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ABSTRACT

Aphanomyces root rot (ARR), caused by Aphanomyces euteiches, is a major constraint in pea (Pisum sativum) production. This
study aimed to improve molecular detection of A. euteiches in soil samples, evaluate the susceptibility of selected legume species,
and assess their influence on soil inoculum levels. Twenty-four soil samples were analysed in bioassay 1, which was performed in
two batches, using susceptible pea cv. Linnea to determine disease severity index (DSI). DNA analyses employed droplet digital
PCR (ddPCR) and quantitative real-time PCR (qPCR). Susceptibility of 14 legume species was examined by artificial inoculation,
and the influence of five species on ARR in a subsequent pea crop was tested in naturally infested field soil. The number of gene
copies g~! soil differed significantly among soil samples. Soil analysis by ddPCR allowed detection of A. euteiches at a level <10
gene copies g~! soil, demonstrating high sensitivity. In bioassay 1, batch 2, DSI correlated significantly with A. euteiches gene
copies g~! soil quantified by ddPCR and qPCR. Visual assessment and ddPCR showed that lentil (Lens culinaris) and fodder vetch
(Vicia villosa) were highly susceptible, whereas birdsfoot trefoil (Lotus corniculatus), sainfoin (Onobrychis viciifolia) and Persian
clover (Trifolium resupinatum) were not susceptible to A. euteiches infection. Pea plants grown after fodder vetch had signifi-
cantly higher DST and number of A. euteiches gene copies. These findings underscore the importance of molecular soil analysis
and knowledge of legume species susceptibility for effective ARR management.

1 | Introduction Sweden and Denmark (Wikstrom et al. 2025). The pathogen

Aphanomyces root rot (ARR) is a major limitation for pea (Pisum
sativum) production worldwide (Wu et al. 2019). The responsi-
ble oomycete pathogen (Aphanomyces euteiches) was initially
observed in pea fields in Norway in 1925 and subsequently doc-
umented in France in the early 1930s (Sundheim 1972). The
disease has since been reported in canning and fodder pea culti-
vated in Sweden (Olofsson 1967) and later in several pea fields in
southern Scandinavia. A new investigation of the distribution of
Aphanomyces spp. in Sweden, Denmark and Lithuania, revealed
A. euteiches as the dominant species limiting pea production in

occurred in 31% of 42 soil samples collected from nine counties
throughout Sweden, indicating a widespread occurrence of A.
euteiches in Swedish pea fields (Wikstrom et al. 2025). Moreover,
pathogenicity tests of Swedish isolates obtained from pea and
other legumes revealed two pathotype groups: pea-specific and
vetch-specific (Levenfors et al. 2003). Isolates originating from
pea, blue lucerne (Medicago sativa), green bean (Phaseolus vul-
garis) and yellow sweet-clover (Melilotus officinalis) were highly
pathogenic to pea, whereas isolates originating from common
vetch (Vicia sativa) were weakly pathogenic to pea and other le-
gumes (Levenfors et al. 2003). Recent studies reported distinct
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genetic groups of A. euteiches throughout Europe, suggesting
diverse regional dynamics (Kilin et al. 2022). Among these,
Swedish isolates were found to belong to either a north-eastern
European group or a central European genetic group (Kélin
et al. 2022). Understanding the genetic structure and virulence in
A. euteiches will aid in developing future management strategies.

There are currently no effective control measures against ARR
available for growers. Chemical control may help to delay the
infection but fails to completely suppress the disease (Wu
et al. 2019). Pea genotypes with partial resistance to A. euteiches
have been identified and proven to reduce ARR-mediated yield
loss (Kilin et al. 2023). Still, pea cultivars with full resistance
remain unavailable (Gossen et al. 2016). Cultural practices, such
as crop rotation with non-hosts, are essential but the long-term
survival of the oospores in the soil necessitates an extension in
crop rotation, placing constraints on the total production capac-
ity (Wu et al. 2018).

ARR can be managed by avoiding cultivation of pea and other
host crops in infested fields (Moussart et al. 2009). This helps to
prevent the buildup of soil inoculum, which is crucial for achiev-
ing satisfactory disease management (Oyarzun et al. 1993a).
Disease prediction and management of ARR primarily focus
on soil inoculum assessment, pathogen dynamics and environ-
mental conditions conducive to disease outbreaks (Chatterton
et al. 2023). In Sweden, ARR prediction is predominantly based
on time-consuming soil analysis using a commercial green-
house bioassay with a susceptible pea cultivar. Based on the
root assessment, the bait plant is given a disease severity index
(DSI) in a range from 0 to 100 (Olofsson 1967; Wikstrom et al.
2025). The DSI should not exceed a value of 15 in fields in-
tended for canning pea cultivation (Mariann Wikstrém, Agro
Plantarum AB). Multiple infections by other soil-borne patho-
gens may occur in Swedish pea fields, including Phytophthora
pisi, Phytophthora medicaginis var. pinodella and Fusarium so-
lani f. sp. pisi (Kélin et al. 2023). This renders visual disease as-
sessment time-consuming as it must be followed by microscopic
diagnosis to differentiate between, for example, A. euteiches and
P. pisi (based on the shape of their oospores) (Heyman et al. 2013).
Advancements in molecular diagnostic techniques have revolu-
tionised the ability to precisely detect, quantify and monitor plant
pathogens, thereby significantly contributing to the management
of plant diseases (Wallenhammar et al. 2012). Quantitative real-
time PCR (qPCR) is widely considered as the standard molecular
diagnostic technique and different qPCR assays have been devel-
oped for soil-borne pathogens analyses, including A. euteiches.
Sensitive qPCR assays targeting A. euteiches tDNA from the
internal transcribed spacer (ITS) 1 region allowed detection of
the pathogen below 10 oospores g~! soil (Gangneux et al. 2014;
Heyman 2008). Indeed, these studies also demonstrated a signif-
icant correlation between visual disease assessment (using DSI)
and molecular detection (with qPCR) using field soil artificially
inoculated with A. euteiches oospores and zoospores (Gangneux
et al. 2014; Heyman 2008). Droplet digital PCR (ddPCR) is a novel
PCR technique where the reaction volume is randomly divided in
several thousand droplets prior to PCR (Piermatteo et al. 2022).
Each droplet subsequently functions as a single amplification
reaction, with the positive or negative droplets being identified
post-PCR through the measurement of the fluorescent signal.
The number of target gene copies is subsequently determined

by Poisson statistics without the necessity for known standards
(Piermatteo et al. 2022). This technique exhibits reduced sensi-
tivity to inhibitors derived from biological and environmental
samples, which is particularly important for analysing soil DNA
(Hou et al. 2023; Huggett and Whale 2013; Sidstedt et al. 2015;
Wallenhammar et al. 2012).

European cultivation of legume cover crops has increased in
recent years driven by the EU CAP policy and the adoption of
Conservation Agriculture with reduced tillage. Legume species
that are used as cover crops or intercrops can be affected by ARR
(Moussart et al. 2013). However, the extent to which certain le-
gume species are susceptible to soil-borne diseases remain to be
elucidated. A. euteiches produces resting oospores characterised by
thick walls, facilitating their persistence in soil over several years
(Billard et al. 2019). Consequently, susceptible legume species can
become infected and contribute to the propagation of soil inoculum
even after extended periods without the cultivation of host plants.
The likelihood of an ARR infection escalates markedly when mul-
tiple susceptible crops are incorporated into the same crop rotation
(Chan and Close 1987; Moussart et al. 2013). Investigations on the
susceptibility of legume species for A. euteiches are thus crucial,
alongside understanding their impact on soil inoculum and impli-
cations for ARR infection in subsequent pea crops.

The objectives of this study were to optimise DNA extraction
from soil samples and thereby improve/lower the detection limit
of A. euteiches in soil using ddPCR and qPCR. Further objec-
tives were to investigate the susceptibility of legume species
cultivated as cover crops and to assess the influence of selected
legume species on ARR infection on a successive pea crop as
well as on A. euteiches inoculum in soil. The hypotheses were
that optimising soil DNA extraction would (i) lower the detec-
tion limit of A. euteiches inoculum in soil, (ii) improve the cor-
relation between DSI and the number of A. euteiches gene copies
in soil, and (iii) accurately identify legume species that impose
risk for ARR infection in pea.

2 | Materials and Methods
2.1 | Assessment of A. euteiches DNA in Field Soil
2.1.1 | Soil Sampling

In total, 24 soil samples were collected from 15 pea fields in
October and November 2022 (Table S1). Field selection was
based on observations and history of ARR infection in pea crops
previously grown in these fields (Table S1). Soil samples were
collected from a 20X20m area, in a W-pattern according to
Wallenhammar et al. (2012) and marked with a GPS, using a soil
auger (Trekanten, Galko Svets and Stalprodukter) with a diam-
eter of 25mm and a volume of 76 mL that covered the top 20cm
of soil. Each sample consisted of 40 subsamples pooled to one
composite soil sample. Due to large field size, multiple samples
were collected from fields A:S, B:S and D:K (Table S1). One ad-
ditional pooled soil sample, composed of 10 subsamples from a
depth of 0-20cm, was collected from each field for chemical soil
analysis (Eurofins Food & Agro Testing, Kristianstad, Sweden;
Table S1). All soil samples were air dried at room temperature
(approx. 22°C) for 6 weeks, crushed with a hammer, and sieved
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(pore size of 3.4mm). The method is hereafter referred to as soil
homogenisation method C (Table 1). Each soil sample was sub-
sequently divided in two parts: one used for DNA extraction and
molecular analysis and one for the greenhouse bioassay 1.

2.1.2 | Soil Homogenisation

Ten randomly selected soil samples (soil sample number: 1-3, 7
and 10-15) treated with method C were used to study the effect
of soil homogenisation on the concentration of extracted DNA
and on the quantification of A. euteiches soil DNA determined by
ddPCR. The soil samples were treated as follows: 100g of sieved
soil samples were freeze-dried at —97°C in a ScanVac coolSafe
(Labogene) for 18 h. The samples were then transported to Intertek
Scanbi Diagnostics AB, Lomma, Sweden, for homogenisation, ac-
cording to two grinding methods (A and B) described in Table 1.

2.1.3 | Soil DNA Extraction and Concentration

DNA was extracted from all soil samples, three subsamples of
10g dry soil each, using DNeasy PowerMax Soil Kit (Qiagen) ac-
cording to the manufacturer's instructions, but with the follow-
ing modification: in step 4, the samples were homogenised with
a Mixer Mill 400 (Retsch) at 30 Hz for 60s (repeated twice) and
finally incubated at 65°C in a water bath for 10 min.

The eluted DNA was concentrated in two steps. In the first step,
0.2mL 5M NacCl (Invitrogen) and 3.5mL 2-propanol (Thermo
Scientific Chemicals) were added to DNA extract. Subsequently,
the DNA mixture was pressed through NucleoBond Finalizer
filters (Macherey-Nagel) and concentrated according to the
manufacturer's instructions, but with one modification: after
the washing step with ethanol the DNA was eluted in 250uL TE
buffer (Integrated DNA Technologies) without drying the filters
to prevent DNA loss. In the second concentration step, 8 uL 5M
NacCl (Invitrogen) and 416 uL 99% ice-cold (—18°C) ethanol were
added per sample. Thereafter, the samples were centrifuged at
14,000g for 30 min and the supernatant was discarded. The pel-
let was washed with 70% ice-cold (—18°C) ethanol, centrifuged at

TABLE1 | Treatment list of soil homogenisation.

Grinding

method Device Device setting

A Grindomix GM 2 times reverse,
200 (Retsch) 2000rpm, 15s; 2 times
reverse, 4000rpm, 15s

B 1. Grindomix GM 2 times reverse,
200 (Retsch) 2000rpm, 15s; 2 times
reverse, 4000rpm, 15s

2. Geno/Grinder 1620 rpm for 2min

(SPEX SamplePrep) with steel balls

C Air dried, crushed Sieve diameter 3.4 mm

with a hammer
and sieved soil

Note: Soil samples were first treated with method C before being homogenised
with either method A or B.

14,000g for 10 min, then dried in a vacuum desiccator (Nalgene)
for 45min and finally resuspended with 60uL of 55°C Milli-Q
water. The DNA concentration was measured after each step
using NanoDrop (Thermofisher Scientific).

2.1.4 | ddPCR

The ddPCR assays targeting the ITS-region 1 were performed in
a Bio-Rad system with AutoDG Automated Droplet Generator
at the Department of Animal Breeding and Genetics, Swedish
University of Agricultural Sciences (Uppsala, Sweden). The
master mix reaction (22pL) contained 4x ddPCR multiplex
supermix (5.5uL) (Bio-Rad), 1.1uL each of primer Ae 169F
(5" TCAGGGCTAGCCGAAGGTT-3') and Ae 169R (5-ACAAG
CTTCATTTCTGATGCTAGTTTA-3") (20uM), 0.55uL of FAM-
labelled MGB probe Ael69 (5-CGCAAGGAACCGATGTA-3")
(10uM) (Heyman 2008), 3.75uL Milli-Q water, and 10uL DNA
template (two technical replicates). A synthetic plasmid,
pEX-A.Ae 169 (Eurofins Operon) with the A. euteiches target se-
quence was used as a positive control (8.9 x 103 copies uL~!) and
Milli-Q water as a negative control. PCRs were carried out in the
96-well plate cycler ProFlex (Thermo Scientific), with the follow-
ing cycling conditions: 10min at 95°C; 46cycles of 30s at 94°C
and 1min at 65°C; and finally 10min at 98°C. Data acquisition
and analysis performed by the QX200 Droplet Reader (Bio-Rad)
and the threshold for positive or negative droplet reads was set
manually in QX manager software v. 1.2. The number of gene
copies g1 soil was calculated according to the following equation:

unit CiLies x total volume of PCR unit
Gene copies X Tl
material

unit material
2.1.5 | Real-Time PCR

Aliquots of the concentrated soil DNA analysed by ddPCR
were initially one-fold diluted with Milli-Q water, purified
with Illustra MicroSpin S-300 HR columns (Cytiva), and fur-
ther diluted (10~2) prior to qPCR analysis. The TagMan qPCR
assay was performed in CFX Connect real-time system (Bio-
Rad) according to Heyman (2008). For each reaction (25uL)
the master mix contained 2x TagMan Universal PCR mas-
ter mix (12.5uL) (ThermoFisher Scientific), 0.75uL of each
primer Ae 169F and Ae 169R (20uM), 0.5uL of probe Ael69
(10uM), 5.5 uL Milli-Q water, and 5uL. DNA template (three
technical replicates per subsample, n =9). Reaction conditions
were 10 min at 95°C; followed by 45 cycles of 15s at 95°C, and 1
min at 65°C. The number of gene copies g~! soil was calculated
from a standard curve constructed with the pEX-A.A 169 plas-
mid containing the target A. euteiches sequence at dilutions of
107°-10° (Heyman 2008).

2.2 | Qualitative Analyses of ARR in Field Soils
2.21 | Bioassay1l
Twenty-four soil samples were analysed for ARR infection

in bioassay 1 and performed in two separate parts: batch 1
and batch 2 (because of the different availability of the soil
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samples). Soil samples 1-15 were used for batch 1 and soil
samples 16-24 for batch 2 (Table S1). Two soils were used as
negative controls: an organogenic greenhouse soil ‘U-Jord’
designated as ‘GH’ (Hasselfors Garden) and a field soil (clay
soil collected from a commercial field in Uppsala County,
Sweden) designated as ‘0’. Infestation of pea plants with A.
euteiches in soil ‘0’ was considered unlikely due to the ab-
sence of disease indicators and cultivation history with non-
hosts (Pfender and Hagedorn 1983). Seeds of the susceptible
canning pea cv. Linnea (Nomad Foods Ltd., Findus Sverige
AB) were surface sterilised with 70% ethanol for 1min, 1%
NaOCl for 5min, and washed three times with sterile distilled
water (Kilin et al. 2022). Five seeds were sown per plastic pot
(9%x9x11cm), arranged in a randomised complete block de-
sign (n=>5) in a greenhouse at BioCenter, Swedish University
of Agricultural Sciences (Uppsala). The growth conditions
were a temperature of 20°C, 52% humidity, and a light circle
with 16h of light and 8h of darkness. Pots were kept moist
and watered with 50mL tap water per pot. After 3weeks, pea
plants were uprooted, roots were washed under running tap
water and symptoms were assessed in a 0-100 scale according
to Kilin et al. (2022) (Figure S1). The shoots were excised per
pot and dried for 16 h at 60°C in a drying chamber (Termaks).
Roots were cut into small pieces and kept in a freezer (at
—18°C) until molecular analysis. Batch 1 was repeated once
(n=2), while batch 2 was not repeated due to limited amount
of collected soil.

2.2.2 | DNA Extraction From Roots

Pea roots were initially crushed in liquid nitrogen using a mor-
tar and pestle. DNA was extracted from 100mg of root mate-
rial using FastDNA SPIN Kit (MP Biomedicals) according to
the manufacturer's instructions (technical replicates n=2).
Tissue homogenisation in the extraction buffer was performed
at 5500 rpm with two 35scycles using Precellys 24 tissue homo-
geniser (Bertin Technologies). DNA extracts were purified with
Illustra MicroSpin columns (Cytiva).

DSI =

2.3 | Evaluation of Legume Species Susceptibility
for A. euteiches

2.3.1 | Bioassay2

Susceptibility of 14 legume species for A. euteiches was investigated
in a greenhouse bioassay. The selected species were birdsfoot tre-
foil (Lotus corniculatus), common vetch (Vicia sativa), fodder vetch
(Viciavillosa), lentil (Lens culinaris), blue lucerne (Medicago sativa),
narrow-leaf lupin (Lupinus angustifolius), sainfoin (Onobrychis
viciifolia), crimson clover (Trifolium incarnatum), Egyptian clover
(Trifolium alexandrinum), Persian clover (Trifolium resupinatum,
red clover (Trifolium pratense), squarrose clover (Trifolium squar-
rosum), Swiss red clover mattenklee (Trifolium pratense) and white
clover (Trifolium repens) (Table S2). Pea cv. Linnea was included
as a positive control. All seeds were surface sterilised in the same
manner as bioassay 1, then placed on 0.8% water agar and left to
germinate at 20°C for 2—-4days in darkness depending on the size
of the seeds. A Swedish strain of A. euteiches, SE51, belonging to
the broader central European genetic group, was cultured on corn
meal agar (CMA, BD Biosciences) for 14days at 20°C in darkness
(Kdlin et al. 2022). Plastic pots (9x9x 11 cm) were filled with ver-
miculite (Sibelco) to about 3cm under the pot rim. Five regularly
interspaced agar plugs (10mm diameter) were placed in the pot
and covered with a thin (3mm) layer of vermiculite. Subsequently,
five seedlings of each legume species were sown, and the remain-
ing space was filled with vermiculite (n =4). The pots were placed
in a greenhouse with similar growth conditions to bioassay 1. The
plants were watered with a nutrient solution containing nitrogen
(nitrate-N=80mgL~}; ammonium-N=41mgL~) (Wallco), to
compensate for the lack of biological nitrogen fixation. The plants
were uprooted after 4weeks, washed, and assessed for ARR in
a 0-6 scale, to encompass discolouration in the epicotyl, where
O=healthy plants; 1=little discolouration; 2=25% discoloura-
tion of the root system; 3=250% discolouration of the root system;
4="75% discolouration of the root system; 5 =the entire root system
is discoloured; 6 =the whole root system + the epicotyl is disco-
loured (Wikstrom et al. 2025). Disease severity index was calcu-
lated according to the following equation:

((0XNg) + (1xN;) + (2% N,) + (3XN3) + (4 X N,) + (5% Ns) + (6 X Ng)) x 100

2.2.3 | Conventional PCR and Gel Electrophoresis

DNA extracts from pea roots were analysed using conven-
tional PCR performed with A. euteiches microsatellite marker
Ae37 in SimpliAmp thermal cycler (Applied Biosystems)
(Kdlin et al. 2022; Mieuzet et al. 2016). The master mix reac-
tion (25uL) contained 2.5uL Dream Taq buffer (10x) (Thermo
Fisher Scientific), 2.5 uL dANTPs (10mM), 1.5 uL each of forward
and reverse primers (20mM), 0.3 uL Dream Taq (2U) (Thermo
Fisher Scientific), 16.7 uL Milli-Q water and 1 uL DNA template.
The reaction conditions were denaturation at 96°C for 5min; fol-
lowed by 30cycles of 1min at 95°C, 1min at 58°C and 1.5min
at 72°C (Mieuzet et al. 2016). PCR products were separated by
electrophoresis in 2% agarose gel and visualised in the GelDoc
2000 (Bio-Rad).

n x (No. of classes — 1)

N=number of plants in each class per pot; n=total number of
plants assessed per pot. The shoots were dried for 16 h at 60°C in
a drying chamber (Termaks) and the dry weight was measured
thereafter. The bioassay was repeated once (n=2).

2.3.2 | ddPCR

DNA was extracted from the roots and purified as described pre-
viously. DNA from the infected roots of pea, lentil and birdsfoot
trefoil was tested in two DNA concentrations, 10 and 20 ng uL™1,
to find the optimal DNA concentration prior to ddPCR analy-
sis of all samples. The 10nguL~! resulted in saturation of the
ddPCR in certain subsamples of pea and lentil. Gene copies
at the lowest DNA concentration in birdsfoot trefoil was still
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detectable, 19nguL !, therefore DNA from all samples was di-
luted to 5 and analysed as mentioned previously. The number of
A. euteiches gene copies was not normalised against plant DNA
because the copy number of cox gene in the genome of certain
tested legumes is unknown.

2.4 | Risk Assessment of ARR in Pea Following a
Legume Cover Crop

In bioassay 3, new field soil samples were collected in November
2023 from the GPS-marked patches in field B:S where soil sam-
ples 8 and 9 were previously collected in 2022 (Table S1). The soil
samples were homogenised by method C (Table 1). To confirm the
amount of the inoculum in each soil sample, DNA was extracted
from 10g subsamples (n=3) and analysed by ddPCR. The two soil
samples were then mixed 1:1 to provide a composite soil with 19
gene copies g~! soil, then filled in plastic pots (9x9x 11 cm). Seeds
of red clover, white clover, crimson clover, Egyptian clover and fod-
der vetch were surface sterilised, and 10 seeds were directly sown
in each pot (n=4). Seeds of pea cv. Linnea were sown as a positive
control, and an additional control of unsown soil was included as
a negative control. Following seed germination, the plants were
thinned to five plants per pot and left to grow for 6weeks. The
plants were then uprooted, and the roots were cut into small pieces
and mixed back into the soil per respective pot. Five seeds of pea,
cv. Linnea, were sown in each pot, including the untreated control,
and grown in the greenhouse for 3weeks under the same previ-
ously mentioned conditions. Once this period ended, pea plants
were uprooted, and the roots were washed and assessed for dis-
ease symptoms as for bioassay 2 (section 2.3.1). Lastly, the roots
were ground, and 100mg root tissue was used for DNA extraction
as previously described (n=2). Pea shoots were dried, and the dry
weight was recorded. The remaining soil in each pot was air dried,
homogenised by method C and 10g was used for DNA extraction
(two technical replicates). Soil and plant DNA were analysed by
ddPCR with two technical replicates. The bioassay was repeated
once (n=2).

2.5 | Statistical Analysis

Statistical evaluation of the experimental results was deter-
mined using the programming language R (v. 4.4.1). The coef-
ficient of variation (CV) was analysed to assess the variability
of the amount of DNA extracted from differently ground soil
samples. The CV was divided into three classes (1, 2 and 3)
and applied to the variously treated soils of one soil sample.
Class 1, which had the lowest CV, was attributed to the most
consistent and reliable soil homogenisation method, while
class 3, which had the highest CV, was considered the least
reliable. The two batches of bioassay 1 were analysed sepa-
rately. The correlation analyses of number of gene copies and
DSI, and gene copies and shoot dry weight were determined
through Spearman analysis. Significant effects of the soils on
emergence, DSI and shoot dry weight were determined using
ANOVA and post hoc Tukey's test (p <0.05), presented with
standard error. The effects of the legume species on the fol-
lowing pea crop, measured as DSI, shoot dry weight, emer-
gence, and number of gene copies, were analysed using linear
modelling with emergence of both legume species and pea as
covariant (ANCOVA and post hoc Fisher's least significant dif-
ference, p <0.05).

3 | Results

3.1 | Effect of Soil Homogenisation on Soil DNA
and Detection of A. euteiches

No significant difference was shown in DNA concentration
from soil samples 2, 3, 7 and 12 following soil grinding by
method A and B compared to method C (Table 2). Methods A
and B resulted in significantly higher DNA concentration from
soil sample 1 and soil samples 10-11 compared to method C
(Table 2). The positive impact of soil grinding on DNA concen-
tration also led to lower variation between the subsamples of
soil samples 1 (Figure S2), and 10-11 (Table 3). On the other

TABLE 2 | The effect of soil homogenisation, performed by soil grinding methods (A and B), compared to method C, on DNA concentration

(nguL1) of Aphanomyces euteiches in soil measured with NanoDrop (n=3).

Method A Method B Method C

Soil ID Mean SE Mean SE Mean SE

1 29.3 0.96 a 23.3 095b 16.5 0.98c
2 5.1 1.54a 4.6 2.20a 12.4 2.51a
3 4.8 1.74a 9.0 1.68a 7.6 1.13a
7 29.8 1.79 a 22.6 6.80a 20.0 473 a
10 33.2 1.85a 31.5 2.86a 17.5 1.04

11 37.3 4.54a 40.0 5.67a 14.7 1.27b
12 17.5 315a 12.7 2.80a 10.8 240a
13 29.7 2.64a 19.9 1.42Db 21.3 1.90 ab
14 28.5 0.88 a 21.8 2.18 a 21.8 291a
15 19.3 0.64 ab 16.7 3.30b 31.0 34la

Note: Soil samples were first treated with method C before being homogenised with either method A or B. Different letters indicate significant differences between

methods for each soil sample, according to Tukey's HSD test (p <0.05).
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TABLE 3 | The effect of soil homogenisation on DNA concentration (ng=uL™), performed by soil grinding methods (A and B) compared to
method C, on coefficient of variation of DNA concentration (ng~' pL~!) measured with NanoDrop.

Method A Method B Method C
Soil ID DNA Group cv? DNA Group cv DNA Group cv
1 29 2 0.05 23 1 0.06 17 3 0.08
2 5 2 0.43 5 3 0.68 12 1 0.29
3 5 3 0.51 9 2 0.26 8 1 0.21
7 30 1 0.09 23 3 0.43 20 2 0.33
10 33 1 0.08 32 3 0.13 18 2 0.08
11 37 2 0.17 40 3 0.20 15 1 0.12
12 17 1 0.25 13 2 0.31 11 3 0.31
13 30 3 0.13 20 1 0.10 21 2 0.13
14 28 1 0.04 22 2 0.14 22 3 0.19
15 19 1 0.05 17 3 0.28 31 2 0.16
Total 17 1.80 23 2.59 20 1.90

Note: Soil samples were first treated with method C before being homogenised with either method A or B.
aThe coefficient of variation (CV) of the DNA concentrations was determined. The homogenisation method with the lowest variance within the soil sample was
labelled and grouped as 1, and the highest as 3. The total values per treatment method are indicated.

TABLE 4
Aphanomyces euteiches DNA in soil measured by droplet digital PCR as gene copies g~! soil (n = 3).

| The effect of soil homogenisation, performed by soil grinding methods (A and B) compared to method C, on quantification of

Method A Method B Method C

Soil ID Mean SE Mean SE Mean SE

1 211 5.73a 272 115.01 a 42 40.84 a
2 49 23.70 a 15 3.87b 9 1.32b
3 254 22.65b 172 2094 a 106 211a
7 38 20.89 a 167 21.17 a 2054 1854.85a
10 31 6.36a 26 5.16b 17 8.53b
11 7 2.51b 1 095a 0 0.07 a
12 1 0.08a 0 0.06a 0 0.11a
13 12 093a 14 0.66b 86 76.56 b
14 47 46.92a 0 0.45a 162 44.52 a
15 2 197 a 0 0.48 a 0 0.07 a

Note: Soil samples were first treated with method C before being homogenised with either method A or B. Different letters indicate significant differences between
methods for each soil sample according to Tukey's HSD test (p <0.05).

hand, there were no significant differences regarding the
number of gene copies after soil grinding including samples 1
(Figure S2),2,10-11 and 15, although the number of gene copies
g1 soil were higher for method A than for method C (Table 4).
Grinding method A resulted in a significantly higher number
of gene copies in samples 3 and 12, compared to methods C and
B (Table 4). In soil sample 14, method B generated just 0.7 gene
copies 100ng~! DNA, which was significantly lower than for
method C (Table 4).

3.2 | Qualitative Assessment of ARR in Field Soils
3.2.1 | Disease Severity Index and Pea Shoot Dry Weight

Visual ARR assessment in pea plants tested in batch 1 of bio-
assay 1 (soil samples 1-15) showed that pea plants sown in soil
samples 1, 3 and 6 showed a DSI> 70 (Figure 1A). These indi-
ces were significantly higher than DSI for the untreated control
plants (p<0.05) (Figure 1A). Pea plants grown in soil samples
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FIGURE1 | Assessment of Aphanomyces root rot in susceptible pea cv. Linnea sown in natural field soil samples 1-15 performed in batch 1 of
bioassay 1. (a) Disease severity index, (b) shoot dry weight (mg) and (c) emergence measured after 21 days. The whiskers on the bar represent the stan-
dard error of the mean (SE), and different letters indicate significant differences as determined with ANOVA and post hoc Tukey HSD test (p <0.05).

Mean values of two greenhouse experiments.

4-5, 7-8 and 10-13 exhibited a DSI > 50, significantly higher
than DSI of pea plants grown in untreated control soil ‘GH’, but
not for control soil ‘0’ (p <0.05) (Figure 1A). The lowest DSI was
obtained in soil 14 and was not significantly different from soils
‘GH’ and ‘0’, as was the case for soil samples 2 and 9 (Figure 1A).
In contrast to DSI, soils exerted less influence on shoot dry
weight (Figure 1B). The highest shoot dry weight was obtained
for plants grown in soil ‘GH’ (120 mg plant™!), which is signifi-
cantly higher than plants grown in soil 6 (p <0.05) (Figure 1B).
The shoot dry weights ranged from 60 to 70 mg per plant for the
other plants (Figure 1B). Plant emergence was particularly high
in soil 4 and untreated control soil “GH” (> 3 plants per pot out
of 5 seeds per pot) (p <0.05) (Figure 1C).

Likewise, DSI of plants grown in the untreated control soils
in batch 2 of bioassay 1 were significantly lower compared
to soil samples 16-24, except samples 16, 19 and 23 (p <0.05)
(Figure 2A). DSI of plants grown in soil samples 20 and 21 were
significantly higher compared to the DSI of the plants grown in
the other soil samples (Figure 2A). Additionally, the shoot dry
weight was particularly low in plants grown in soil samples 20
and 21, with an average dry weight of 10 mg and 60 mg per plant,
respectively (Figure 2B). The shoot dry weight of plants grown
in control soil ‘GH’ (140mg per plant) was significantly higher
compared to plants grown in soil samples 17-18 and 20-21
(Figure 2B). Seedling emergence was significantly lower in soil
samples 18, 21-22 and 24 compared to soil ‘GH’ (Figure 2C).

3.2.2 | Detection of A. euteiches DNA in Pea Roots

PCR and gel electrophoresis confirmed infection by A. euteiches
in the roots of pea plants grown in soil samples 1-8, and 10-11,
but not the roots of plants grown in soil samples 9 and 12-15 in
batch 1 of bioassay 1 (Figure 3A). In batch 2 with soil samples
16-24, A. euteiches DNA was detected in the roots of pea plants
grown in soil samples 16-18 and 20-22 (Figure 3B). It should
be noted that an amplification product with a DNA band size of
500bp was detected in most of the samples, which does not indi-
cate infection by A. euteiches. In this context, the presumed ab-
sence of A. euteiches in control soils ‘GH’ and ‘0’ was confirmed
in both parts of the bioassay (Figure 3A,B).

3.3 | Quantification of A. euteiches Gene Copies
in Soil

The highest average number of gene copies quantified by
ddPCR was obtained in soil sample 14 (1816 soil) followed
by soil sample 21 (1522 g~! soil) and soil sample 7 (1389 g~! soil)
(Figure 4A). The respective values in the other samples ranged
from 0 to 799 gene copies g~* soil with untreated control soil ‘GH’
and ‘0’ showing the lowest average number of gene copies (<0.5
copies uL~! reaction) (Figure 4A). If the threshold line in ddPCR

software QX manager was set manually to 0.5 copies pL~! re-
action, both control soils, along with soil samples 9, 11-12 and
23-24, could be considered negative or under the detection limit
for quantification of A. euteiches DNA using ddPCR.

qPCR failed to produce any amplification when using the same
DNA samples that were analysed by ddPCR. Therefore, it was
necessary to further purify and dilute the DNA before any de-
tection could be achieved. The qPCR analysis revealed a large
variation in the number of A. euteiches gene copies across the
various soil samples. A. euteiches DNA was undetectable in soil
samples 9, 11-12 and 23-24, as well as the untreated control
soil ‘GH’ (Figure 4B). The occurrence of A. euteiches in control
soil ‘0’ and in soil samples 15 and 17-19 was under the detec-
tion limit with DNA amplification from only one of nine tech-
nical replicates, hence also considered negative as shown in
Figure 4B. The highest average number of gene copies g~ soil
was determined in samples 21 (1044 gene copies g~! soil) and 20
(917 gene copies g~! soil), significantly higher than the respec-
tive values in both soil controls. The corresponding values for
the other soil samples ranged from 187 to 825 gene copies g~!
soil (Figure 4B).

A tendency of positive correlation between DSI and the num-
ber of gene copies g~! soil quantified by ddPCR was observed
in batch 1 of bioassay 1. On the other hand, the correlation
with shoot dry weight was negative, but the Spearman cor-
relation did not reach statistical significance (Figure 5A,B).
Similar pattern of correlations was obtained for DSI and shoot
dry weight with number of gene copies g~! soil quantified by
gqPCR (Figure 5C,D). Conversely, in batch 2, a significant posi-
tive correlation was obtained between DSI and gene copies g™!
soil quantified by ddPCR (R?>=0.65; p=0.0044) (Figure 6A).
A significantly negative correlation was obtained between the
gene copies g7! soil (ddPCR) and shoot dry weight (R>=0.5;
p=0.019) (Figure 6B). The quantified gene copies using
qPCR correlated significantly with DSI in batch 2 (R?=0.6;
p=0.0051) (Figure 6C), but not in batch 1 (Figure 5C). No sig-
nificant correlation was found between gene copies g~! (QPCR)
and pea shoot dry weights across all 24 samples, as evidenced
by the R? values < 0.5 (Figures 5D and 6D).

3.4 | Evaluation of Legume Species Susceptibility
for A. euteiches

Visual assessment of ARR in the susceptible pea cv. Linnea,
and the 14 investigated legume species demonstrated strong
discolouration on the roots of inoculated plants of pea, lentil
and fodder vetch in bioassay 2 (Table 5, Figure S3). Conversely,
Egyptian clover, white clover, sainfoin, as well as birdsfoot tre-
foil and red clover exhibited weaker symptoms (Figure S4). The
roots of untreated control plants and those of inoculated plants
of Persian cover and squarrose clover were strongly discoloured.
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FIGURE2 | Assessment of Aphanomyces root rot in plants of suscep-
tible pea cv. Linnea sown in natural field soil samples 16-24 performed in
batch 2 of bioassay 1. (a) Disease severity index, (b) shoot dry weight (mg)
and (c) emergence measured after 21 days. The whiskers on the bar repre-
sent the standard error of the mean (SE), and different letters indicate sig-
nificant differences as determined with ANOVA and post hoc Tukey HSD
test (p<0.05). Mean values of one greenhouse experiment for batch 2.

The mean value of DSI for all control plants was > 20 (Table 5).
The highest DSIs of inoculated legume plants were observed
in pea, fodder vetch, lentil and squarrose clover, which were

significantly different from the other legume species in the pair-
wise comparisons (p <0.0001) (Table 5).

The highest numbers of A. euteiches gene copies mg™' in root
tissue of the tested legume species were obtained for pea and
lentil (p <0.0001) (Table 5). The corresponding values for blue
lucerne, crimson clover and narrow-leaf lupin were <20 gene
copies mg! root (Table 5). Despite high DSI, a low number of
gene copies were quantified in squarrose clover. The mean val-
ues for Egyptian clover, Persian clover, red clover, white clover,
mattenklee, birdsfoot trefoil, common vetch and sainfoin were
<1 gene copies mg~! roots (Table 5). Furthermore, the DNA of
A. euteiches was undetectable in the roots of all untreated con-
trol plants (Table 5).

3.5 | Risk Assessment of Cultivating Pea After a
Legume Cover Crop

Pea plant roots exhibited pronounced discolouration when cul-
tivated in field soil after succession with pea plants or fodder
vetch plants in bioassay 3. This resulted in significantly higher
DSI compared to that of pea plants grown in the untreated soil
control or after crimson clover, Egyptian clover, red clover and
white clover (p <0.05) (Figure 7A). Correspondingly, the shoot
dry weight of pea grown after pea (60 mg per plant) was the low-
est among the treatments yet was only significantly different
from shoot dry weight of pea plants grown after crimson clo-
ver (111 mg per plant) and Egyptian clover (122mg per plant)
(p<0.05) (Figure 7B).

The lowest emergence, out of five seeds per pot, was observed in
pea grown in succession with Egyptian clover, only significantly
different from the emergence of pea grown in the negative con-
trol (p<0.05) (Figure 7C).

The highest average number of gene copies g~! soil was observed
for the soil where pea was grown in succession with pea, sig-
nificantly different from the corresponding values for the neg-
ative control, crimson clover, Egyptian clover and white clover
(p<0.05) (Figure 7D). Fodder vetch and red clover typically
increased soil inoculum, but the corresponding values of av-
erage gene copies g1 soil were not significantly different from
the other treatments (Figure 7D). Quantification of A. euteiches
DNA in the pea roots measured as gene copies mg™! of root
was highest in pea plants grown after pea (34,000 gene copies
mg~! of root). This result was significantly different from the
corresponding values of pea grown in the negative control and
for pea grown after crimson clover and white clover (p <0.05)
(Figure 7E).

4 | Discussion

ARR is a significant challenge in pea production areas, with
control strategies restricted due to the lack of effective fun-
gicides and the absence of complete genetic resistance. The
primary management strategy is field avoidance, supported
by soil testing to identify low-risk sites prior to seeding
(Olofsson 1967). Soil inoculum is often assessed visually in a
bioassay, where disease symptoms on bait plants are scored
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FIGURE 3 | Qualitative assessment of Aphanomyces euteiches infection in pea roots (cv. Linnea) analysed by PCR and the amplicons visualised
using gel electrophoresis. The DNA band, which indicates a positive infection, has a molecular weight of 138 bp. (A) Detection of A. euteiches in roots
of plants grown in soil samples 1-15. (B) Detection of A. euteiches in roots of plants grown in soil samples 16-24.

after incubation. In contrast, molecular methods assess in-
oculum by detecting pathogen DNA directly in soil, offering
greater sensitivity and specificity. DNA extraction is the first
step in molecular detection of soil-borne pathogens, which
typically relies on extraction from small soil subsamples of
approximately 0.25-1g (Wallenhammar et al. 2012). A. eu-
teiches can cause infection in pea and other susceptible le-
gumes at very low inoculum levels. To address the challenge
of low DNA-yield and suboptimal detection limit of soil sam-
ples, we proposed that increasing the soil sample size and

applying mechanical soil grinding would enhance A. eute-
iches detection. It is widely acknowledged that soil grinding
prior to DNA extraction reduces soil heterogeneity, facili-
tates lysis of microbial cell walls, and enhances DNA release
(Frostegérd et al. 1999). The influence of soil grinding on the
detection of A. euteiches remained largely inconclusive, even
though the effect was more evident in specific soil samples,
for example sample 1 collected near the edge of field A:S,
therefore rejecting hypothesis (i). One potential explanation
for the inconsistent effect of soil grinding across most of the
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FIGURE4 |

Occurrence of Aphanomyces euteiches in 24 field soil samples, control greenhouse soil ‘GH’ and uninfected field soil ‘0’ quantified as

gene copies g~! soil. (@) Number of gene copies quantified by droplet digital PCR, (b) number of gene copies quantified by qPCR. Log scale in y-axis.

ANOVA and post hoc Tukey HSD test (p <0.05).

24 soil samples is the use of larger soil quantities for DNA ex-
traction, combined with mechanical bead-beating and chem-
ical lysis during the DNA extraction process, which may
have compensated for the effects of soil grinding (Plassart
et al. 2012).

The adopted methodologies for optimisation of soil DNA ex-
traction were anticipated to lower the detection limit of the
gqPCR assay. The inherent sensitivity of qPCR to soil contami-
nants hindered identification of pea fields with low inoculum
(Sidstedt et al. 2015). In contrast, ddPCR confirmed the presence

Plant Pathology, 2026

11 of 18



(a) o A euteiches negative in root

* A euteiches positive in root

100 N
R’=0.18,p=0092 *
3
E 75
2
h
S
s 50
»
Q .
] -
g .
o 25
n L
0
1 10 100 1000
Gene copies g’1 soil
(c) e A euteiches negative in root
* A euteiches positive in root
100 8
R’=0.16,p=0.12 s
x
T
£ 75
2
o
o
3 50
L
o .
72}
© .
o
S 25
E .
0

1 10 100 100
Gene copies g"' soil

(b) * A euteiches negative in root

* A euteiches positive in root

150
R?=0.039,p=044
£ 1001 ¢
= .
o .
] — .
3 : =
2 50 pe R
(=] .
0
1 10 100 1000
Gene copies g" soil
(d) * A euteiches negative in root
* A euteiches positive in root
1501
R?=0.007,p=075
£ 1001 g
E -
-] . *
= \;_
H : .
2 501" ok
(=] -
o o

1 10 100 100
Gene copies g" soil

FIGURE 5 | Correlation between number of gene copies g~! soil for Aphanomyces euteiches determined by droplet digital PCR for soil samples

1-15 (batch 1 of bioassay 1, n=2) and (a) disease severity index (DSI), or (b) shoot dry weight (mg). Correlation between A. euteiches gene copies g~

soil determined by real-time quantitative PCR for soil samples 1-15 and (c) DSI, or (d) shoot dry weight (mg). Datapoints from samples that were

positive for A. euteiches infection in pea roots are coloured red and the black datapoints represent root samples negative for A. euteiches according to
PCR and gel electrophoresis analysis depicted in Figure 3A. Correlations were determined using Spearman. The coefficient of determination (R) and

the significance are given (p-value). Log scale on x-axis.

of A. euteiches DNA in the examined field soil samples detect-
ing levels <10 target gene sequence g~ soil (96bp fragment).
However, employing multiplex ddPCR to analyse multiple soil-
borne pathogens within a single sample may result in a reduc-
tion of sensitivity compared to singleplex qPCR (Chatterton
et al. 2023).

In our study, both qPCR and ddPCR were performed as single-
plex assays and compared for the detection and quantification of
A. euteiches. The two techniques may not be directly compara-
ble, as dilution of DNA prior to qPCR may have reduced detec-
tion sensitivity, rendering soil samples with low inoculum level
undetectable. For instance, while the presence of A. euteiches
DNA in soil samples 17-19 was below the detection limit in the
qPCR assay, it was successfully quantified using ddPCR. The

number of gene copies obtained by qPCR and ddPCR assays are
presented without conversion into oospores g=! soil as the ITS
copy number can vary among isolates (Gangneux et al. 2014).
Considering that the actual number of oospores within the 24
soil samples is unknown, it is difficult to assess whether quanti-
fication by qPCR and ddPCR overestimated or underestimated
the respective number of oospores in each soil sample. The con-
version of gene copies into number of oospores could be possible
if known numbers of oospores were added to the soil as was per-
formed by Chatterton et al. (2023).

To refine the conversion of ITS copy number into oospores
counts, Heyman (2008) quantified the ITS copy numbers in
field soil artificially inoculated with oospores. In another ex-
perimental set, oospores and mycelium obtained from liquid
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FIGURE 6 | Correlation between number of gene copies g~! soil for Aphanomyces euteiches determined by droplet digital PCR for soil samples
16-24 (batch 2 of bioassay 1, n=1) and (a) disease severity index (DSI), or (b) shoot dry weight (mg). Correlation between A. euteiches gene copies g™
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electrophoresis analysis depicted in Figure 3B. Correlations were determined using Spearman. The coefficient of determination (R) and the signifi-

cance are given (p-value). Log scale on x-axis.

cultures were incorporated into 350 mg soil in DNA extraction
tubes (Heyman 2008). In the first case, the estimated number
of gene copies per oospore was 126 and in the second case the
estimated copy number of gene copies per oospore was 585.
Using an average of these two values, the corresponding tar-
get gene copies per oospore is determined to be 356, which
is higher than the average ITS copy number of 190 copies
(Chatterton et al. 2023). In soil samples with <10 copies g!
soil, as was observed in samples 16-17 and 19, the correspond-
ing number of oospores should therefore be <1 oospore g!
soil. Similarly, a French study reported successful detection
and quantification of A. euteiches in naturally infested soils
at a level below 10 oospores g=! soil using ddPCR targeting
the rDNA ITS sequence (Gibert et al. 2021). In fact, the in-
vestigated soil samples were collected from four fields located

in the same geographical region of Hauts-de-France. Pea
was cultivated immediately prior to soil sampling in three
of the four fields. In contrast, in the present study, soil sam-
ples were obtained from 15 different fields across five coun-
ties of Sweden, each characterised by different ARR history
(Table S1). Despite the capacity to detect A. euteiches at low
levels in soil by ddPCR, high variation among subsamples was
observed, except where occurrence levels were high (soil sam-
ples 20 and 21; > 1522 g! soil).

The inoculum density of A. euteiches in soil can be estimated
through ocular direct counting of oospores in naturally infested
soil, facilitating ARR prediction through regression analysis and
correlation between the number of oospores as well as DST (Chan
and Close 1987). In other cases, a correlation was established in
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TABLE 5 | ‘Heat map’ of legume cover crops susceptibility to Aphanomyces euteiches strain SE51 evaluated visually as disease severity index and

as gene copies mg~! roots measured by droplet digital PCR.

Disease severity index

Gene copies (mg~! roots)?

Legume A. euteiches+?

A. euteiches—°

A. euteiches+

A. euteiches—

Lentil 78 ab
Fodder vetch 67b
Squarrose clover 67b
Red clover 44 ¢
Persian clover 43¢
Crimson clover 43¢
Matttenklee 41c
Egyptian clover 38¢c
Common vetch 37c
Narrow-leaf lupin 36¢c
Blue lucerne 27 ¢
White clover 25c¢
Sainfoin 24 ¢
Birdsfoot trefoil 22¢

0

21c 74 a 0
31 be 57 ab 0
27 be Oc 0
27 be lc 0
36 abc 9 bc 0
45 ab Oc 0
27 be Oc 0
37 abc Oc 0
24c¢ 14 be 0
29 bc 7 be 0
28 bc lc 0
26 bc lc 0
20c Oc 0

Note: Data are mean values from two greenhouse experiments. Different letters indicate significant differences within treatments according to Tukey's HSD test

(p<0.05). The most intense colouration indicates highest DSI or gene copy values.

2A. euteiches gene copies quantified in mg™ roots but not normalised by plant DNA.

bPlants inoculated with A. euteiches.
¢Control plants non-inoculated with A. euteiches.

artificially infested soils (Gangneux et al. 2014; Heyman 2008).
However, the influence of soil type on this relationship remains
a subject of research, even in cases where oospores were directly
added to the soil (Chatterton et al. 2023). Indeed, as reported
by Gibert et al. (2021), a significant correlation was identified
between log,,-transformed gene copies of A. euteiches in soil
and logit-transformed DSI, suggesting the utilisation of a mixed
linear model for ARR prediction. Various physicochemical and
biological characteristics of the soil were set as random effects,
while DSI and the number of gene copies were fixed effects. The
correlations reported in this study were generated without data
transformation, which could otherwise have both aided in nor-
malising skewed data and linearised the relationships between
variables (Zwonitzer et al. 2024). The correlations demonstrated
in Figures 5 and 6 explain the discrepancy in the detection of
A. euteiches DNA in pea roots by conventional PCR (Figure 3)
in comparison to the detection and quantification in soil by
ddPCR and qPCR. The disagreement in the results was more
pronounced in soil samples with low inoculum levels, such as
soil samples 12 and 23-24, where the number of gene copies
ranged from 0 to 2g~! soil as in ddPCR. The occurrence of A. eu-
teiches in soil relative to ARR infection in pea roots could have
been accurately comparable if the root DNA had been analysed
by qPCR or ddPCR, rather than the conventional PCR.

Moreover, the characteristics of the 24 collected soil samples
were not accounted for by Spearman'’s correlation as a statistical
model. The correlation between the number of gene copies in

soil and DSI may be related to factors including the history of
ARR in the sampled fields, the occurrence of other soil-borne
pathogens and oospore viability as opposed to specific soil type
(Pacheco-Moreno et al. 2025). For instance, in bioassay 1 (batch
1), DSI of bait plants for all soil samples (except for soil sample
14) remained above the threshold level that is generally used for
ARR prediction in Sweden (DSI >15). This specific soil sam-
ple exhibited an average target gene copy above 1800 copies g~!
soil, and the field observation indicated ARR infection when
pea was cultivated in 2013 (Table S1). The low DSI for soil sam-
ple 14 (DSI=9), despite the high abundance of pathogen DNA,
may indicate that oospores have lost virulence and/or viabil-
ity (Grau 1991). Another disagreement between DSI and the
number of gene copies was shown for soil sample 12 collected
from field D:K where the DSI value was > 60, even though the
corresponding average gene copies value was extremely low.
The observed symptoms might indicate multiple infection by
several soil-borne pathogens (Pacheco-Moreno et al. 2025), po-
tentially leading to an overestimation of the DSI due to the pres-
ence of blackening symptoms in the roots and hypocotyl. Such
symptoms are not typically caused by A. euteiches (Oyarzun
et al. 1993b). Furthermore, synergistic interactions between A.
euteiches and other pathogens, such as Fusarium spp., have been
demonstrated to result in increased disease severity (Willsey
et al. 2018).

The correlations also exhibited divergent patterns between batch
1 and 2, partially supporting hypothesis (ii). This discrepancy
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can potentially be attributed to the differences in ARR infection
history among the sampled fields. In certain fields where sam-
ples were collected for batch 1, ARR infection was observed in
2009, 2013 and 2017, whereas for batch 2, ARR infection was no-
ticed or confirmed either in 2020 or during the year of sampling
in 2022 (Table S1).

The disagreement in the results between molecular methods
and the bioassay suggest that molecular detection alone may
not adequately reflect the infection potential in soil, thereby re-
ducing predictive value for ARR risk in certain fields. Further,
the present results facilitate relative comparisons among soil
treatments, but the absence of conversion to oospore equiva-
lents requires careful consideration when applying these find-
ings to practical field recommendations regarding inoculum
levels. Nevertheless, farmers growing susceptible crops may still
benefit from ddPCR's ability to identify fields with low levels of
gene copies, particularly those below 10 gene copies g~! soil. Our
results underscore the complexity of the disease dynamics and
that ARR severity is influenced by multiple factors beyond the
presence of A. euteiches DNA in soil.

Susceptibility for A. euteiches has been demonstrated for several
legume species used as cover crop, among which common vetch,
lentil (Vandemark and Porter 2010) and blue lucerne (Giles
et al. 2022). The present study confirms that lentil and fodder
vetch were susceptible to A. euteiches, whereas common vetch
remained uninfected. This outcome contradicts earlier find-
ings by Levenfors et al. (2003). Red clover was not susceptible
in our assay despite previous reports of infection by A. euteiches
(Hughes and Grau 2007). Such differences are presumably indic-
ative of pathogen pathotype composition and the origin of the A.
euteiches strains used in different experiments (Giles et al. 2022;
Kilin et al. 2022). Differences in pathogenicity among the
strains may also result in different interactions with the tested
legume species as reported by Hughes and Grau (2007). The A.
euteiches strain SE51, a low-virulent strain with relatively small
oospores, has been used in pea breeding programmes in Sweden
alongside virulent strains (Kdlin et al. 2024). Limited access to
more diverse strains restricted our analysis, but a broader strain
panel would better capture the pathogen's full virulence range.
The plant genotype can also play role in defining susceptibility
for A. euteiches. Despite birdsfoot trefoil being among the most
insensitive species analysed here, both susceptible and resistant
cultivars may occur (Giles et al. 2022).

Another factor that may have influenced our results is infection
by other pathogens. Although the seeds of the tested legumes
were surface sterilised and bioassay 2 was conducted in a soil-
less system, untreated controls of crimson clover, mattenklee
and squarrose clover displayed pronounced root discolouration.
This observation suggests a seed-borne infection caused by other
pathogen(s), for example, Fusarium spp., Phoma medicaginis,
Alternaria alternata or Botrytis spp. (Lager and Johnsson 2002).
Root discolouration observed in control plants was not linked
to A. euteiches, as ddPCR analysis did not detect its DNA in
roots, confirming that A. euteiches is not a seed-borne pathogen
(Papavizas and Ayers 1974).

In general, a diversified crop rotation with non-hosts can be
adopted to avoid build-up of soil inoculum of A. euteiches and

other soil-borne pathogens (Giles et al. 2022; Wallenhammar
et al. 2024). On the other hand, integrating host species in pea crop
rotations may impose risk for ARR infection, thereby increasing
soil inoculum (Moussart et al. 2013). In naturally infested soil, DSI
increased for pea grown following fodder vetch, aligning with the
susceptibility observed in bioassay 2. While red clover showed no
susceptibility to strain SE51, an increase of pea DSI was observed
when pea was cultivated after red clover in naturally infested soil,
indicating that more virulent strains may exist within field patho-
gen populations. Conversely, DSI and soil inoculum levels were
reduced after short rotations with crimson clover and Egyptian
clover—even though oospores can survive for several years in soil.
Oospores reduction was also observed in the untreated control
containing uncultivated soil during the initial cultivation cycle.
Although the bioassay was conducted over only two consecutive
cycles, oospore formation can occur in pea roots within 7-10days
following inoculation (Larsen et al. 2000), indicating the possi-
bility of oospore presence in the roots of legume species and pea
plants used in the current bioassay after a 6-week incubation pe-
riod. The rapid reduction of oospores may also be attributed to the
disruption of soil structure under artificial greenhouse conditions
(Moussart et al. 2013). Given the current findings and the wide
host range of A. euteiches, it is crucial to gain more knowledge on
the susceptibility of legume species to avoid risk of ARR and prop-
agation of soil inoculum. Moreover, the ability of ddPCR to accu-
rately identify legume species that impose risk for ARR infection
in pea crops supports hypothesis (iii).

Our research highlights the significance of molecular anal-
ysis of soil DNA of A. euteiches for ARR disease prevention.
Quantifying the number of gene copies of A. euteiches in soil
samples by the presented assays will provide valuable infor-
mation for pea growers. The combination of soil analysis and
disease history, as well as bioassays, would likely give more
accurate prediction of ARR. The method developed for DNA
extraction and ddPCR analysis must be verified for a wider
range of soil types prior to adoption for commercial use.
Susceptibility of the legume species studied was accurately as-
sessed using ddPCR. However, it is preferable to evaluate their
response across multiple virulent strains and include several
cultivars. While legume cover crops can maintain soil health
and crop productivity, susceptible species such as fodder vetch
can impose risk for infection of ARR in legume-based agricul-
tural systems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Disease severity index
(DSI) of Aphanomyces root rot was assessed by the proportion of
browning of the root system, 0: healthy, 25: slight root discolouration,
50: mild to moderate discolouration along with discolouration of the
stem, 75: moderate browning of root and signs of wilt in shoot, 100:
severe root browning leading to root degradation and wilted shoot.
Figure S2: Amplitude 1 diagram of droplet digital PCR analysis illus-
trating the impact of soil homogenisation on detection of Aphanomyces

euteiches DNA in soil sample 1 using three homogenisation methods:
A =soil ground with method A, B=soil ground with method B and
C=soil crushed with a hummer and sieved. Soil samples were first
treated with method C before being homogenised with either method
A or B. Figure S3: Susceptibility of peas (Pisum sativum), lentil (Lens
culinaris) and fodder vetch (Vicia villosa) to Aphanomyces euteiches
strain SE51. (a) Peas: non-inoculated plants, (b) peas: inoculated plants,
(c) lentil: non-inoculated plants, (d) lentil: inoculated plants, (e) fod-
der vetch: non-inoculated plants, (f) fodder vetch: inoculated plants.
Figure S4: Susceptibility of red clover (Trifolium pratense) and birds-
foot trefoil (Lotus corniculatus) to Aphanomyces euteiches strain SE51.
(2) Red clover: non-inoculated plants, (b) red clover: inoculated plants,
(c) birdsfoot trefoil: non-inoculated plants, (d) birdsfoot trefoil: inoc-
ulated plants. Table S1: Location, history of Aphanomyces root rot
(ARR) and chemical properties of soil samples collected in Sweden in
2022. Table S2: Legume species studied in bioassay 2 for susceptibility
against Aphanomyces euteiches.
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