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Ottawa Research and Development Centre, Agriculture and Agri-Food Canada, Ottawa, Ontario K1A 0C6, Canada; G. Marchand, Harrow
Research and Development Centre, Agriculture and Agri-Food Canada, Harrow, Ontario N0R 1G0, Canada; and R. R. Bélanger,† Département de
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Abstract

Phytophthora root rot, caused by Phytophthora sojae, is one of the most
damaging diseases of soybean and the introgression of Rps (Resistance to
P. sojae) genes into elite soybean lines is arguably the best way to manage
this disease. Current bioassays to phenotype the gene-for-gene relationship
are hampered with respect to reproducibility and long-term stability of
isolates, and do not accurately predict horizontal resistance individu-
ally. The aim of our study was to investigate a new way of phenotyping
P. sojae isolates and vertical and horizontal resistance in soybean that re-
lies on zoospores inoculated directly into a hydroponic system. Inocula-
tion of P. sojae isolates against a set of eight differentials accurately and

reproducibly identified pathotypes over a period of two years. When ap-
plied to test vertical resistance of soybean lines with known and unknown
Rps genes, the bioassay relied on plant dry weight to correctly identify all
genes. In addition, simultaneous inoculations of threeP. sojae isolates, col-
lectively carrying eight major virulence factors against 64 soybean lines
with known and unknown levels of horizontal resistance, separated the
plants into five distinct groups of root rot, allowing the discrimination of
lines with various degrees of partial resistance. Based on those results, this
bioassay offers several advantages in facilitating efforts in breeding soy-
bean for P. sojae resistance and in identifying virulence factors in P. sojae.

As a result of its intensified production, soybean has become the
target of many pathogens and pests affecting yield. Among them,
Phytophthora root rot (PRR) caused by the oomycete Phytophthora
sojaeM. J. Kaufmann & J. W. Gerdemann is one of the most impor-
tant and widespread pathogens leading to annual losses estimated at
well over one billion dollars worldwide (Tyler 2007). This pathogen
is particularly devastating because it can attack plants at all stages
of development causing pre- and postemergence damping-off, leaf
chlorosis or wilting, and root rot often leading to death of seedlings
and mature plants (Schmitthenner 2000).
Since its emergence and first identification in the 1950s (Schmitthenner

1985), the occurrence of PRR is now reported in all soybean-producing
regions. Many efforts have been undertaken to manage the expansion
of the disease. Among the different strategies proposed for this purpose
over the years, including modification of cultural practices (Workneh
et al. 1998; Schmitthenner 1985; Zhang and Xue 2010), use of chemicals
(Guy et al. 1989), inorganic elements (Sugimoto et al. 2005; Sugimoto
et al. 2009; Guérin et al. 2014), or biological control (Osburn et al.
1995; Hsu and Lockwood 1984; Xiao et al. 2002), one of the most effi-
cient and reliable ways to prevent PRR remains through genetic resis-
tance. Two main types of resistance have been described in soybean:
horizontal and vertical resistance (Sugimoto et al. 2012). Horizontal, or
partial resistance is quantitatively inherited and conditioned by quantita-
tive trait loci (QTLs). The exact number of genes involved and their in-
teraction are not yet known, and effective QTLs can vary from one
study to the next (Schneider et al. 2016). Plants with partial resistance
are reported to have broad-spectrum resistance, and so are less colonized
or affected, regardless of which P. sojae pathotypes are present in the
field. Vertical, or total, resistance leads to complete protection against spe-
cific pathotypes of P. sojae owing to the presence of single resistance

genes called “resistance to Phytophthora sojae” (Rps) genes, which were
first reported in 1957 (Bernard et al. 1957). Currently, 28 such genes have
been characterized from Rps1 to Rps12 and their different alleles,
and others such as RpsYu25, RpsYD25, RpsWaseshiroge, RpsYD29,
RpsUN1, RpsYB30, RpsZS18, RpsSN10, RpsUN2, and RpsJS have
recently been reported (Sahoo et al. 2017). Additional forms of resis-
tance can be encountered in soybean including root resistance in the
specific case of Rps2, which is reported to confer incomplete resistance
(Mideros et al. 2007).
Currently, the use of Rps genes is still a commonly exploited

method for the management of PRR through their introgression into
soybean cultivars. A single Rps gene, Rps1a, was first widely and
successfully deployed in commercial cultivars, but this approach finally
led to genetically uniform crops in terms of resistance (Dorrance 2013;
Sugimoto et al. 2012). As a result, the high selection pressure exerted on
P. sojae contributed to the emergence of new pathotypes able to adapt
and overcome this Rps gene within 8 to 15 years (Schmitthenner et al.
1994). Thus, among all reported Rps genes, Rps1a, 1c, 1k, 3a, 6, and
7 have successively been introgressed in commercial lines (Abeysekara
et al. 2016; Anderson andBuzzell 1992). This process based on a “boom
and bust cycle” is still ongoing, leading to an arms race between
breeders, on the one hand, and P. sojae on the other (McDonald and
Linde 2002). In this context, breeders need an effective, fast, and reliable
way to identify resistance genes and the corresponding phenotypes in or-
der to guide their choice of resistant cultivars carrying the Rps genes as-
sociated to the specific virulence factors of P. sojae present in a given
area of production.
Isolates of P. sojae collected in the field have been originally de-

fined as a race with corresponding pathotypes based on the virulence
reactions that each isolate had on the isolines of a set of host differ-
entials carrying a unique and specific resistance gene (Dorrance et al.
2004). However, 55 races had been inventoried by the mid-2000s, so
this “race nomenclature” was abandoned owing to the increasing
number and complexity of isolates and the “pathotype nomenclature”
adopted (Dorrance 2013). Phytophthora sojae isolates are now char-
acterized by their pathotypes, i.e., virulence factors, referring to the
compatible interactions obtained after inoculation of the differentials.
In order to properly assess the pathotypes of a given isolate, several

phenotyping methods have been developed and proposed (Haas and
Buzzell 1976; Kilen and Keeling 1977; Morrison and Thorne 1978;
Pazdernik et al. 1997; Wagner and Wilkinson 1992; Ward et al. 1979).
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Over the years, the hypocotyl inoculation test has become the standard
reference test, because of its ease of use (Dorrance et al. 2008). Briefly,
stems of plantlets from the set of differentials arewounded and inoculated
with a mycelial slurry of an isolate of P. sojae. If a spreading dark lesion
forms following inoculation on a differential carrying a specificRps gene,
then the corresponding virulence factor is associated with the isolate.
Conversely, it is possible to determine if a soybean cultivar carries a spe-
cificRps gene by inoculating it with an isolate carrying the corresponding
virulence factor.More recently, Jiang et al. (2017) proposed an improved
assay that involves mixing the mycelium slurry into the soil, thereby
eliminating the need to wound the plantlets, although inconsistencies
were observed in avr-Rps gene interactions.
As convenient as the hypocotyl inoculation method is, it has lim-

itations that have often frustrated breeders and plant pathologists
following the identification of false positives or negatives. For in-
stance, the inoculation method bypasses the root system and the nat-
ural infection process by zoospores. This can prevent the observation
of partial or of root resistance controlled by Rps2, for instance. In an
exhaustive analysis of P. sojae isolates found in Ohio, Schmitthenner
et al. (1994) reported frequent changes in the virulence patterns of
isolates with the hypocotyl test following retesting or long-term
storage.
When testing for partial or horizontal resistance in soybean culti-

vars, additional phenotyping methods are required to establish the
complete resistance pattern of a cultivar. Some researchers favor field
tests (McBlain et al. 1991), but a more common method remains the
inoculum layer test conducted in a greenhouse (Dorrance et al. 2008)
because more parameters can be controlled. However, fields tests are
highly variable and difficult to reproduce with the same conditions,
and the layer test is a cumbersome procedure because it is necessary
to first proceed with a hypocotyl inoculation test to ensure a compat-
ible interaction should be used that will not hide the response with
any Rps gene (Stewart and Robertson 2012).
In a recent study of the prophylactic role of silicon against P. sojae,

Guérin et al. (2014) proposed the use of a hydroponic bioassay to in-
fect soybean plants. While their study did not look at the gene-for-
gene interaction between soybean and P. sojae, the proposed assay
had the distinct advantage of relying on zoospores for inoculation
of the root system. Conceptually, it could thus overcome the limita-
tions associated with the hypocotyl assay or other assays relying on
mycelium slurry, and could further provide more versatility by iden-
tifying both complete and partial resistance in soybean cultivars. In
this context, the specific objectives of this study were to evaluate the
reliability of a hydroponic bioassay in (i) identifying P. sojae patho-
types used to challenge a set of soybean differentials; (ii) identifying
Rps genes in soybean cultivars following inoculation with different
pathotypes; (iii) identifying the same interactions between isolates
and cultivars over repeated subcultures; and (iv) discriminating soy-
bean cultivars for partial resistance following inoculation with a com-
plex of P. sojae isolates. In addition, attempts were made to assess the
reliability of the assay through a simplified approach using miniature
hydroponic systems (Supplementary Fig. S2).

Materials and Methods
Hydroponic conditions. For all experiments in the recirculating

hydroponic systems, soybean seeds were germinated in Petri dishes
on moistened filter paper in darkness at room temperature. After five
days, when radicles and hypocotyls were well developed, seedlings
were transferred to plastic pots filled with rockwool (Hydroculture
Guy Dionne Inc., Quebec) in a hydroponic system in the greenhouse.
Briefly, each unit included a magnetic drive pump (950 liters/h), a
60-liter tank, and two plastic troughs (Supplementary Fig. S1). Roots
were immersed with the nutrient solution through a dripping system
for 30 min every hour. The nutrient solution used was modified from
Arsenault-Labrecque et al. (2012) where salts were separated into
three different solutions: macronutrients (KNO3, KCl, CaCl2,
K2HPO4, MgSO4·7H2O, MgCl2·6H2O) were prepared as a 30×
solution; micronutrients (H3BO3, MnSO4·H2O, CuSO4·5H2O,
ZnSO4·7H2O,NaMoO4·2H2O, Co(NO3)2·6H2O) as a 5,000× solution;
and FeNa-EDTA (13.2%) was separately prepared as a 3,000× solution.

A 50-liter solution containing 2 liters of macronutrients, 12 ml of
micronutrients, and 19.8 ml of Fe-EDTA, and adjusted to pH 6.5, was
added to 60-liter black polystyrene tanks (Hydroculture Guy Dionne
Inc., Montréal, Quebec) so that a complete solution was distributed to
growing plants. All experiments were conducted in a greenhouse with
controlled parameters: temperature maintained at 20 to 25°C, 70% rel-
ative humidity, and a 14-h photoperiod.
Zoospore inoculation. Zoospore production was based on the

methods of Eye et al. (1978) and Guérin et al. (2014) with some mod-
ifications. Ten plates of V8 (20%)-phytagel culture [200 ml clarified
V8, 4 g phytagel (Sigma-Aldrich, Saint Louis, MO), and 800 ml dis-
tilled water] were used per isolate of P. sojae. Sixty mycelial plugs
(9 mm diameter) from six-day-old cultures were immersed in a Petri
dish (150 × 150 mm) in 60 ml of sterile tap water added to 15 ml of
sterile Agromix soil extract (Fafard, Saint Bonaventure, Québec). Five
plates of that mixture were sealed with Parafilm and gently shaken on
an orbital shaker at room temperature for 18 h. Zoospores were ob-
served with a microscope, and swimming and encysted zoospores
were counted using the method of Ko et al. (1973). A 1-ml drop was
placed on a glass slide, and observed under a 100× microscopic
field. Ten observations were used to determine the zoospore con-
centration in suspension, and cultures ranging between 103 to 104

zoospores/ml were used for inoculation. Five plates of mycelial
plugs provided ~350 ml of zoospore suspension that were collected
in a 500-ml bottle and added directly to the nutrient solution in 60-
liter tanks. The spore suspension or an equal volume of water for con-
trol plants was added to the tanks 7 days after transfer of seedlings to
the hydroponic system.
Phytophthora sojae isolates. All P. sojae isolates used in this

study were obtained from the bank collected and maintained by A.
Xue at AAFC, Ottawa, and were selected on the basis of their pre-
dominance in Ontario fields and their potential virulence patterns
against the most common Rps genes used in commercial lines. These
isolates were originally characterized by the hypocotyl inoculation
test on a panel of soybean differentials. They were maintained on
V8 phytagel. Isolates used in this study and their corresponding path-
otypes are presented in Table 1.
Identification of P. sojae pathotypes. In order to determine if the

hydroponic bioassay was reliable for the identification of pathotypes
in P. sojae isolates, a set of eight common soybean differentials was
used. All of these were isolines with a ‘Williams’ or ‘Harosoy’ genetic
background. The list of differentials and their respective Rps genes are
presented in Table 2. For inoculation, P. sojae isolates Ont-7-1 and
Ont-42-1 were used (Table 2). In addition, the differentials were tested
against a mixture of all three isolates to assess if the inoculation led to
infection in all possible compatible interactions.
Stability over repeated subcultures. In order to assess if the vir-

ulence patterns of isolates Ont-7-1 and Ont-42-1 changed in the hy-
droponic assay following long-term storage and repeated testing,
Williams and Haro15 (Rps1k) were routinely tested over the course
of two years with cultures collected from a long-term storage tube
maintained at room temperature. The interactions were tested with
four plants for each soybean line in the same hydroponic conditions
as described above. Tests were conducted five times (winter and
summer 2015, winter and summer 2016 and winter 2017) over a pe-
riod of two years, and the interactions were scored as resistant or
susceptible.

Table 1. List and characteristics of Phytophthora sojae isolates used in this
study

Isolate DAOMa Pathotype (vir factors) Origin

Ont-7-1 243215 1a, 1c, 1d, 7 Vars (Ontario, 2012)
Ont-42-1 243223 1a, 1b, 1c, (1d)b, 1k, 7 Tilbury (Ontario, 2012)
Amand-1 238913 1a, 3a, 6, 7 Harrow (Ontario, 2007)

a Department of Agriculture, Ottawa, Mycology (DAOM); numbers under
which these isolates have been deposited in the Canadian Collection of Fun-
gal Cultures.

b Ont-42-1 was originally classified as missing the virulence factor 1d.
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Identification ofRps genes in commercial soybean lines. For the
identification of Rps genes conditioning vertical resistance, seeds from
10 soybean lines were graciously provided by Prograin Semences Inc.
(Saint Césaire, Québec). Each line was only identified by a number
(1 to 10) with no information with respect to genetic background or
presence of Rps genes at the time of testing other than the fact that they
only contained Rps genes associated with the pathotypes of the isolates
tested. Each line was tested against three isolates of P. sojae, (Ont-7-1,
Ont-42-1, and Amand-1) and the experiment was repeated. For control
purposes, plants from Williams with no known vertical resistance to
P. sojae as well as plants from Haro15 carrying Rps1k were used. At
the end of the experiments, interactions were scored andRps genes pre-
dicted as described below and compared with Rps genes background
revealed by the company.
Identification of partial (horizontal resistance) in soybean lines.

Given the difficulties and often the need to run two or more bioassays
to identify horizontal resistance to P. sojae in soybean lines, the hydro-
ponic assay was used to test a number of soybean lines with different
or unknown properties in terms of partial resistance. These included:
‘PI449459’, reported as partially resistant (Jia and Kurle 2008); ‘L49-
4091’ (Rps2), which develops an intermediate response with the hy-
pocotyl wounding test (Mideros et al. 2007); ‘Misty’, known for its
susceptibility; ‘Jack’, reported to be partially resistant; ‘Conrad’, report-
ed for its high partial resistance (Sugimoto et al. 2012); and 59 lines
(L1-L59) provided by Prograin Semences Inc., la Coop Fédérée and
Syngenta Canadawith unknown levels of partial resistance. Inoculations
were made with a mixture of P. sojae isolates Ont-7-1, Ont-42-1, and
Amand-1,which overcome all eight commonRps genes. For control pur-
poses, Haro15 (Rps1k) and Williams (no known resistance) were used.
Data analysis and phenotyping. For each experiment, the proto-

col included four 314 × 14 cm plastic troughs (Hydroculture Guy
Dionne Inc., Québec) supplied by two 60-liter containers, with each
trough containing 20 plants. For each soybean line tested, four plants
per treatment per repetition were used. The cultivars were random-
ized in each trough of each system. The root system and aerial portion
of each plant were photographed one week after inoculation, and
weekly thereafter until the end of the experiment (21 days post inoc-
ulation (dpi)). Plants were dried at 50°C for 24 h and weighed. Dis-
ease was scored based on the average dry weight of plants. Means
and standard errors were calculated from four separate plants. Statis-
tical analyses were performed with JMP12 software comparing each
inoculated cultivar with controls by performing Dunnett’s test
(P < 0.05).
Hydroponic assays in miniature systems. Because the recircu-

lating system is demanding in terms of space, costs, and human
resources, the hydroponic assays were transferred into plastic con-
tainers to determine if it could be scaled down with reproducible re-
sults. For this purpose, 10-liter containers (Rubbermaid, Atlanta,
GA) were fitted with a 4-cm thick styrofoam sheet (Dow Styrofoam,
Home Depot) in which 30 5-cm holes were drilled to support 5-cm
hydroponic baskets (Hydroculture Guy Dionne, Québec) (Supple-
mentary Figure S2). Soybean seeds of the eight soybean differentials
(Table 2) were sown in sterile vermiculite in a tray kept at room tem-
perature and darkness for three days. Trays were removed from dark-
ness to light two days before transfer to the hydroponic solution.
Five-day-old seedlings were transferred to rockwool (Gro-Wool

absorbent granulate, Grodan, Kingsville, ON, Canada) in each of the
30 small baskets fitted into the styrofoam sheet. The 10-liter nutrient
solution was prepared with 1.3 g 20-20-20 fertilizer (Plant Prod),
1.5 g Epsom salt (MgSO4·7H2O) and 3 ml FeNa-EDTA 3000X.
For inoculation, isolate Ont-42-1 was used for comparative purposes
with the experiments in recirculating solutions. The inoculum (1 × 103

zoospores/ml) was prepared as described previously using sixty myce-
lial plugs from one plate of six-day-old cultures. A 50-ml zoospore
suspension was added directly into the nutrient solution. Phenotypic
responses of resistance or susceptibility were recorded at 14 dpi. In
each experiment, three plants per differential were tested and the ex-
periment was repeated. Williams was used as a control.
In parallel, the miniature system was tested for the detection of hori-

zontal resistancewithHarosoy andMisty, PI449459 as a reported source
of horizontal resistance, and ‘QS5091.50J’, an early maturity cultivar
provided by Dr. L. O’Donoughue from CEROM (Beloeil, Quebec),
as an unknown. Plants were grown as described above and inoculated
with a mixture of the three isolates Ont-7-1, Ont-42-1, and Amand-1
to nullify the expression of vertical resistance and phenotypes for hori-
zontal resistance were quantified as dry weight at 21 dpi.

Results
Identification of P. sojae pathotypes. As early as 7 dpi, roots of

control plants cv Williams presented the first symptoms of infection
with necrotic lesions on secondary roots. These symptoms pro-
gressed over the course of the experiments on plants of cv Williams
and of other compatible (susceptible) lines. More specifically, sus-
ceptible cultivars displayed a wide range of symptoms such as brown
discoloration of the main root, black crowns, reduced root systems
and even death of plants, even though the hydroponic solution tended
to delay mortality in spite of a heavily infected root system (Fig. 1A
and C). By contrast, in the case of incompatible (resistant) interac-
tions, roots were free of obvious symptoms and similar to roots of
noninoculated control plants (Fig. 1A and C). The simultaneous pres-
ence of incompatible and compatible interactions in the same system
confirmed the discriminating potential of the hydroponic bioassay
and thereby eliminated the possibility of false positives or negatives.
Based on these phenotypic observations, pathotypes of the two iso-
lates were easily determined. Moreover, dry weights of aerial part
were recorded and confirmed the visual observations. Susceptible
plants were consistently significantly lighter than the controls,
while resistant plants had either similar or, in some cases, higher
weights than the controls (Fig. 1B and D). In all cases, plant dry
weights corroborated the visual observations in terms of defining
compatible and incompatible interactions. Of interest, both interac-
tions with Rps1d resulted in an expected necrotic root system that
was not always associated with symptoms on aerial parts of the
plants (Fig. 1A and C).
Interestingly, when the differentials were inoculated with a mix-

ture of all three isolates, all plants developed a compatible interac-
tion, thus confirming that simultaneous inoculations with several
isolates could lead to expression of all virulence factors (data not
shown).
Identification of Rps genes in commercial soybean lines. As

with the differentials, the 10 commercial soybean lines were ob-
served throughout the experiments for symptoms of infection and
dry weights recorded at the end. Different interactions were evident
based on average dry weights (Fig. 2), which allowed conclusions to
be drawn about the specific absence/presence of Rps genes. Firstly,
cvs 1, 8, 9 and 10 were only susceptible to isolate Amand-1, while
cvs 6 and 7 were only resistant to the same isolate. For their part,
cvs 3 and 5 showed a compatible interaction only with isolate Ont-
42-1. Finally, two extreme profiles were noted with cvs 2 and 4, with
the former being susceptible to all three isolates, and the latter resis-
tant to all three. Based on dry weight data, we were able to propose a
compatibility table (resistant or susceptible) for all cultivars against
all pathotypes tested, and to predict which Rps genes each cultivar
carries (Table 3). Interestingly, in most cases, plants of an incompat-
ible interaction had a higher dry weight than control plants, which fa-
cilitated their classification (Fig. 2).

Table 2. Soybean differentials used for phenotyping assay against isolates of
Phytophthora sojae

Rps Cultivar Background Source of Rps gene

Rps1a L75-6141 Williams Union
Rps1b L77-1863 Williams Harrell
Rps1c L75-3735 Williams Lee68
Rps1d, Rps7 Haro1672 Harosoy PI103091 (1d), Harosoy (7)
Rps1k Haro15 Harosoy Kingwa
Rps3a L83-570 Williams PI86972-1
Rps6 L89-1581 Williams Altona
Rps7 L93-3258 Williams Harosoy
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Stability over repeated subcultures. Owing to the fact that P.
sojae isolates will often present different virulence patterns following
retesting and storage with the hypocotyl assay, we repeated experi-
ments over two years following multiple subcultures of two isolates
to observe if virulence patterns changed in hydroponics. Over the
two-year period where the experiments were repeated five times,
plants of Williams (rps) presented a susceptible reaction regardless
of the isolate used, while those of Haro15 (Rps1k) presented an
expected resistant reaction with isolate Ont-7-1 and a susceptible
one with isolate Ont-42-1. Figure 3 presents the typical phenotypes
obtained after the first and last experiments. Interestingly, in spite
of having heavily infected root systems, Williams plants consistently
had fewer symptoms on aerial parts than the other compatible inter-
actions tested when inoculated with Ont-7-1 (Fig. 3).
Identification of partial (horizontal) resistance in soybean lines.

Soybean cultivars of different backgrounds, from different sources and

with known or unknown levels of horizontal resistance, were assayed
in the recirculating system for the purpose of determining if the assay
could discriminate phenotypes of partial resistance. In order tomake sure
that cases of vertical resistance did not bias the results, the hydroponic
solutions were inoculated with a mixture of three isolates combining
all pathotypes of possible Rps genes present in the material tested.
Among the 59 lines tested, five classes, ranging from high partial resis-
tance (class 1) to no partial resistance (class 5), could be discriminated
(Fig. 4). Among them, seven displayed a very high level of resistance
(class 1), while nearly half of them (42%) were found to have limited
levels of horizontal resistance and ranked in classes 4 and 5 (Table 4).
Among control cultivars used in this study, L49-4091 (Rps2) andMisty,
with no known resistance, were promptly killed by the mixture of
P. sojae and ranked in class 5. On the other hand, PI449459 and Jack
showed an expected strong level of resistance. For its part, Conrad only
showed an intermediate level of partial resistance (Table 4).

Fig. 1. Phenotypic responses and plant dry weight of eight common soybean differentials, L75-6141 » (Rps1a), L77-1863 (Rps1b), L75-3735 (Rps1c), Haro1672 (Rps1d, Rps7),
Haro15 (Rps1k), L83-570 (Rps3a), L89-1581 (Rps6), and L93-3258 (Rps7), and Williams (rps) inoculated in a recirculating hydroponic system with zoospores of Phytophthora
sojae; A and B, isolate Ont-7-1 (vir 1a, 1c, 1d, 7); and C and D, isolate Ont-42-1 (vir 1a, 1b, 1c, 1d, 1k, 7). In B and D, bars represent standard errors from the mean (n = 8).
Interactions are considered compatible when values, indicated with an asterisk (*), are significantly smaller than the control according to Dunnett test (P < 0.05).
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Hydroponic assays in miniature systems. When plants were in-
oculated in a hydroponic solution in containers rather than in a recir-
culating solution, disease symptoms could be observed on the roots
as early as 5 dpi, and disease progression occurred more quickly than
in the recirculating systems. Typical symptoms of P. sojae infection
were observed both on roots and aerial parts and many plants died

between 7 and 14 dpi (Fig. 5A). Phenotypic responses obtained for
the eight differentials and Williams were in line with the expected
compatible or incompatible interaction with isolate Ont-42-1 (1a,
1b, 1c, 1d, 1k, 7) (Fig. 5B), thus indicating that the smaller hydro-
ponic system was as reliable as the recirculating system for studying
the interaction between P. sojae and soybean.

Fig. 2. Average dry weight of plants of 10 soybean commercial lines inoculated in a recirculating hydroponic system with zoospores of three isolates of Phytophthora sojae. Bars
represent standard errors from the mean (n = 8). Interactions are considered compatible when values, indicated with an asterisk (*), are significantly smaller than the control
according to Dunnett test (P < 0.05).
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When the miniature system was used for the detection of horizon-
tal resistance with four different soybean lines, root symptoms and
plant development showed discriminating patterns at 21 dpi (Fig.
6). For instance, plants of PI449459 displayed a sizeable difference
in size when compared with the susceptible lines Harosoy and Misty.
For its part, QS5091.50J did not show a good level of resistance, even
though its aerial parts were not as affected as those of Harosoy and
Misty. In terms of dry weight, PI449459 averaged 0.95 g compared
with 0.35, 0.37, and 0.47 g for Harosoy, Misty, and QS5091.50J,
respectively.

Discussion
In this study, we report on a hydroponic bioassay that offers accurate

and reproducible phenotyping of Phytophthora sojae pathotypes, and
both vertical and horizontal resistance in soybean lines by overcoming

many of the limitations encountered in other assays. The basic premise
of the advantage of this bioassay is based on the fact that it reproduces
the natural course of infection of P. sojae, since zoospores are allowed
to infect roots immersed in water. As such, P. sojae can properly ex-
press its virulence/avirulence factors, and soybean its resistance genes,
whether they are major Rps genes or QTLs involved in partial resis-
tance. It thus provides a new tool for breeders and scientists working
to develop or breed soybean lines that are better adapted to resist the
multiple pathotypes reported in P. sojae isolates.
As a first validation, our results have clearly shown that the pheno-

typic responses of the eight differentials tested were in concordance
with the pathotypes of the two isolates tested. The dry weight measure
was a reliable quantitative variable to discriminate between the resis-
tant and susceptible phenotypes, while a qualitative observation of
the plants, and in particular the roots, was an equally reliable indication

Fig. 3. Phenotypic responses of cvs Williams and Haro15 (Rps1k) inoculated in a recirculating hydroponic system in A, winter 2015, and B, winter 2017 with zoospores of the same
two isolates of Phytophthora sojae, Ont-7-1 (vir 1a, 1c, 1d, 7); and Ont-42-1 (vir 1a, 1b, 1c, 1d, 1k, 7) following repeated subcultures of the isolates between the experiments.

Table 3. Comparison between phenotypic response obtained and expected following inoculation in a recirculating hydroponic system with zoospores from three
isolates of Phytophthora sojae on 10 soybean lines carrying different Rps genes

Soybean
line

Isolate Ont-42-1; pathotype (vir
factors) 1a, 1b, 1c, 1d, 1k, 7

Isolate Ont-7-1; pathotype
(vir factors) 1a, 1c, 1d, 7

Isolate Amand-1; pathotype
(vir factors) 1a, 3a, 6, 7

Possible genotypes
Confirmed
genotypePhenotypic response obtained / Phenotypic response expected

Cv1 R/R R/R S/S Rps3a, Rps6 Rps6
Cv2 S/S S/S S/S Rps1a, rps Rps1a
Cv3 S/S R/R R/R Rps1b, Rps1k Rps1k
Cv4 R/R R/R R/R Rps1c + 3a, Rps1d + 3a Rps1c + 3a
Cv5 S/S R/R R/R Rps1b, Rps1k Rps1k
Cv6 S/S S/S R/R Rps1c, Rps1d Rps1c
Cv7 S/S S/S R/R Rps1c, Rps1d Rps1c
Cv8 R/R R/R S/S Rps3a, Rps6 Rps6
Cv9 R/R R/R S/S Rps3a, Rps6 Rps3a
Cv10 R/R R/R S/S Rps3a, Rps6 Rps6
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of the response. Admittedly, setting up the recirculating system ismore
cumbersome than the hypocotyl assay, but the bioassays used as few as
four plants per treatment and did not result in the type of intermediate
responses that often plague the hypocotyl assay (Jackson et al. 2004;
Xue et al. 2015). However, the responses observed for both isolates
with Rps1d yielded phenotypes that suggest either a lesser virulence
or an imperfect gene for gene interaction given the contrast between
the symptoms observed on roots versus aerial parts. In fact, isolate
Ont-42-1 was originally phenotyped as avirulent against Rps1d, only
to be reclassified with virulence factor 1dwhen retested (G.Marchand,
unpublished). Our own data support the latter classification. In the fu-
ture, it would be interesting to expand the comparisons between the
two approaches to determine what or if Rps genes are seeminglymore
or less expressed in one assay or the other, and how it actually relates
to a more accurate phenotype based on the presence/absence of the
gene.
Accurate evaluation of the presence/expression of a given Rps

gene in a soybean line is of primary importance for breeders, farmers,
and seed companies in their efforts to minimize losses to P. sojae. For
this reason, we wanted to determine if the hydroponic assay was just
as reliable in identifying Rps genes as pathotypes. In collaboration
with the seed company Prograin Semences Inc., we set up a blind
testing of 10 soybean lines that contained different Rps genes. These
experiments revealed several interesting features of the bioassay. As
a first observation, the 40 interactions tested (10 lines × four treat-
ments) and scored on the basis of plant dry weight yielded contrast-
ing responses that allowed an unequivocal classification of a resistant
or susceptible phenotype, whether or not it matched the Rps gene pre-
dicted to be present in the tested lines. As it turned out, the bioassay
accurately predicted all Rps genes present in the lines, as confirmed
by Prograin, even in the case of gene pyramiding (cv4) that offered
protection against all isolates. The bioassay could thus validate or
predict accurately how soybean lines should respond to the presence
of P. sojae isolates with known virulence factors in a given area. An
interesting component of the bioassay was the observation that most
incompatible interactions actually exceeded the controls in terms of

dry weight. In a way, this provided an easy way to classify the inter-
actions, but our efforts to explain this phenomenon remain speculative.
We have been unable to find in the literature or elsewhere reports to the
effect that interaction of soybean with avirulent isolates of P. sojae
would stimulate growth of the plants. On the other hand, cases of plant
growth promoting fungi (PGPF) and PGPR are well described (Bent
2006) and one can hypothesize that “non-pathogenic” P. sojae releases
factors promoting soybean growth. An easier explanation may be that,
during the course of the bioassays, compatible interactions result in
dead or dying plants, thus leavingmore nutrients for the resistant plants
in the recirculating systems.
The hypocotyl assay is often criticized for its lack of reproducibility

over time (Jiang et al. 2017; Schmitthenner et al. 1994). This phenom-
enon, if somewhat preventable through storage of isolates in liquid
nitrogen (Tooley 1988), remains puzzling. Genetic drift/instability, epi-
genetic modifications, isolate mixtures, and/or polyploidy have all
been proposed to explain the different expression of pathotypes ob-
tained over time (Dorrance 2013). In an attempt to determine if the
hydroponic bioassay was equally subjected to this variability, two
isolates kept at room temperature were phenotyped five times over
a period of two years. Interestingly, we never observed a change in
the virulence pattern of the isolates over the tested periods. In a pre-
vious study Schmitthenner et al. (1994) observed a level of variation
within races over time that they attributed to race variability from suc-
cessive cultures, or race mixtures from diseased tissues. However, in-
oculation procedures all relied on the hypocotyl assay with mycelium
slurry and some isolates were more prone than others to display dif-
ferent virulence patterns. From our observations, albeit limited to two
isolates, it appears that the generation of fresh zoospores for each in-
oculation maintains the virulence pattern of the isolates. If it is indeed
the case, and more isolates should be tested to ascertain this possibility,
this would resolve a major issue with phenotyping of bothP. sojae iso-
lates and soybean Rps genes that has hampered studies of the P. sojae-
soybean interaction.
In the context of the rapid evolution of pathotypes in P. sojae, it is

well known that the reliability of Rps genes in soybean is temporary

Fig. 4. Spectrum of root symptoms divided into five distinct classes following inoculation of 64 soybean lines evaluated for horizontal resistance in a recirculating hydroponic system
inoculated with zoospores of three isolates of Phytophthora sojae carrying all possible pathotypes against Rps genes present in tested lines. In 2, black arrow indicates necrotic
lesions on secondary roots; and in 3, black arrow indicates necrosis of main root.

Table 4.Classification into five distinct classes based on extent of root symptoms of 64 soybean lines evaluated for horizontal resistance following inoculation in a
recirculating hydroponic system with zoospores of three isolates of Phytophthora sojae carrying all possible pathotypes against Rps genes present in tested lines.
See Fig. 4 for representative phenotype of each class.

Degree of partial
resistance and
symptoms (class)

Very high. No to
limited root symptoms

(1)
High. Browning of
secondary roots (2)

Moderate. Browning of
secondary and main

roots (3)

Low. Advanced
browning and necrosis

(4)

Very low. Mortality
and advanced necrosis

(5)

Cultivar L3 ; L17 ; L20 ; L26 ;
L27 ; L36; L48;

L6 ; L11 ; L13 ; L19 ;
L21; L31; L35; L51;
L52; L58; PI449459 ;
Jack

L5 ; L7 ; L16 ; L18; L24;
L29; L30; L32; L39;
L40; L41; L44; L47;
L50; L54; L55; L57;
Conrad

L2 ; L10 ; L22; L33;
L37; L38; L42; L43;
L45; L53; L56;

L1 ; L4 ; L8 ; L9 ; L12 ;
L14 ; L15 ; L23; L25;
L28; L34; L46; L49;
L59; L49-4091 (Rps2);
Misty
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Fig. 6. Phenotypic responses of 21-day-old soybean plants cvs. Misty, Harosoy, QS5091.50J, and PI449459 inoculated in a miniature hydroponic system with zoospores of
Phytophthora sojae isolates Ont-42-1, Ont-7-1, and Amand-1 showing an expected stronger resistance and development of PI449459 plants.

Fig. 5. A, Development of 14-day-old soybean plants and B, phenotypic responses of eight common soybean differentials, L75-6141 (Rps1a), L77-1863 (Rps1b), L75-3735
(Rps1c), Haro1672 (Rps1d, Rps7), Haro15 (Rps1k), L83-570 (Rps3a), L89-1581 (Rps6) and L93-3258 (Rps7), and Williams (rps) inoculated in a miniature hydroponic
system with zoospores of Phytophthora sojae isolate Ont-42-1 (vir 1a, 1b, 1c, 1d, 1k, 7).
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(Dorrance 2013; Xue et al. 2015). For this reason, horizontal resistance
is a component of a desirable strategy to supplement Rps genes on
the basis that it is theoretically effective against all isolates (Sugimoto
et al. 2012). On the other hand, exploitation of horizontal resistance
and discovery of suitable QTLs have been hindered by the lack of a re-
producible assay for phenotyping purposes. Given that the hypocotyl
inoculation method can basically only reveal vertical resistance, pheno-
typing for horizontal resistance must rely on additional assays, often
consider several variables (Schneider et al. 2016), and somehow elim-
inate the expression of vertical resistance. This usually entails trying to
test with P. sojae isolates containing as many pathotypes as possible
(Schneider et al. 2016) or trying to combine pathotypes of several iso-
lates in a mycelium slurry (Jiang et al. 2017; Matthiesen et al. 2016;
Stewart and Robertson 2012). As demonstrated in this study, the hydro-
ponic assay offers the versatility to overcome those limitations. For in-
stance, a major advantage resides in the possibility to inoculate soybean
plants with zoospores from several isolates simultaneously as a way to
cover all Rps genes that could be present in the tested material. This
way, one can ensure that all forms of expressed resistance are indeed
attributable to partial (horizontal) resistance.
Based on our observations, the inoculations led to a fairly wide

spectrum of responses that certainly indicates that different levels
of horizontal resistance are present within the soybean germplasm
that was evaluated. Furthermore, our results tend to indicate that
the respective responses obtained with the cultivars tested are in line
with their known or expected level of horizontal resistance. For in-
stance, Misty with no known resistance was ranked in the lowest
group and its root system was heavily degraded. Interestingly,
L49-4091 carrying the elusive Rps2 was also ranked in the lowest
group a result contradicting somewhat its statute as a root resistance
gene providing incomplete resistance (Mideros et al. 2007). On the
other hand, Jack, often reported to have a good level of resistance
(Mideros et al. 2007; Guérin et al. 2014), and PI449459, reported
to display strong horizontal resistance (Jia and Kurle 2008), did tol-
erate very well the presence of P. sojae and ranked in the second-best
group. Among the other lines tested, some displayed near complete
levels of resistance and should represent an excellent source of partial
resistance for breeding purposes. Surprisingly, Conrad, a staple ref-
erence for horizontal resistance (Sugimoto et al. 2012), only fared
moderately in the bioassay. Given that several other lines showed
better levels of resistance, and the fairly accurate ranking of specific
cultivars based on their expected response, we conclude that this bio-
assay can uncover new sources of horizontal resistance.
While the hydroponic bioassay in recirculating systems proved ex-

tremely reliable for the purpose of studying the P. sojae-soybean in-
teraction, its requirements in terms of greenhouse facilities, materials
for recirculating systems, costs, and human resources are a limiting
factor for routine applications and small-scale experiments. For this
reason, we wanted to investigate the possibility of maintaining the
basic principles conferring its efficiency, and reducing its complex-
ity. Our results have shown that by growing plants in a small plastic
tank containing a hydroponic solution inoculated with zoospores of
P. sojae, it was possible to reproduce the exact same results as in re-
circulating solutions for the identification of the pathotypes. The phe-
notypes are manifest in a period of 7 days and as many as 30 plants
can be tested in a simple 10-liter container. With only three or four
plants necessary per differential, one can thus determine the patho-
type of an isolate with seven or eight differentials in a single container
with maximum reproducibility since all plants are inoculated from
the same homogeneous zoospore solution. However, it remains im-
portant to ensure that isolates are maintained in conditions conducive
for zoospore production. In the same manner, the miniature system
allowed discrimination of several lines for horizontal resistance. The
differences were easily discernible by a simple observation of the root
systems and could be quantified by plant dry weight. On the other
hand, the system may require a duplicate set of control plants when
testing plants of different genetic background that may not respond
the sameway to hydroponic culture. This would entail measuring plant
dry weight of both control and treated plants to obtain reliable compar-
ative values. Whether testing for vertical or horizontal resistance, it is

also important to maintain reference cultivars expressing opposite re-
sponses to ascertain that the bioassay is dependable.
In conclusion, we have developed a new and reproducible hydro-

ponics assay for the study of the P. sojae-soybean interaction that
can detect both vertical and horizontal resistance, and pathotypes of
P. sojae through a single homogenous inoculation procedure reproduc-
ing the natural course of infection with zoospores. This method should
greatly facilitate current and future efforts in breeding for soybean re-
sistance and in genomic studies aimed at identifying resistance genes
in soybean and virulence factors in P. sojae.
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