader defined phylogenetic group (e.g. 
lineage A, B and C as defined by Fitza et al., 2019). Each strain of D. siricidicola used in this 
study has been isolated from a single female S. noctilio. All strains are maintained at the 
Biocontrol Centre of the Forestry and Agricultural Biotechnology Institute (FABI) at the 
University of Pretoria (Table 1). Two isolates from each of the three identified lineages in 
Fitza et al. (2019) (lineage A, B and C) and two Chilean isolates from an admixed population 
were selected for this study. The strains have been maintained on A. areolatum (CMW40871) 
using malt extract agar (MEA) in a 22 °C incubator. 
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Table 1. Isolate codes, country of origin, date of collection and CMW accession numbers (fungus only) for D. 
siricidicola and A. areolatum used in this study. Each strain was established as a culture from a single, field-
collected S. noctilio female. 

Isolate 
code 

Organism Origin Collection date Accession # 

RSA410 D. 
siricidicola 

South Africa, Mpumalanga 2013 

RSA450 D. 
siricidicola 

South Africa, Mpumalanga 2013 
 

CHL1 D. 
siricidicola 

Chile, Valparaíso 2013 
 

CHL3 D. 
siricidicola 

Chile, BioBio 2013 
 

USA1 D. 
siricidicola 

USA, Pennsylvania 2013 
 

USA6 D. 
siricidicola 

USA, Pennsylvania 2013 

ESP264 D. 
siricidicola 

Spain, Galicia 2014 

ESP313 D. 
siricidicola 

Spain, Galicia 2014 

SA2013 A. areolatum South Africa, KwaZulu 
Natal 

2013 CMW46043 

SA2012 A. areolatum South Africa, KwaZulu 
Natal 

2012 CMW47563 

USA A. areolatum USA, Pennsylvania 2014 CMW40703
AUS A. areolatum Australia 2003 CMW40871

2.2. Fungal isolates 

Four fungal isolates were selected based on data from a previous study (Mlonyeni, 2018; 
Table 1). Two isolates were collected in South Africa (CMW46043, CMW47563), one from 
the USA (CMW40703) and one from Australia (CMW40871). The two South African 
isolates represent one genotype (MLG6) and the Australian (MLG10) and USA (MLG11) 
isolates each are different genotypes, based on 11 microsatellite markers (codes are from 
Mlonyeni et al., 2018b). The Australian isolate is generally used for rearing in the Sirex 
biological control program in South Africa. Isolates differ in mean growth rates on PDA at 
23 °C, where the South African isolate (CMW46043) has the slowest growth rate and the 
USA isolate (CMW40703) and the South African isolate (CMW47563) had the fastest 
growth rate in Mlonyeni (2018). The fungal isolate from Australia (CMW40871) had an 
intermediate growth rate (Mlonyeni et al., 2018b). These isolates have been maintained in the 
culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI) at 
the University of Pretoria. 
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Table 2. Proportion of F1 nematodes from hybrid crosses that were heterozygous (representing admixture) or 
homozygous for alleles of either parent. Expected proportions were calculate using the Hardy Weinberg 
equation (p2 + 2pq + q2 = 1) with lower and upper 95% confidence intervals depending on the number of 
nematodes screened. All parental nematodes were homozygous for all SSR alleles; the presence of two alleles at 
any of the two SSR loci screened were considered to be admixed. Numbers in red indicate statistically lower 
proportion of offspring in a given category (based on 95% Cis); blue indicated higher than expected proportion 
and black is undistinguishable from random. The numbers in the parentheses are lower and upper 95% CI 
values, respectively, and were derived using random resampling (10,000 iterations). Dashes represent the same 
expected frequency for parent 2 as in parent 1. Blue shading indicates two repeat crosses between the CHL1 and 
USA6 nematode isolates, representing that was the most successfully of the admixed crosses. These two repeat 
crosses were used for the growth assays where 40 nematodes were sampled to confirm admixture. Asterisk 
refers to the only asymmetric cross (USA1/RSA450) performed with 1000 and 500 eggs respectively (p = 0.67, 
q = 0.33). 

Paren
t 1 (p) 

Paren
t 2 (q) 

#single 
F1 

nemato
des 

screene
d 

Heterozyg
ous 

(Admixed) 

Homozyg
ous for 

alleles of 
Parent 1 

Homozyg
ous for 

alleles of 
Parent 2 

Expect
ed Hz 
(2pq) 

Expected 
homozygos
ity, Parent 

1 (p2) 

Expected 
homozygos
ity, Parent 

2 (q2) 

ESP2
64 

RSA4
10 

31 16.1% 0.0% 83.9% 50.0% 
(32.3%
, 
67.7%)

25.0% 
(9.7%, 
41.9%) 

– 

USA1 RSA4
50 

224 3.6% 0.0% 96.4% 50.0% 
(43.3%
, 
56.7%)

25.0% 
(19.6%, 
30.4%) 

– 

USA1
* 

RSA4
50 

72 19.4% 11.1% 69.4% 44.4% 
(33.3%
, 
55.6%)

44.4% 
(33.3%, 
55.6%) 

11.1% 
(4.2%, 
18.1%) 

USA6 ESP2
64 

40 2.5% 0.0% 97.5% 50.0% 
(35.0%
, 
65.0%)

25.0% 
(12.5%, 
37.5%) 

– 

CHL1 USA6 79 55.7% 26.6% 16.5% 50.0% 
(39.2%
, 
60.8%)

25.0% 
(16.5%, 
34.2%) 

– 

CHL1 ESP3
13 

164 43.3% 14.6% 42.1% 50.0% 
(42.4%
, 
57.6%)

25.0% 
(18.8%, 
31.5%) 

– 

CHL3 RSA4
10 

77 20.8% 0.0% 79.2% 50.0% 
(39.0%
, 
61.0%)

25.0% 
(15.6%, 
35.1%) 

– 

CHL1 USA6 36 36.1% 27.8% 36.1% 50.0% 
(42.4%
, 
57.6%)

25.0% 
(18.8%, 
31.5%) 

– 

CHL1 USA6 35 48.6% 37.1% 14.3% 50.0% 
(39.0%
, 
61.0%)

25.0% 
(15.6%, 
35.1%) 

– 
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2.3. Crosses between D. siricidicola isolates in culture 

Six crosses were made between the three D. siricidicola isolates belonging to three lineages 
(A, B, C; Fitza et al. 2019) and two Chilean isolates that represent admixture between two 
lineages (A, B, Fitza et al., 2019) (Fig. S1, Table 2). Cultures of the individual nematode 
strains were grown on 90 mm diameter 1/2 potato dextrose agar Petri dishes (PDA, DifcoTM 
Potato Dextrose Agar, LOT 2347578) (19.5 g/L potato dextrose extract, 17.5 g/L agar) on the 
CMW40781 fungal isolate. Petri dishes were left for 25 days, after which eggs from the F0 
generation were collected. To remove nematodes and eggs from agar plates, Petri dishes were 
flooded with 2 ml sterile water and decanted into a small, excavated glass block. After gently 
swirling, the eggs were separated from the nematodes by sedimentation. Ten µl of the 
sediment with eggs for each strain was pipetted with a Gilson pipette, and all eggs were 
counted using a counting slide with a 3 mm2 grid under a dissecting microscope. 

Nematode concentration (individuals ml−1) was estimated as the average of three counts of 10 
ul of well-mixed nematode-water suspension and a volume containing approximately 500 
eggs was collected. For each cross, approximately 500 eggs per strain from two parental 
strains were put together on one spot on the plate. The nematode isolates were maintained on 
an A. areolatum (CMW40871) isolate, which is used in the Sirex Biocontrol Programme in 
Australia, before the start of this study, and were maintained for this experiment on this 
fungal isolate. Plugs (5 mm diameter) of A. areolatum CMW40871 were placed on the agar 
surface, approximately 70 mm from the nematode eggs. Cultures were left to develop for 
20 days after which the eggs representing the F1 generation were harvested and transferred 
onto a new Petri dish. An additional cross (2xUSA1/RSA450; Table 2) was carried out with 
approximately 1000 eggs from USA1 with approximately 500 eggs of RSA450 to investigate 
if doubling the number of eggs of USA1 would increase the presence of this parental 
genotype in the offspring. 

2.4. Molecular characterization of interbreeding between lineages 

For each cross, single nematodes were picked up using a micro-dissection needle from the F1 
generation for DNA extraction. In the first set of crosses between 150 and 250 nematodes 
were screened, while between 30 and 80 nematodes were considered adequate in subsequent 
crosses. The DNA extraction protocol used by Barstead et al., 1991, Williams et al., 1992 
was adapted for this study. A single nematode was placed in 15 µl of lysis buffer (5 µg 
proteinase K, 1 µl of 10x PCR buffer and 9 µl of SABAX). The sample was briefly spun 
down at 2000 rpm for 2 min using a centrifuge (Eppendorf Centrifuge 5417C) and then 
frozen at −80 °C for 10 min. After freezing, the sample was placed into the PCR machine for 
proteinase K activation at 65 °C for 60 min and deactivation at 95 °C for 15 min. 

Fragment analysis from microsatellite markers was used to determine potential admixed 
offspring. The microsatellite genotype profile of each parental strain was known from 
previous work (Fitza et al., 2019) and all were known to be polymorphic across populations. 
As single nematode DNA was limited, only one PCR could be done for individual collected 
offspring. For each cross between 31 and 224 individual nematodes were screened, using two 
microsatellite markers for each cross and dividing the collected individual nematodes roughly 
equally between the two markers (Table 3; Fig. S1A). that were homozygous for different 
alleles in each parental strain, such that any heterozygosity could be uniquely interpreted as 
admixture. 
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Table 3. Microsatellite markers and their primer sequence used for the screening of the various D. siricidicola 
crosses. 

Cross (Parent 1 / 
Parent 2) 

Primer 1 Primer 2 

USA1/RSA450 DS105 
F5′ TGGTAGCAATCGATCGAAAA 3′
R5′ CGTGTCCACTTGTCCCTCTC 3′ 

DS325 
F5′ ACGCTTATGTGTGCCACTTG 
3′ 
R5′ GGGTCTCTTGATGATGTTTCG 
3′

USA6/CHL1 DS105 DS325
RSA410/CHL3 DS316 

F5′ TGCGGATATCTTCTCATTGTAA 
3′ 
R5′ 
TCAAATGTTATGCGAAATTCTG 3′

DS388 
F5 ‘AAGTCAGCTGAAAGGCGAAG 
3′ 
R5′ TGTGTGCATGAAAACGGAAC 
3′

CHL1/ESP31 DS105 DS325
ESP264/RSA410 DS105 DS325
ESP264/USA6 DS105 DS325

PCR reactions were conducted in a total volume of 21.5 µl made up with 5 µl 5x MyTaqTM 
buffer (Bioline USA, Taunton, Massachusetts), 5 µM of each primer, 2.5 units of MyTaqTM 
DNA Polymerase (Bioline USA, Taunton, Massachusetts) and 15 µl of the DNA template. 
PCR cycling conditions were a 4 min initial denaturation step at 95 °C, followed by 35 cycles 
of denaturation at 95 °C for 30 sec, annealing at 58 °C for 30 sec, extension at 72 °C for 
1 min, and a final extension of 72 °C for 45 min, followed by a cooling step of 4 °C for 
10 min. The products were then visualized on 2% (w/v) agarose gels using Gel DocTM EZ 
Imager (Bio-Rad, USA). PCR products were diluted to a ratio 1:100 using SABAX water. 
One µl of this diluted DNA was added to 10 µl of HiDiTM Formamide and 0.2 µl GeneScan-
500 Liz size standard (Applied Biosystems). These samples were run on the ABI PRISMTM 
3500xI DNA Analyser (Applied Biosystems, USA) to determine product size (DNA 
sequencing facility, University of Pretoria). The software GeneMapper® v4.1 (Life 
Technologies, Foster City, CA) was applied on the GeneScan data to score allele fragment 
sizes. 

2.5. Nematode productivity assay 

To assess the consequence of admixture on one component of fitness, population growth 
assays were performed with one admixed D. siricidicola culture (USA6/CHL1) and its two 
parental isolates (USA6, CHL1; Fig. 1). Of course, even the admixed culture contained the 
offspring from within-lineage mating, as genotyping individuals is destructive and could not 
be performed. The USA6/CHL1 was chosen because the proportion of admixed offspring 
was the highest among all of our experimental crosses (56%), as expected under random 
mating. 
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Fig. 1. Mean nematode abundance of parental and hybrid D. siricidicola nematodes in 100 µl (±SE) grown per 
Petri dish after 25 days on four strains of A. areolatum. One-way ANOVA Tukey HSD at P < 0.05 was used to 
determine statistical differences of the nematode strains reproducing on different fungal isolates. Different 
letters represent significant difference between the nematode isolates. The various nematode isolates are 
represented through different shapes and the error bars show standard error. (A) Mean productivity of 
nematodes of both trials combined with the three nematode sources and the four fungal isolates 
(CMW46043 = RSA2013; CMW47563 = RSA2012; CMW40703 = USA; CMW40871 = AUS). (B) Mean 
productivity for the first and second trial. 

Nematode population growth rate assays, as reflected by differences in nematode abundance 
in culture, were conducted on 19.5 g/L PDA in 90 mm diameter Petri dishes using the four 
isolates of A. areolatum (Table 1). A five mm diameter plug was transferred from the 
growing edge of an A. areolatum culture to the edge of a new Petri dish and left to grow for 
five days at 23 °C. Eggs from the two parental strains, reared on the CMW40871 fungal 
isolate were collected as described above. Approximately 1000 eggs per parental strain were 
placed together on different plates with the four fungal isolates. After 20 days F1 eggs were 
collected and approximately 300 eggs were placed on a new plate with the respective fungal 
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isolate. Only the first generation of admixture is expected, since the F1 offspring did not have 
sufficient time to mature and reproduce (mean generation is = 14 days). For the parental 
control 300 eggs of each parental strain were placed separately on the four fungal isolates. 

A total of 20 Petri dishes (5 replicates for each of the four A. areolatum isolates) were 
incubated at 23 °C in the dark for 25 days. Subsequently, the nematodes were harvested by 
washing with 2 ml sterile water and decanting into the glass excavator block. A second wash 
was done to ensure the collection of all nematodes. Nematodes were allowed to settle and 
water was removed. One ml sterile water was added to the sediment and mixed well, after 
which a 100 µl subsample was taken and all nematodes were counted using a counting slide 
with a 3 mm2 grid under a dissection microscope. The whole trial was then repeated to ensure 
consistency of results. To confirm the success of interbreeding between isolates from 
different strains, 40 single nematodes were screened using a microsatellite marker that was 
homozygous within, but different between, the parental strains, as described above (Fig. 
S1B). 

2.6. Statistical analysis 

Analysis of Variance (ANOVA) comparing the interaction between the independent variables 
(fungal isolate and nematode strain) on the dependent variable (nematode abundance), was 
performed. The data were square root transformed to conform to the assumption of constant 
variance and normality of the ANOVA test. Tukey’s Honestly Significant Difference (HSD) 
post-hoc tests were performed to compare pairwise treatment combinations. These analyses 
were run using the statistical programme JMP® Statistical Software (SAS, USA). 

3. Results 

3.1. Characterization of crosses of D. siricidicola lineages in culture 

All seven D. siricidicola lineage crosses produced viable offspring, and all contained at least 
some heterozygous individuals (indicating admixture), with the proportion ranging from 3 to 
56% (unshaded rows, Table 2). Heterozygotes were rarer than expected by chance (2.5%-
28.8%) in five of these seven crosses. Both crosses using CHL1 (with USA6 and ESP313) 
produced an expected proportion of heterozygotes (55.7% and 43.3%, respectively). One of 
two subsequently repeated crosses USA6/CHL1 likewise yielded the expected proportion of 
heterozygotes (48.6%; Table 2, shaded rows), with the other still yielding more heterozygotes 
than any other cross (36.1%). Most crosses resulted in significant asymmetry in the 
representation of parental strain among the homozygous (non-admixed) nematodes. With the 
exception of USA6/CHL1 cross, all showed over-representation of one parent ranging from 
42.1% to 96.4%, with the lowest percentage coming from the CHL1/ESP313 cross (which 
yielded the expected number of heterozygotes). 

3.2. Nematode productivity assay 

Looking first at pooled results across the two experimental iterations performed (Fig. 1a), a 
two-way ANOVA model including fungal isolate, nematode strain, and their interaction 
accounted for over 52% of variation in square root-transformed nematode abundance after 
25 days of incubation (F = 10.8; df = 11,107, P < 0.0001; R2 = 0.522 [adjusted-R2 = 0.476]). 
Both main effects were highly significant (fungal isolate: F = 14.6; df = 3,107; P < 0.0001; 
nematode strain: F = 29.9; df = 2,107; P < 0.0001) and the nematode × fungal interaction was 
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moderately significant (F = 2.2; df = 6,107; P = 0.0461). The USA6/CHL1 admixed culture 
showed a significantly higher population growth rate on all fungal isolates (Tukey’s HSD 
post-hoc test on the nematode strain main effect, alpha = 0.05). When all pairwise 
comparisons between treatment levels were considered (Fig. 1a) the growth rate was only 
statistically significant on the CMW46043 (RSA) fungus, driving the interaction effect. This 
admixed culture had an average abundance that was 256% (±51% SD) and 259% (±87% SD) 
greater than its parental Chilean and USA isolate, respectively (maximum of 386%). 
Abundance did not differ significantly among the two parental strains overall or on specific 
fungal isolates. 

When included as a blocking factor, experimental iteration resulted in a stronger model 
overall based on AIC (F = 8.8; df = 23,95; P < 0.0001; R2 = 0.68 [adjusted-R2 = 0.603]); 
Experimental iteration was significant as a main effect and in all its two and three-way 
interactions, with the exception of the two-way interaction with fungal isolates. Fig. 2b shows 
all pairwise treatment comparisons based on Tukey’s HSD. While current sample size and the 
number of comparisons under consideration made it difficult to discriminate among treatment 
levels, overall, there was a high degree of qualitative agreement among trials. Nematode 
abundance was higher in Trial 1 relative to Trial 2 (F = 14.3; df = 1,95; P = 0.003). In both 
iterations, the USA6/CHL1 cross performed best, particularly when grown on the 
CMW46043 (RSA) fungus, though the performance of this admixed culture was more 
strongly differentiated in Trial 1. 

4. Discussion 

In this study, D. siricidicola strains representing three distinct lineages (from the US, South 
Africa, and Spain) plus two Chilean strains, which appear to be admixed between North 
America and the Southern Hemisphere lineage, were shown to be capable of interbreeding. 
SSR genotyping of F1 offspring of multiple individuals, however, revealed substantial 
asymmetries in the proportion of both parental strains and hybrid strains resulting from these 
crosses. 

The frequency of heterozygotes (admixed individuals) present in the F1 generation varied 
from 3% to 56% in the different crosses. The absence of one parental (homozygous) 
genotype in sampled offspring in 4 of 9 crosses was surprising – in all but one cross (one of 
the three USA6/CHL1 crosses) there was a significant over-/under-representation of one of 
the parental strains in the resulting offspring. In two-thirds of the crosses (6 of 9), there were 
significantly fewer hybrid individuals than would be predicted under Hardy-Weinberg 
equilibrium. The reasons we detected fewer admixed individuals than would be expected 
under a random mating model is unclear. Pre- or post-zygotic barriers to admixture (i.e., 
reduced mating or offspring success) in some of our crosses is possible, although alternatives 
(such as assortative mating, cannot be ruled out (Coyne and Orr, 2004). Caetano et al., 2016, 
Morris et al., 2012, Mlonyeni et al., 2018a all indicated that the reproductive performance of 
the nematode strain was depended on the fungal isolate on which the nematode strain was 
grown. 

All of the crosses where the proportion of hybrids conformed to random expectations 
included CHL1 as one of the parental isolates. This is particularly interesting given that 
CHL1 is hypothesized to itself have undergone one or more admixture events (Fitza et al., 
2019). This suggests the possibility that the barriers to admixture are lower in this isolate, 
though whether this is likely to be a cause or a consequence of admixture in Chilean 



12 
 

populations is unknown. For example, in the cereal rust mite Abacarus hystrix intraspecific 
hybrid inviability in crosses seems to be host species dependent. If crosses were done on the 
host on which the males developed, no progeny was found. Crosses conducted on hosts on 
which females developed, only male progeny was obtained. One possible mechanism could 
be incapability of the mite sperm from the one host to fertilize mite eggs from the other host 
(Skoracka, 2008). A postzygotic barrier was observed during interbreeding of strains of the 
nematode Haemonchus contortus from different geographic regions, as there were less than 
the mendelian expectation of L1 offspring, even though egg genotyping indicated no inter-
strain hybrid genotype deficit (Sargison et al., 2019). 

Reproductive fitness of the resulting strains varied both by nematode strain and the fungal 
isolate on which they were grown. Additionally, clear, though comparatively weaker, 
nematode × fungal isolate interaction effects were observed. Interestingly, in both trials, the 
hybrid USA6/CHL1 culture grew better than either parental strain, suggesting some form of 
hybrid advantage. This advantage was to some degree context dependent, as the differences 
in reproductive output were mostly on one fungal isolate (CMW46043, RSA). CMW 46,043 
is a fungal isolate obtained in 2013 and identified by a previous study to be the slowest 
growing isolate of the four fungal isolates tested (Mlonyeni, 2018). All nematodes and fungi 
for this experiment were collected from wasps that were obtained from plantation or naturally 
growing trees, so none have lost its ability to persist under field conditions. Still, why this 
isolate of fungus was particularly good for nematode growth, and disproportionately good for 
the admixed culture, is not clear. 

Development of a method to conduct crosses with various nematode strains, as well as the 
modification of a single nematode DNA extraction protocol, allowed for the screening of 
offspring using microsatellite markers to indicate admixture. These crossbreeding 
experiments showed clear interbreeding potential of all three lineages. Recent evidence has 
shown that lineages interbreeding in D. siricidicola also occurs in nature, as a Chilean 
population appear to represent admixture between nematodes of North American and 
Southern Hemisphere origins (Fitza et al. 2019). Akhurst (1975) likewise showed that 
intraspecific crosses of D. siricidicola produced viable eggs with a hatching success rate of 
75%, however the genotypes of the parental D. siricidicola cultures used were not known. 
Akhurst (1975) further reported that egg deposition and hatching success varied substantially 
among interspecific crosses of Deladenus spp. These studies suggest a high likelihood of 
interbreeding between the different lineages. 

Interbreeding capabilities of various nematode strains has implications for the introduction of 
the biological control nematode strain. Admixture has the potential advantage of increased 
hybrid fitness due to selection of favourable phenotypes (Facon et al., 2008, Szűcs et al., 
2012, Szűcs et al., 2019). However, studies of the long-term impact of admixture on 
population fitness are lacking, and where they exist, results are equivocal (Garnas et al., 
2016, Garnas, 2018). In many cases, short-term hybrid advantage (heterosis) is a 
phenomenon that disappears with further generations and with back-crossing (Johansen-
Morris and Latta, 2006, Lippman and Zamir, 2007). 

The opportunity to use controlled lineage crossing to improve aspects of biological control 
efficacy is rooted in following two fundamental ideas: first, that increasing additive genetic 
diversity is generally positive for populations (Hahn and Rieseberg, 2017, Lommen et al., 
2017); and second, that desirable traits could be intentionally imported into otherwise well-
adapted and established populations (Lirakis and Magalhães, 2019, Shi et al., 2018). On the 
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first point, admixture clearly has the potential to increase additive genetic diversity in 
otherwise low-diversity, often inbred strains, assuming that survivorship of hybrid offspring 
is equivalent to or greater than parental stains. Whether such diversity would result in novel 
desirable traits or trait combinations that could be selected for (either in the laboratory or in 
the field), is largely unknown. However, many native and invasive populations are highly 
tolerant to inbreeding and sustain low levels of diversity (Frankham, 2005, Roman and 
Darling, 2007, Simberloff, 2009). In fact, it has been challenging to demonstrate a strong 
positive correlation between additive genetic diversity and population fitness (Estoup et al., 
2016, Johansen-Morris and Latta, 2006, Rius and Darling, 2014). 

The potential to strategically import desirable traits into local populations via admixture is an 
intriguing possibility. This approach requires considerably more knowledge of strain fitness 
values and/or traits that are variable across populations, and also assumes some degree of 
local adaptation (otherwise strain replacement would be preferred). Additionally, desirable 
traits could be distributed among lineages such that admixture could combine such traits. In 
the D. siricidicola system, traits such as conversion efficiency (from the mycetophagous to 
the parasitic form) are important (Mlonyeni et al., 2018a), as well as more obvious traits such 
as population growth rate or tolerance to different environmental conditions. The inability to 
sterilize S. noctilio by entering eggs has clear negative consequences for the control of wasp 
populations (Kroll et al., 2013, Yu et al., 2009). 

The capability of the USA isolate from our study to interbreed with strains from other parts of 
the world raises possibilities to breed for the sterilizing ability in the North American 
population. A previous study provided evidence of hybridization between the non – 
sterilizing North America strain (lineage A) and the sterilizing Kamona strain (lineage B) due 
to tree host co – infection, influencing the sterilizing ability in the North American population 
(Bittner et al., 2019). Alternatively, this trait could also be exported from North American 
populations given the unintentional movement among global populations of this nematode 
and the propensity to hybridize (Fitza et al., 2019). While non-sterilization of the wasp host is 
highly undesirable from a biocontrol perspective, this trait may enhance nematode fitness 
considerably, since female wasps still act as vectors and the lack of sterilization would mean 
more wasps in the tree serving as host for offspring. If this trait were to escape the North 
American population, it therefore has the potential to spread. 

Admixture among independently evolving lineages can also break up co-evolved allele 
combinations resulting in negative fitness consequences. In a biocontrol context, this could 
manifest as a reduction in the infectivity rate of the Kamona strain or dilution of desirable 
characteristics (Hajek and Morris, 2014, Williams and Hajek, 2017, Williams et al., 2012). 
Interbreeding as a strategy to improve control efficacy, therefore, needs to be carefully 
considered for future development of biological control programs in the USA and elsewhere. 

The USA6/CHL1 hybrid offspring showed a higher reproductive rate compared to the 
parental nematode strains, indicating the potential to increase fitness through admixture, at 
least in the short term. This likely represents hybrid vigour (heterosis), often attributed to 
elevated heterozygosity at loci were deleterious, often recessive alleles were present. The 
Chilean populations had higher genetic diversity compared to other Southern Hemisphere 
populations, perhaps as a consequence of an earlier admixture event (Fitza et al., 2019), but 
did not perform better than the USA6, non-admixed parent. 

 



14 
 

5. Conclusion 

Biological control programs rely on effective parasitism, successful establishment and spread, 
high fecundity and efficient mass rearing capabilities of the control agent. The current study 
demonstrated the interbreeding potential amongst various lineages of D. siricidicola. This 
provides a means to introduce more genetic diversity to the Sirex biological control programs, 
and potentially the opportunity to introduce and subsequently select for desirable traits or trait 
combinations. Increased genetic diversity could be especially valuable in the Southern 
Hemisphere, where previous studies have identified high homozygosity in the nematode 
population (in contrast to comparatively high diversity in the S. noctilio populations). 
However, high variability and systematic asymmetries in the success and fitness 
consequences of admixture demonstrate that careful study is warranted prior to its 
implementation as a biocontrol enhancement strategy. 
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