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Abstract: The international plant trade is considered to be the main pathway causing the spread of
oomycetes internationally, especially when live plants are accompanied by soil or potting substrates.
Modern, rapid shipping technologies, together with inadequate management practices in nurseries,
increase the probability of survival of plant pathogens and the subsequent chances of disease out-
breaks in new locations. The survival of two oomycete soil-borne pathogens, Phytophthora cryptogea
and Phytophthora cactorum, was studied in two different commercial potting substrates (peat-based
and peat-free) in the absence of a plant host under simulated nursery conditions in a glasshouse for
21 months. Colony forming units (CFUs) of both pathogens were recovered 21 months after sub-
strate inoculation, with a decrease in CFUs of between 92 and 99%, depending on the pathogen and
substrate. Eucalyptus globulus plants were then planted into these inoculated pots. After 21 months,
P. cryptogea and P. cactorum remained capable of producing diseases in E. globulus plants, resulting in
up to 30% mortality and an up to 5-fold greater disease severity. These results highlight the ability of
these pathogens to survive in the absence of a suitable host plant in potting substrates over time and
to then have the capacity to infect a plant. This research adds to the body of essential evidence that is
required to develop meaningful management practices and potting substrates at the nursery level to
minimize the risk of the spread of oomycetes through the international plant trade.

Keywords: Phytophthora; soil-borne pathogens; potting substrates; peat-based; peat-free; survival;
pathogenicity; infectivity; soil properties

1. Introduction

Oomycete pathogens are a global threat to forestry and agriculture causing serious
disease outbreaks in nurseries and the wider environment, including parks, gardens,
and forest ecosystems [1–4]. Oomycetes produce long-lived dormant propagules such as
oospores and chlamydospores capable of persisting for long periods of time in plant sub-
strates in the absence of a host and these can then infect plants when favorable conditions
occur [5–8] Based on work in Illinois, USA, Badadoost et al. [9] assessed the survival of
Phytophthora capsici oospores in a variety of soils differing in texture and other characteristic.
Their work showed that oospores of P. capsici could survive and remain virulent in soil for
up to two years. Phytophthora ramorum has been reported to be able to survive for eight
months in root balls and potting substrates of Rhododendron plants in the absence of aerial or
root symptoms [10]. North American P. ramorum isolates (A-2 mating type) and European
P. ramorum isolates (A-1 mating type) were shown by Linderman et al. [11] to survive for
up to six months when introduced as sporangia or for up to 12 months as chlamydospores
in several potting media components or soil. Vannini et al. [12] studied the survival and
pathogenicity of Phytophthora × cambivora in a peat-based substrate in the absence of a host
and showed an unexpectedly prolonged survival rate over time; propagules maintained an
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ability to infect chestnut root baits for up to 45 days. The survival of Phytophthora cinnamomi
has been investigated in several studies which showed different survival rates, depend-
ing on the experimental conditions, of up to 6 years [5,8,13,14]. The potential problems
associated with this clear ability of plant pathogens to survive in the absence of a host and
retain the ability to reinfect is exacerbated by the extensive movement of soil and substrates
associated with trading plants worldwide. This pathway has been identified as the most
common risk pathway for the movement and introduction of plant pests and pathogens
globally [15,16].

In recent years, studies such as [17] have increasingly recognized the urban environ-
ment as a niche allowing newly introduced species to adapt to the novel environment
prior to their dispersal to more natural ecosystems. Thus, urban forests and botanical
gardens can be reservoirs of a diverse range of invasive pathogens due to their introduction
through the nursery trade; this problem also, however, creates a substantial monitoring
opportunity [18,19]. Such an opportunity was embraced by the innovative Phyto-threats
project, a collaborative project that examined the risk of Phytophthora spread through nurs-
ery and trade practices across the UK over a 3-year period beginning in 2016 [15]. A
number of model outputs from the global Phytophthora databases were integrated into
prototype tools to help influence policy and practice [15]. Furthermore, in 2020, a two-year
EUPHRESCO project (“Early detection of Phytophthora in nurseries and traded plants of EU
and third countries”) commenced, involving the rolling out of the nursery sampling and
metabarcoding methodology developed as part of the Phyto-threats project across twelve
partner countries [15]. These recent advances bode well for the future development of a
coordinated strategy for the early detection of Phytophthora pathogens in plant nurseries
globally. There are many aspects to consider, not least the geographic variations in the
thermal preferences of pathogens [20] and the effect of drought [21]. In the study by Wu
et al., it was concluded that greater attention should be paid to preventing the movement
of pathogens from warmer to cooler places [20].

In recent years, potting substrates and growth media formulations have been exam-
ined from perspectives of global warming, environmental impact and contamination,
costs of production and biocontrol, and culture methods for soil-borne plant disease
suppression [22,23]. Regarding the latter, organic substrates have been linked to plant
disease suppression due both to the presence of microorganisms such as Trichoderma
species [24–26] and to the effect of the decomposition of organic matter on disease sup-
pression [27]. However, a better understanding of how soil-borne pathogens interact with
the diverse physico-chemical substrate properties is needed to generate new commercial
potting substrates that provide the capacity to inhibit soil-borne plant pathogens in the
nursery, e.g., the decreased use of substrates that may enhance vectors of diseases, and the
exploration of potting mix substrates that may improve disease suppression.

This work investigated for the first time the biology, survival, and infection abili-
ties of the pathogens Phytophthora cryptogea and Phytophthora cactorum in two different
substrates, peat-based and peat-free, in the absence and presence of a model host plant,
Eucalyptus globulus. The results add to the body of essential evidence that is required to
develop meaningful management practices to minimize invasive Phytophthora diseases in
natural ecosystems.

2. Materials and Methods
2.1. Media

This study used potato dextrose agar (PDA, 39 g/1L dH2O, Oxoid, England); nu-
trient broth (NB, 13 g/1L dH2O; Oxoid, UK); tryptone soya broth (TSB, 30 g/1L dH2O;
Oxoid, UK); unclarified V8 broth 20% (20% UV8, 200 mL V8 juice, 3 g CaCO3, 800 mL
dH2O); selective medium, CMA-PARBP(H) (17 g L−1 corn-meal agar—CMA, Oxoid, Eng-
land; amended with 10 mg L−1 pimaricin, 250 mg L−1 ampicillin, 10 mg L−1 rifampicin,
10 mg L−1 benomyl, 100 mg L−1 PCNB, and 10 mg L−1 hymexazol [28]).
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2.2. Phytophthora Isolate Collection and Preparation

The isolates used in this work were originally obtained and identified in previous
works [29]. Phytophthora cactorum P-138 (GenBank Accession MF115318) was isolated from
the soil of a Viburnum × burkwoodii ‘Park Farm hybrid’ plant in 2014 at the University of
Aberdeen. Phytophthora cryptogea E2 (accession number in progress, temporary: OQ430842)
was isolated from the soil under a beech (Fagus sylvatica) hedge in north-east Scotland in
2013. The cultures were maintained on PDA at 25 ◦C. To check for bacterial contamination,
the sub-cultures were periodically transferred to nutrient broth (NB) and tryptone soya
broth (TSB).

2.3. Preparation of Phytophthora Inoculum

The inoculum of Phytophthora spp. was prepared by growing the isolate for 3–6 weeks
at 25 ◦C on sterilized millet seeds (autoclaved twice with 24 h between runs) thoroughly
moistened with sterile 20% UV8. Millet grain (50 g) was mixed with 35 mL V8 broth
in 175 mL autoclaved glass vessels. Each vessel was inoculated with 5 1.5 cm2 plugs
of 4–7 d-old Phytophthora spp. from cultures growing on PDA and incubated at 25 ◦C
in the dark until mycelium had colonized the entire substrate (4–6 weeks) [30]. The
inoculated millet mix was shaken every two days to ensure homogeneous colonization.
After 4–6 weeks, the prepared inoculum was rinsed 3 times with sterile distilled water to
remove unassimilated nutrients prior to inoculation of the plant substrates. Controls were
prepared as described above but inoculated with sterile agar plugs.

2.4. Inoculation of PB and PF Substrates

Two commercial nursery substrates, one peat-based (PB: All-purpose growing media,
Sinclair) and the other a peat-free substrate (PF: Sylvamix peat-free growing media, Mel-
court) were placed in 1.5 L black plant pots (13 × 13 × 13 cm) with water drainage holes at
the bottom. In total, 10 pots and 10 controls were prepared for each type of substrate and
each pathogen. For each pot, one liter of substrate was mixed with 20 g of inoculum and
the pots maintained under greenhouse conditions with watering at weekly intervals. The
controls and inoculated pots containing different substrates were kept on separate benches
in the same greenhouse and the pots were covered with a white nylon mesh to minimize
potential cross-contamination. The substrates were inoculated in February 2019 and left in
the greenhouse for five months before sampling for the first time. Five subsequent sam-
plings were carried out at increasing intervals; the last sampling was carried out 21 months
after inoculation.

2.5. Survival of P. cryptogea and P. cactorum

A selective medium, CMA-PARBP(H), was used to enumerate P. cryptogea and
P. cactorum [28]. To confirm the identities of both P. cryptogea and P. cactorum colonies
growing on the selective medium, hyphal tips were transferred to PDA and the morpho-
logical features observed under a light microscope (Olympus BX61, Olympus, UK).

The pathogen survival was quantified using the soil dilution plate technique [31].
Sampling was carried out in months 5, 8, 12, 15, 17, and 21 after inoculation. Substrate
samples were processed according to the ‘coning and quartering’ technique [32]. Each 10 g
sample was suspended in 100 mL sterile distilled water and the mixture was stirred for
1 h. Dilution series were prepared from 10−1 to 10−4 using sterile distilled water. Aliquots
(100 µL) of the dilutions were spread uniformly in triplicate onto selective media in Petri
dishes. The cultures were incubated at 25 ◦C in the dark and checked and marked every
24 h until no further new colonies appeared. On each sampling date a sample was taken to
determine the water content of each potting mixture by comparing the wet weight and the
dry weight of the substrates after drying at 105 ◦C for 24 h or until the soil dry weight was
constant. The average colony forming units (CFUs) on the three replicate Petri dishes was
determined and expressed as CFUs/g dry substrate.
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2.6. pH Measurement of Substrate

An adapted protocol based on [33] was used to measure the pH of the substrate. On
each sampling day, 10 g of fresh substrate was added to 250 mL 10 mM calcium chloride
(CaCl2) in a 50 mL centrifuge tube which was shaken on an end-over-end shaker for 1 h;
the sample was left to settle for 1 h and the pH of the supernatant was measured using a
pH electrode at room temperature using a Hanna pH20 m (Hanna, IL, USA).

2.7. Mineral Nitrogen Content of Substrate

Nitrogen (NO-x) and ammonia (NH4) concentrations were analyzed following the
protocol described in [33]: 10 g substrate was mixed with 100 mL 1 M potassium chloride
(KCl) in a conical flask and shaken for 1 h on a rotatory shaker at room temperature;
2 control flasks (with KCl only, no sample) were included. After settling for 1 h, the
clear supernatant was filtered using 2 layers of Whatman No.1 filter paper (Whatman, GE
Healthcare Life Sciences, UK) and the filtrate was stored at 4 ◦C until analysis. The ammonia
and nitrogen concentrations were determined with the cadmium reduction method on a
continuous flow spectrophotometer using FIAstar 5000 Analyzer unit (FIAstar 5000, Foss
Tecator, Denmark).

2.8. Pathogenicity Assay

Pathogenicity tests using Eucalyptus globulus as a model plant were performed on
(i) the inoculated pots (after 21 months, designated P. cryptogea 21 and P. cactorum 21),
(ii) the control pots (no pathogen), and (iii) the pots newly inoculated with each pathogen
(designated P. cryptogea 0 and P. cactorum 0).

Eucalyptus globulus seeds were sown in a potting mix substrate in 54 cell plug trays
(L35 mm × W36 mm × H47 mm) and kept in a growth chamber at 20 ◦C with 12 h
photoperiod (80.72 µmol m−2 s−1; 60% humidity) and misted with tap water 2–3 times
per week. After 6 weeks, the seedlings/trays were transferred to the greenhouse (20–25 ◦C
daytime temperature, 15–20 ◦C nighttime temperatures; 12 h photoperiod light/dark;
185 µmol m−2 s−1) and kept moist until they developed a strong root system and were
ready to transplant to the experimental pots. Similarly sized healthy young seedlings were
transferred to inoculated or control pots (one seedling per pot) and watered three times per
week. After 15 days, the following parameters were assessed prior to harvesting:

1. Mortality—by recording living/dead plants.
2. Disease severity—by visually rating foliar symptoms and root rot using a modified

0–4 disease severity scale [34]:
Foliar symptoms disease severity: 0 = foliage without visible infection symptoms;

1 = foliage yellowing; 2 = foliage yellowing and tip wilting; 3 = yellowing, tip and total
foliage wilting; 4 = plant dead.

Root rot disease severity: 0 = roots without visible infection or discoloration; 1 = roots
with light discoloration and light root and stem rot; 2 = short roots with discoloration;
3 = short roots with severe discoloration and root rot; 4 = plant dead.

To harvest, the roots were washed in tap water and the plants were transferred to
the analytical laboratory to proceed with the measurements of plant height and fresh and
dried plant weight. The plant height measurements were carried out with electronic digital
calipers. The plants were weighed on an analytical balance before and after drying. The
plants were dried until reaching a constant weight in a Gallenkamp drying oven at 60 ◦C,
generally for 24–48 h.

Re-isolations of P. cryptogea and P. cactorum were performed for each inoculated pot
after plant harvesting. The original isolate cultures used for inoculation and the re-isolated
cultures from roots and soil were transferred to CMA-PARBP (H) [28], incubated at 22 ◦C
for 4–5 days, and the colonies derived from the emerging hyphae were identified by
morphological comparison [14].
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2.9. Statistical Analyses

Both the survival assay (absence of plants) and the pathogenicity assay were analyzed
for differences among the response variables examined, and a model selection for pathogen
survival-evolution and pathogenicity was developed. Data were analyzed using R (v 3.3.1;
R Foundation for Statistical Computing, Vienna, Austria) with an Open-Source License.

2.9.1. Survival Statistical Analysis: Colony Forming Units, Soil Properties, and Model
Development and Validation for Each Pathogen

CFU values obtained for each pathogen (response variable) were log transformed;
logCFUs, pH values and ammonia (NH4) and nitrogen (NO-x) measures were compared for
each pathogen, type of substrate, and sampling date. First, normality and the homogeneity
of variances were tested. When those hypotheses could not be assumed, the Kruskal–Wallis
comparison test and Dunn’s test for multiple comparisons were used. When normality
and homogeneity of variances were present, an ANOVA test was used, and, if significant
differences were observed, a multiple comparison of means by Tukey contrasts was applied.
If the data have a normal distribution but the variances were not homogeneous, the
Welch test one-way analysis of means, not assuming variances, and pairwise comparisons
using t-tests with non-pooled SDs were used. In all cases, a significance level of p < 0.05
was applied.

The logCFU values (response variable) obtained from each pathogen, substrate, and
sampling date were used to develop a linear model (for each pathogen). The model
included the explanatory variables: sampling date, substrate, pH, NH4, NO-x, and the
interactions of time with substrate, pH, NH4, and NO-x. Model selection was made using
hypothesis testing for each explanatory variable, where the effect on the CFUs (response
variable to assess pathogen survival) was assessed using the ‘drop1’ function and single
variable term deletions.

To validate the model, a graphical validation model approach was applied in which
the residual values (the differences between the predicted values and the observed values)
and the standardized residuals (residuals divided by their standard deviations were used
to quantify how large the residuals were in standard deviation units and were therefore
useful to identify outliers) were calculated and plotted.

2.9.2. Pathogenicity Statistical Analysis: Model Development and Validation for
Each Pathogen

The pathogenicity response variables of P. cryptogea and P. cactorum on E. globulus in
PF and PB substrates recently inoculated (P. cryptogea 0 and P. cactorum 0) or 21 months
after inoculation (P. cryptogea 21 and P. cactorum 21) were evaluated using different tests,
depending on the nature of both the variable and the data.

In the pathogenicity experiments, the variable ‘Mortality’ (dead-alive) was binary
and Fisher’s test was used; multiple comparisons were carried out using Fisher’s pairwise
comparisons test. Root disease severity and foliar symptoms were considered as qualita-
tive ordinal variables that could not be properly analyzed as continuous variables; thus,
data were analyzed using the Wilcoxon test to illustrate differences between control and
inoculated plants and multiple comparisons analyzed using Dunn’s test. The variables
plant height, fresh weight, and dry weight were considered as continuous variables and
analyzed as previously described for the CFU variables’ survival assay.

The model selection for pathogen effects on E. globulus was developed for each continu-
ous response variable (height, wet weight, dry weight), including the multiple explanatory
variables time, pathogen, substrate, and their interactions. Model selection and develop-
ment for each pathogen were carried out as described for the pathogen survival assay in
the absence of plants.

In all statistical analyses, a significance level of p < 0.05 was applied.
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3. Results
3.1. Survival of P. cryptogea and P. cactorum in PB and PF Substrates

The plating on a selective medium effectively inhibited the development of bacte-
ria and other undesired microorganisms and contributed to the efficient recovery and
enumeration of both P. cryptogea and P. cactorum over 21 months. Phytophthora cryptogea
and P. cactorum CFUs (Figure 1) were recovered from both the PB and PF substrates after
21 months, although the recovery of CFUs decreased over time. CFUs of P. cryptogea in
both PB and PF showed a continuous significant decrease from 5 to 12 months, levelling
off at 15 and 17 months, and thereafter showing a considerable decrease at 21 months,
particularly in the PF substrate. For P. cactorum, the results were similar but a comparable
decrease at 21 months for PF was not observed.
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Figure 1. Survival of Phytophthora cryptogea and P. cactorum in peat-based (PB) and peat-free (PF)
substrates: (A) P. cryptogea CFUs/g dry substrate; (B) P. cactorum CFUs/g dry substrate). Vertical bars
indicate standard deviation (SD); n = 5 for each sampling date. Different letters above bars indicate
significant differences between sampling dates after inoculation (p < 0.05).

CFUs of P. cryptogea decreased significantly between 5 and 8 months, then continued
to decrease gradually (Figure 1). For PF, the final sample at 21 months showed a drastic and
significant decrease in CFUs. In contrast, P. cactorum CFU recovery decreased significantly
at each time point up to 12 months with a more gradual decrease from 12 to 21 months
in the PF substrate, whereas in the PB substrate a significant decrease was observed at
21 months.

Thus, P. cactorum behaved in a similar way to P. cryptogea in terms of survival in both
substrates but was recovered in higher quantities throughout the time course of the work
and especially at 21 months, the final sampling date.

Regarding the potential effect of the different substrates on pathogen survival, the
model developed with the results of this assay (Table 1) showed that the differences
produced by the effect of the growing media substrate were significant.

In summary, after inoculation into PB or PF substrates, both P. cryptogea and P. cactorum
were isolated over a period of 21 months. Significant differences in survival, based on
CFU recoveries, were found between the sampling dates (PB: P. cryptogea p = 8.613 × 10−6;
P. cactorum p = 7.73 × 10−5; PF: P. cryptogea p = 5.419 × 10−5; P. cactorum p = 3.577 × 10−4).
From 5 months (first sampling) to 21 months after inoculation, the recovered CFUs de-
creased by 99% for PB (both species); recovery also decreased by 99% in PF for P. cryptogea
and by 92% in PF for P. cactorum.
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Table 1. Data collected during soil samplings of Phytophthora cryptogea (A) and P. cactorum (B),
respectively, in peat-based (PB) and peat-free (PF) substrates over 21 months; statistical tests used for
the analysis of significant multiple comparisons differences among sampling dates. Different letters
indicate significant differences between sampling dates after inoculation (p < 0.05).

Time of Sampling
after Inoculation

(A)
P. cryptogea

Substrate

Mean CFUs g−1 Dry
Substrate
± SD

Statistical Test:
Kruskal-Wallis Dunn

Mean pH ± SD
Statistical Test:

Welch Test

Mean NH4 (mg L−1)
± SD

Statistical Test:
PB: ANOVA

PF: Kruskal-Wallis Dunn

Mean NO-x
(mg L−1) ± SD
Statistical Test:

Welch Test

5 months
PB 4.06 × 107 ± 2.35 × 107 (a) 4.71 ± 0.24 (a) 0.29 ± 0.08 (b) 6.68 ± 7.47 (a)

PF 4.61 × 107 ± 3.26 × 107 (a) 5.66 ± 0.31 (a) 0.31 ± 0.07 (a) 15.43 ± 1.00 (a)

8 months
PB 1.04 × 106 ± 3.63 × 105 (ac) 4.65 ± 0.34 (a) 0.76 ± 0.29 (a) 0.40 ± 0.35 (b)

PF 1.54 × 106 ± 6.81 × 105 (a) 5.94 ± 0.13 (a) 0.79 ± 0.04 (ab) 1.16 ± 0.49 (b)

12 months
PB 9.24 × 104 ± 4.92 × 104 (bc) 4.89 ± 0.43 (a) 0.29 ± 0.07 (b) 8.96 ± 6.06 (a)

PF 2.49 × 105 ± 5.94 × 104 (ab) 5.89 ± 0.16 (a) 0.27 ± 0.07 (a) 15.32 ± 1.80 (a)

15 months
PB 1.52 × 105 ± 3.78 × 104 (ab) 4.90 ± 0.17 (a) 0.62 ± 0.10 (ab) 0.26 ± 0.27 (b)

PF 2.54 × 105 ± 6.03 × 104 (ab) 6.18 ± 0.11 (a) 0.61 ± 0.08 (ab) 0.38 ± 0.30 (b)

17 months
PB 4.18 × 104 ± 3.30 × 104 (b) 4.68 ± 0.08 (a) 0.60 ± 0.15 (ab) 0.156 ± 0.11 (b)

PF 5.42 × 104 ± 1.17 × 104 (b) 6.18 ± 0.11 (a) 0.72 ± 0.18 (ab) 1.073 ± 0.18 (b)

21 months
PB 1.78 × 104 ± 2.30 × 104 (b) 5.07 ± 0.16 (a) 0.29 ± 0.08 (ab) 0.04 ± 0.04 (b)

PF 1.15 × 104 ± 2.57 × 104 (b) 6.07 ± 0.01 (a) 0.31 ± 0.07 (b) 0.44 ± 0.07 (b)

Time of Sampling
after Inoculation

(B)
P. cactorum

Substrate

Mean CFUs g−1 Dry Substrate
± SD

Statistical Test:
PB: ANOVA

PF: Kruskal-Wallis Dunn

Mean pH ± SD
Statistical Test:
PB: Welch Test

PF: Kruskal-Wallis
Dunn

Mean NH4 (mg L−1)
± SD

Statistical Test:
ANOVA

Mean NO-x
(mg L−1) ± SD
Statistical Test:

Welch Test

5 months
PB 2.17 × 107 ± 1.16 × 107 (a) 4.46 ± 0.15 (a) 0.37 ± 0.10 (b) 11.33 ± 6.79 (ab)

PF 5.03 × 106 ± 1.30 × 106 (a) 5.82 ± 0.26 (a) 0.27 ± 0.05 (c) 14.87 ± 2.02 (ab)

8 months
PB 1.19 × 105 ± 5.15 × 105 (ac) 5.12 ± 0.52 (a) 0.71 ± 0.15 (a) 0.57 ± 0.57 (a)

PF 2.08 × 106 ± 1.19 × 106 (ac) 6.26 ± 0.07 (a) 0.77 ± 0.15 (a) 1.47 ± 0.20 (a)

12 months
PB 6.02 × 104 ± 2.83 × 104 (bc) 4.73 ± 0.18 (a) 0.37 ± 0.03 (b) 16.53 ± 10.68 (ab)

PF 1.79 × 105 ± 7.91 × 104 (bc) 5.88 ± 0.31 (a) 0.38 ± 0.05 (bc) 23.65 ± 12.80 (ab)

15 months
PB 1.13 × 105 ± 2.46 × 104 (acd) 5.13 ± 1.02 (a) 0.66 ± 0.11 (ab) 0.14 ± 0.19 (ab)

PF 2.11 × 105 ± 4.10 × 104 (ab) 5.97 ± 0.05 (a) 0.59 ± 0.10 (ab) 0.71 ± 0.38 (ab)

17 months
PB 1.81 × 104 ± 1.01 × 104 (b) 4.89 ± 0.39 (a) 0.49 ± 0.09 (ab) 0.11 ± 0.10 (ab)

PF 1.43 × 105 ± 4.16 × 104 (b) 6.28 ± 0.12 (a) 0.62 ± 0.05 (a) 0.44 ± 0.14 (ab)

21 months
PB 3.88 × 104 ± 3.28 × 104 (bd) 5.02 ± 0.11 (a) 0.65 ± 0.18 (ab) 0.01 ± 0.06 (ab)

PF 1.26 × 105 ± 6.32 × 104 (b) 6.11 ± 0.12 (a) 0.71 ± 0.02 (a) 0.38 ± 0.05 (ab)

The pathogens exhibited different survival abilities depending on the substrate used.
Initially, a similar decrease pattern of CFUs was observed for the two pathogens in both PB
and PF but differences between the pathogens began to emerge with time. A slightly lower
recovery of P. cryptogea CFUs in PB compared to the PF substrate were observed during
the first 17 months of incubation until the sampling at 21 months, in which the recovery of
CFUs was higher from PB than PF. In contrast, CFUs of P. cactorum were recovered in lower
quantities in PF compared to PB at 5 months, but the pathogen survival was higher in PF
compared to PB until the final sample at 21 months after inoculation. The model developed
with the results of this assay (Table 1) showed that the differences produced by the effects
of the growing media substrate were significant. The summarized results of the statistical
analyses over 21 months for each pathogen and substrate, as well as the tests applied for
multiple comparisons, are shown in Table 1.
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3.2. Substrate pH Values, Ammonia (NH4) and Nitrogen (NO-x) Concentrations

The pH was measured for each substrate and inoculated species at each sampling date.
Throughout the 5 to 21 month time period, for P. cryptogea, the pH ranged from 4.65 ± 0.33
to 5.07 ± 0.16 in PB and from 5.66 ± 0.31 to 6.18 ± 0.11 in PF. For P. cactorum, the pH ranged
from 4.46 ± 0.15 to 5.13 ± 1.02 in PB and from 5.82 ± 0.26 to 6.28 ± 0.12 in PF (Table 1).

The changes in substrate pH followed similar patterns with time, type of substrate,
and pathogen species. The PF substrate had a higher pH value throughout the assay than
the PB substrate, however, no significant differences were found between the sampling
dates, substrate types, or pathogen species inoculated (Table 1).

The substrate levels of NH4 showed a progressive increase over time (Figure 2). For
P. cryptogea, the NH4 concentrations ranged from 0.29 ± 0.07 to 0.76 ± 0.29 in PB and
from 0.27 ± 0.07 to 0.79 ± 0.04 (mg/L) in PF over 5 to 21 months. For P. cactorum, the
NH4 concentrations ranged from 0.37 ± 0.10 to 0.71 ± 0.15 in PB and from 0.27 ± 0.05 to
0.77 ± 0.15 (mg/L) in PF. Thus, the NH4 concentrations in both substrates for P. cryptogea
and P. cactorum tended to increase over time. The differences in the NH4 concentra-
tions for both pathogens and substrates were pathogen species-specific with time in
the different substrate types (PB: P. cryptogea p = 8.613 × 10−5; P. cactorum p = 0.0147;
PF: P. cryptogea p = 5.419 × 10−5; P. cactorum p = 4.67 × 10−5).
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Figure 2. Survival of Phytophthora cryptogea and P. cactorum in peat-based (PB) and peat-free (PF) sub-
strates: (A) ammonia (NH4) concentration (mg/L) of peat-based and peat-free substrates inoculated
with P. cryptogea; (B) nitrogen (NO-x) concentration (mg/L) of peat-based and peat-free substrates
inoculated with P. cryptogea; (C) ammonia (NH4) concentration (mg/L) of peat-based and peat-free
substrates inoculated with P. cactorum; (D) nitrogen (NO-x) concentration (mg/L) of peat-based and
peat-free substrates inoculated with P. cactorum. Vertical bars indicate standard deviation (SD); n = 5
for each sampling date. Different letters above bars indicate significant differences between sampling
dates after inoculation (p < 0.05).

The NO-x concentrations were near zero for most of the sampling dates.
However, the higher values obtained at 5 and 12 months for both P. cryptogea and

P. cactorum inoculated PB and PF substrates were significantly different compared to the
remaining sampling times (P. cryptogea, p = 3.736 × 10−5; P. cactorum, p = 8.452 × 10−4).



Agriculture 2023, 13, 581 9 of 19

3.3. Statistical Model Development for Pathogen Survival Assay

The initial statistical analyses (Table 1) indicated a significant importance for the
explanatory variables ‘time’ and ‘substrate’ on the survival of the soil-borne pathogens and
the species specificity of these variables. These preliminary results were used to develop
statistical models for each pathogen.

To examine the survival of the soil-borne pathogens in the absence of plants, a linear
model was developed and validated for each pathogen. These models determined the
effects of time and the properties of the different substrate types on pathogen survival
(quantified by CFUs). Model validation for both P. cryptogea and P. cactorum is illustrated in
Figures 3 and 4.
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Figure 3. Model validation for survival of Phytophthora cryptogea: (A) Q-Q plot of standardized
residuals against fitted values of the model; (B) residuals versus leverage values; (C) residuals versus
fitted values plot; (D) scale location of residual values plot.

The linear models for P. cryptogea (Figure 3) and P. cactorum (Figure 4) included the
explanatory variables of sampling date (factor time), substrate type (PB and PF), pH, NH4
concentrations, NO-x concentrations, and the relationship between time and soil properties.
For each pathogen, 5 linear models were developed using the drop 1 function followed by
single term deletions of the explanatory variables with weaker or non-significant effects on
the CFUs (response variable); the final model elucidated which factors strongly affected
the survival of the pathogens in the absence of a host. For P. cryptogea, the explanatory
variables from weakest to strongest that were deleted during model development were:
NO-x, NH4, their interactions with the substrate type, pH, and the pH interaction with the
substrate type. The strongest effect on the survival of P. cryptogea (CFU counts) was time
after inoculation, thus, the sampling date (p = 1.69 × 10−11 ***) followed by the substrate
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type and its interaction with the factor time (p = 0.0417 *); the R-squared of the model
indicated that 77% of the CFU variability was explained by the explanatory variables of
time, substrate, and their interaction. For P. cactorum, the explanatory variables, from
weakest to strongest, deleted during the model development were: the interaction of pH
and the substrate type, pH values, and the NO-x and NH4 concentrations. The strongest
effect on the survival of P. cactorum (CFUs counts) was also associated with the time after
inoculation, thus, the sampling date (p = 2.39 × 10−8 ***) followed by substrate type
(p = 0.04140 *) and its interaction with the factor time (p = 0.00761 **); the R-squared of the
model indicated that 67% of CFU variability was explained by the explanatory variables
of time, substrate, and their interaction. NS means p > 0.05, * means p < 0.05, ** means
p < 0.01, *** means p < 0.001, **** means p < 0.0001.
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Figure 4. Model validation for survival of Phytophthora cactorum: (A) Q-Q plot of standardized
residuals against fitted values of the model; (B) residuals versus leverage values; (C) residuals versus
fitted values plot; (D) scale location of residual values plot.

3.4. Pathogenicity Assay

After completion of the survival assay, a pathogenicity test was carried out to compare
the abilities of both resting and fresh inoculum to infect plants and produce disease.
Eucalyptus globulus young seedlings were planted in pots 21 months after inoculation
(P. cryptogea 21 and P. cactorum 21) in freshly inoculated pots (P. cryptogea 0 and P. cactorum 0)
and in control pots with no inoculation (Figures 5 and 6).

When planted into control pots with no inoculation, there was a 0% mortality rates
in both PB and PF substrates. When planted into pots freshly inoculated with P. cryptogea
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(P. cryptogea 0), E. globulus had 60% and 50% mortality rates in PB and PF substrates,
respectively (Table 2, Figure 5). These differences compared to the controls were significant
in the PB substrate but not significant in the PF substrate (p = 8.254 × 10−3; p = 0.06176,
respectively). For E. globulus planted into 21-month-old P. cryptogea pots (P. cryptogea 21),
10% and 30% mortality occurred in PB and PF substrates, respectively; the differences
in mortality compared to the control were significant in PB but not significant in PF
(p = 8.254 × 10−3; p = 0.06176, respectively).
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Figure 5. Pathogenicity indices of inoculated Eucalyptus globulus in Phytophthora cryptogea 21,
P. cryptogea 0, P. cactorum 21, and P. cactorum 0 treatments. (A) Mortality (% of dead plants); (B) plant
height (mm); (C) plant wet weight (g); (D) plant dry weight (g); (E) root disease severity index (RDS);
(F) plant disease severity. Different letters above the bars indicate significant differences (p < 0.05).

In addition to mortality rates, the root disease severity and plant-foliar symptom
severity were assessed (Figure 5E,F). There were significant differences between the control
and inoculated plants for root disease severity (PB: p = 2.45 × 10−6; PF: 2.142 × 10−5) and
for plant-foliar symptom severity (PB: p = 1.605 × 10−6; PF: p = 7.905 × 10−6) (Table 2).
Differences up to 6-fold were observed in plants grown in freshly inoculated P. cryptogea pots
compared to the control pots and differences up to 4-fold were observed in plants grown in
21-month-old P. cryptogea, compared to plants in control pots. Significant differences were
found when assessing plant disease severity in PB substrates between plants inoculated
with P. cryptogea 0 compared to those inoculated with P. cryptogea 21 (p = 0.0490).

The plant height, fresh weight, and dry weight were also determined in inoculated
plants in comparison to controls (Figure 5B,D). These parameters were significantly lower
in inoculated plants compared to controls for both P. cryptogea 0 and P. cryptogea 21 (PB:
p = 2.65 × 10−5, p = 2.455 10 −5, p = 2.662 × 10 −3; PF: p = 7.242 × 10−5, p = 1.276 × 10−4,
p = 1.953 × 10−3; plant height, fresh weight, and dry weight, respectively) (Table 2).

When Eucalyptus globulus was planted into freshly inoculated pots with P. cactorum
(P. cactorum 0), 20% of the plants in the PB substrates and 10% of the plants in the PF sub-
strates died (Table 2). When sown into the 21-month-old P. cactorum pots (P. cactorum 21),
a 10% mortality of E. globulus occurred in both PB and PF substrates. The root disease
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and foliar symptom severities were significantly different for all inoculated plants com-
pared to the controls (PB: p = 2.45 × 10−6; PF: 2.142 × 10−5; PB: p = 1.605 × 10−6; PF:
p = 7.905 × 10−6), with up to a 5-fold greater disease severity in plants grown in inoculated
substrates (both P. cactorum 0 and P. cactorum 21, respectively). The root length, fresh
weight, and dry weight were significantly lower in all P. cactorum (both P. cactorum 0 and
P. cactorum 21) inoculated plants for both PB and PF substrates, with up to 4-fold differ-
ences in the inoculated plants compared to the controls (PB: p = 2.65 × 10−5, p = 2.455 10−5,
p = 2.662 × 10−3; PF: p = 7.242 × 10−5, p = 1.276 × 10−4, p = 1.953 × 10−3; plant height,
fresh weight, and dry weight, respectively).

3.5. Statistical Model Development for Plant Pathogenicity Test

A linear model was developed for each continuous response variable (plant height,
fresh plant weight, and dry plant weight) to estimate the pathogenicity of P. cryptogea
and P. cactorum in inoculated pots compared to the controls. The model included the
explanatory variables: treatment, pathogen or control; substrate type, PB or PF; and the
interaction among treatments and substrate type. The models were developed separately
for each pathogen and response variable.

Agriculture 2023, 13, 581  13  of  20 
 

 

In addition to mortality rates, the root disease severity and plant‐foliar symptom se‐

verity were assessed (Figure 5E, 5F). There were significant differences between the con‐

trol and inoculated plants for root disease severity (PB: p = 2.45 × 10−6; PF:2.142 × 10−5) and 

for plant‐foliar symptom severity (PB: p = 1.605 × 10−6; PF: p = 7.905 × 10−6) (Table 2). Dif‐

ferences up to 6‐fold were observed in plants grown in freshly inoculated P. cryptogea pots 

compared to the control pots and differences up to 4‐fold were observed in plants grown 

in 21‐month‐old P. cryptogea, compared to plants in control pots. Significant differences 

were found when assessing plant disease severity in PB substrates between plants inocu‐

lated with P. cryptogea 0 compared to those inoculated with P. cryptogea 21 (p = 0.0490). 

The plant height, fresh weight, and dry weight were also determined in inoculated 

plants in comparison to controls (Figure 5B,D). These parameters were significantly lower 

in inoculated plants compared to controls for both P. cryptogea 0 and P. cryptogea 21 (PB: p 

= 2.65 × 10−5, p = 2.455 10 −5, p = 2.662 × 10 −3; PF: p = 7.242 × 10−5, p = 1.276 × 10−4, p = 1.953 × 

10−3; plant height, fresh weight, and dry weight, respectively) (Table 2). 

When Eucalyptus globulus was planted into freshly inoculated pots with P. cactorum 

(P. cactorum0), 20% of the plants in the PB substrates and 10% of the plants in the PF sub‐

strates died (Table 2). When sown into the 21‐month‐old P. cactorum pots (P. cactorum 21), 

a 10% mortality of E. globulus occurred in both PB and PF substrates. The root disease and 

foliar symptom severities were significantly different for all inoculated plants compared 

to the controls (PB: p = 2.45 × 10−6; PF: 2.142 × 10−5; PB: p = 1.605 × 10−6; PF: p = 7.905 × 10−6), 

with up to a 5‐fold greater disease severity in plants grown in inoculated substrates (both 

P.  cactorum0  and  P.  cactorum21,  respectively).  The  root  length,  fresh weight,  and  dry 

weight were significantly lower in all P. cactorum (both P. cactorum0 and P. cactorum21) 

inoculated plants for both PB and PF substrates, with up to 4‐fold differences in the inoc‐

ulated plants compared to the controls (PB: p = 2.65 × 10−5, p = 2.455 10−5, p = 2.662 × 10−3; 

PF: p= 7.242 × 10−5, p = 1.276 × 10−4, p = 1.953 × 10−3; plant height, fresh weight, and dry 

weight, respectively). 

 

Figure 6. Pathogenicity assay with Eucalyptus globulus and colony  forming unit counts:  (A)  root 

scanner  image of an Eucalyptus globulus control plant;  (B)  in planta  inoculated E. globulus plants 

shown at different angles with, from left to right: control; Phytophthora cryptogea 0; P. cactorum 0; P. 

cryptogea 21; and P. cactorum 21; (C–F) root scanner images of E. globulus inoculated with P. cryptogea 

0  (C); P. cryptogea 21  (D); P. cactorum 0  (E); and P. cactorum 21  (F).  (G) Plant and root system of 

Figure 6. Pathogenicity assay with Eucalyptus globulus and colony forming unit counts: (A) root scan-
ner image of an Eucalyptus globulus control plant; (B) in planta inoculated E. globulus plants shown at
different angles with, from left to right: control; Phytophthora cryptogea 0; P. cactorum 0; P. cryptogea 21;
and P. cactorum 21; (C–F) root scanner images of E. globulus inoculated with P. cryptogea 0 (C);
P. cryptogea 21 (D); P. cactorum 0 (E); and P. cactorum 21 (F). (G) Plant and root system of inocu-
lated E. globulus plants, from left to right: control, P. cryptogea 0, P. cactorum 0, P. cryptogea 21, and
P. cactorum 21. (H) CFU (dilution 10−4) peat-free substrate inoculated with P. cactorum; (I) CFU
peat-based substrate inoculated with P. cryptogea (total in sample × CFU/g dry wt); (J) CFU (peat-
based substrate inoculated with P. cactorum (total in sample × CFU/g dry wt; (K). E. globulus plant
inoculated with P. cryptogea 0.
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Table 2. Soil inoculation tests comparing plant mortality, foliar symptoms, root disease severity,
plant height, and fresh and dry weights for Eucalyptus globulus in substrates Phytophthora cryptogea 21
(21 months after inoculation), P. cryptogea 0 (freshly inoculated), P. cactorum 21 (21 months after
inoculation), and P. cactorum0 (freshly inoculated) (rows in bold) compared with controls. Data are
means ± SD for each factor and the p-value (for mortality, sample proportions are shown instead
of the mean and SD). NS means p > 0.05, * means p ≤ 0.05, ** means p ≤ 0.01, *** means p ≤ 0.001,
**** means p ≤ 0.0001.

Mortality
(%)

RootDS
(0–4)

PlantDS
(0–4)

Fresh Weight
(g)

Dry Weight
(g)

Height
(mm)

P. cryptogea 0
PB

N = 12

6
0

Fisher’s Test
p = 0.008254

(**)

3.17 ± 1.03
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 3.3 × 10−6

(****)

3.17 ± 1.03
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 2 × 10−6

(****)

4.15 ± 0.85
7.17 ± 2.05

Kruskal-Wallis
Dunn

p = 0.00282
(**)

3.29 ± 0.17
3.67 ± 0.34

Kruskal-Wallis
Dunn

p = 0.0014
(**)

137.30 ± 59.39
256.05 ± 41.32
Kruskal-Wallis

Dunn
p = 0.00013

(***)

P. cryptogea 21
PB

N = 12

1
0

Fisher’s Test
p = 0.008254

(**)

2.08 ± 1.08
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 0.0079
(**)

2.00± 1.04
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 0.0079
(**)

4.54 ± 0.78
7.17 ± 2.05

Kruskal-Wallis
Dunn

p = 2.1 × 10−5

(****)

3.39 ± 0.15
3.69 ± 0.34

Kruskal-Wallis
Dunn

p = 0.0245
(*)

167.03 ± 49.71
256.06 ± 41.32
Kruskal-Wallis

Dunn
p = 0.01169

(*)

P. cryptogea 0
PF

N = 12

5
0

Fisher’s Test
p = 0.06176

(NS)

2.83 ± 1.34
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 4.7 × 10−5

(****)

2.83 ± 1.2673045
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 1 × 10−5

(****)

4.27 ± 1.03
6.23 ± 0.73

Kruskal-Wallis
Dunn

p = 0.00026
(***)

3.30 ± 0.18
3.72 ± 0.42

Kruskal-Wallis
Dunn

p = 0.00088
(***)

119.54 ± 52.61
256.09 ± 52.04
Kruskal-Wallis

Dunn
p = 6.1 × 10−5

(****)

P. cryptogea 21
PF

N = 12

3
0

Fisher’s Test
p = 0.06176

(NS)

2.33 ± 1.50
0.08 ± 0.29

Kruskal-Wallis
Dun

p = 0.00062
(***)

2.33 ± 1.37
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 0.00021
(***)

4.84 ± 1.58
6.23 ± 0.73

Kruskal-Wallis
Dunn

p = 0.00594
(**)

3.46 ± 0.30
3.72 ± 0.42

Kruskal-Wallis
Dunn

p = 0.04551
(*)

167.50 ± 76.91
256.09 ± 52.04
Kruskal-Wallis

Dunn
p = 0.01770

(*)

P. cactorum 0
PB

N = 12

2
0

Fisher’s Test
p = 0.758

(NS)

2.92 ± 0.67
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 3.3 × 10−5

(****)

2.83 ± 0.83
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 3 × 10−5

(****)

4.28 ± 0.80
7.17 ± 2.05

Kruskal-Wallis
Dunn

p = 0.00027
(***)

3.37 ± 0.17
3.69 ± 0.34

Kruskal-Wallis
Dunn

p = 0.0171
(*)

133.58 ± 47.97
256.06 ± 41.32
Kruskal-Wallis

Dunn
p = 0.00013

(***)

P. cactorum 21
PB

N = 12

1
0Fisher’s Test

p = 0.758
(NS)

2.33 ± 1.23
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 0.0014
(***)

2.25 ± 1.29
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 0.0013
(**)

4.64 ± 1.16
7.17 ± 2.05

Kruskal-Wallis
Dunn

p = 0.00289
(**)

3.38 ± 0.22
3.69 ± 0.34

Kruskal-Wallis
Dunn

p = 0.0171
(*)

129.86 ± 34.14
256.06 ± 41.32
Kruskal-Wallis

Dunn
p = 0.00013

(***)

P. cactorum 0
PF

N = 12

1
0

Fisher’s Test
p = 1
(NS)

2.67 ± 0.78
0.08 ± 0.291

Kruskal- Wallis
Dunn

p = 0.00013
(***)

2.33 ± 0.89
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 0.00021
(***)

4.30 ± 0.85
6.23 ± 0.73

Kruskal-Wallis
Dunn

p = 0.00026
(***)

3.37 ± 0.15
3.72 ± 0.42

Kruskal-Wallis
Dunn

p = 0.01258
(*)

141.51 ± 78.17
256.09 ± 52.04
Kruskal-Wallis

Dunn
p = 0.00048

(***)

P. cactorum 21
PF

N = 12

1
0

Fisher’s Test
p = 1
(NS)

2.00 ± 1.04
0.08 ± 0.29

Kruskal-Wallis
Dunn

p = 0.00671
(**)

2.08 ± 1.08
0.00 ± 0.00

Kruskal-Wallis
Dunn

p = 0.00089
(***)

4.47 ± 0.59
6.23 ± 0.73

Kruskal-Wallis
Dunn

p = 0.00594
(**)

3.39 ± 0.08
3.72 ± 0.42

Kruskal-Wallis
Dunn

p = 0.10943
(NS)

174.89 ± 63.66
256.09 ± 52.04
Kruskal-Wallis

Dunn
p = 0.03414

(*)

The linear model for both pathogens showed that the explanatory variables (absence
or presence of pathogen, and substrate type) affected the plant quality response variables
measured (plant height, plant fresh weight, plant dry weight) with different levels of signif-
icance. The strongest to weakest effect on the plant quality was the presence or absence of
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the pathogen; substrate type; and the interaction between the substrate type and treatment
(presence or absence of pathogen) applied, with the latter having the weakest effect on the
resulting plant quality variables. In the linear models developed for P. cactorum, the effect
of the treatment on plant height was p = 2.27 × 10−9, fresh weight was p = 2.98 × 10−8, and
dry weight was p = 2.5 × 10−5; in contrast, in the linear models developed for P. cryptogea,
the significance level that the treatment had on plant heights was p = 3.12 × 10−11, fresh
weight was p = 2.9 × 10−8, and dry weight was p = 1.663 × 10−5. Thus, the significance
level of the treatment depended on the pathogen and the response variable.

Linear models were validated by plotting the residuals using the difference between
the predicted and the observed values (Figure 7).
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Figure 7. Model validation for Phytophthora cryptogea and P. cactorum plant inoculation: (A–C) Q-Q
plot of standardized residuals against fitted values of the model of P. cryptogea plants inoculation of
the response variables plant height, fresh weight and dry weight; (D–F) Q-Q plot of standardized
residuals against fitted values of the model of P. cactorum plants inoculation of the response variables
plant height, fresh weight and dry weight.

4. Discussion

The survival of two Phytophthora species, P. cryptogea E2 and P. cactorum P-138, in
potting mixes was examined over 21 months. Both species survived over the duration
of the assay in both PB and PF potting mixes in the absence of plants. Colony numbers
decreased over time and, although recovery rates for both pathogens were very similar in
PB and PF substrates, the overall recovery rates were higher in the PF substrate, which may
indicate the presence of peat, or other PB substrate properties may have a specific effect
on the pathogens. A particular difference between the PF and PB substrates is porosity,
with PF having a higher porosity and PB characterized by good water retention. The pots
were watered weekly and it is possible that the differences in the retention of pathogen
mycelia could occur due to the different porosity of the substrate types [35]. Both substrates
used in this work were high in organic matter. Peat-based substrates have been very
commonly used in the cultivation of ornamental plants, but with the pressure to mitigate
climate change there is a trend towards replacement with peat-free substrates in order
to protect peatland ecosystems that are considered important carbon sinks [35]. Peat-
free substrates contain large quantities of organic matter, composed of different organic
resources such as composted bark, wood chips, sawdust, and coconut fiber (coir). Unlike
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inert potting materials, these organic-based materials are considered high risk in terms
of pest survival [23]. Although there seems to be a link between the decomposition of
organic matter and pathogen suppression, the relationship is not straight forward, with
decomposition sometimes having little effect on the disease, and it is suggested that the
suppressiveness of organic matter can be pathogen-specific, with the response of pathogen
populations to amendments being predictable only for some organic matter types, such as
crop residues and organic wastes [24,36–38]. Thus, soil amendment with organic matter
can improve the soil fertility and plant health [24], but not necessarily improve pathogen
suppression. Pathogen suppression may well be affected by other substrate factors and/or
physico-chemical parameters and these additional soil and potting mix properties should
be characterized, as they may be involved in pathogen retention. An investigation of these
effects over time would contribute to a greater understanding of the factors that have a
strong impact on soil-borne pathogen survival.

In this study, the nitrate and ammonium content of inoculated peat-free and peat-
based substrates was determined over time. Nitrogen is absorbed by roots via these
available forms and the exchange of N-molecules between soil-plant-pathogens plays a
crucial role in the interactions between soil microorganisms and plants [39,40]. Ammonium
ions are produced in soil through a breakdown of organic matter including manures.
Nitrate ions are the final form of N breakdown/reactions but can also be supplied to
the soil by fertilizers [41]. Although variations were observed, overall, the ammonium
concentrations in both substrates for P. cryptogea and P. cactorum tended to increase over
time, whereas the nitrate concentration decreased. A caveat, however, in carrying out these
measurements is that substrate fertilizer amendments (nitrogen-phosphate-potassium
[N-P-K] combination mixes) are added as slow release beads by commercial producers of
plant growth substrates [42,43] and it is possible that the accidental inclusion of beads in
sampling could cause variability in the nitrogen and ammonia detected in the analyses [14].

A first batch of linear models was developed to analyze the factors that may affect the
survival of pathogen inoculum in the absence of a host over time. The model suggested the
explanatory variables of time, substrate types, and their interaction as significant factors
that strongly affected the survival of the pathogen. The models showed similar patterns of
survival after inoculation for both pathogens over time. These models demonstrated the
survival ability of oomycetes in soil, regardless of the absence of a host, and also showed
the importance of soil health status and soil properties for pathogen survival.

A second batch of linear models examined different pathogenicity response variables
following E. globulus inoculation. In this case, the strongest effect on plant health and
quality was the treatment applied; thus, the presence or absence of a pathogen had the
greatest effect, followed by the substrate type and the interaction between the treatment
and the substrate type.

Studies on the prevalence of Phytophthora species in an urban forest environment
highlighted the need to understand which Phytophthora species become invasive and
the pathways by which they move into the natural ecosystem [44]. There is a sub-
stantial capacity for several Phytophthora species such as Phytophthora × cambivora [12];
Phytophthora ramorum [10,11]; and Phytophthora cinnamomi to survive in potting mix com-
ponents or soil [5,8,13,14]. This current work has added further evidence for pathogen
survival, demonstrating specifically that the isolates P. cryptogea E2 and P. cactorum P-
138 survived and could be recovered 21 months after inoculation into commercial pot-
ting substrates. Other soil-borne pathogens were reported to have shorter term recov-
ery, including, for example, the recovery of P. ramorum up to 14 months after inocula-
tion [11], Fusarium verticillioides and P. cinnamomi at 17 months [14], and P. × cambivora after
23 days [12]. However, the differences in recovery could also be related to the inoculum
density between the studies and/or the unit of measurement used between these studies,
i.e., chlamydospores and oospores [11]; PCR quantification and zoospores [12]; oospores [9];
oospores, stromata, and thick-walled chlamydospores [8]; or colony forming units [14].
Moreover, very little information has been reported about the actual infectivity of the
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recovered resting pathogen propagules, i.e., the ability to initiate disease at a new location
in the presence of a suitable host plant.

Inoculation assays were carried out using E. globulus as a host plant firstly to study
the pathogenicity of the isolates P. cryptogea E2 and P. cactorum P138 on this plant species;
secondly, to determine the potential ability of the pathogen resting propagules in the
substrate to initiate disease after a long period of host absence; and, thirdly, to compare the
relative susceptibility to and virulence of ‘fresh’ (P. cryptogea 0 and P. cactorum 0) and ‘old’
(P. cryptogea 21 and P. cactorum 21) inocula.

In the current study, both ‘fresh’ and ‘21 month’ inocula of P. cryptogea and P. cactorum
on E. globulus plants showed significant pathogenicity compared to the pathogen-free
controls. The mortality, plant height, wet and dry weight, root, and foliar plant disease
severity were significantly different to the controls. In the comparison of virulence of the
‘fresh’ versus ‘21 month’ inocula, virulence was greater in the freshly inoculated substrate
than in the substrate 21 months after inoculation. However, this difference was only
marginally significant for the variables of mortality and plant disease severity, and it is
possible that full development of symptoms and mortality rates for the 21-month inocula
required a longer period of incubation. This effect would be consistent with the knowledge
that the spread of oomycetes in potting substrates, and through the international plant
trade, may pose a risk to the environment as it may take time for any resulting symptoms
to be observable and the pathogen(s) to be detected. Furthermore, fungicides, which
are commonly used under nursery conditions, can hide symptoms but do not always
kill pathogens. With the lack of evident disease symptoms, infected plants could pass
inspection at borders with the consequent risk of pathogen spread to new environments
ultimately resulting in severe damage [4,22,45]. This is borne out by a comprehensive
review in 2018 by Jung et al. [16] that highlighted that the vast majority of canker, decline,
and dieback diseases caused by soil- and airborne Phytophthora species in forests and natural
ecosystems are driven by introduced invasive Phytophthora species, with the planting of
infested nursery stock proven to be the main pathway between and within continents
for the movement of Phytophthora species [16]. This review is a sobering read as it brings
together and highlights the considerable body of individual research studies that show a
clear link between the ‘plants for planting’ pathway and subsequent impacts in natural
ecosystems [4,16,21].

Overall, the current study added evidence for the survival of Phytophthora spp. inocu-
lum in the absence of a host and the potential ability to initiate disease on new hosts when
optimal biotic and abiotic environmental conditions were present, despite the lack of a suit-
able host, over a protracted period. Regarding the implications for the international plant
trade, the fact that these pathogens survived in both PF and PB potting media and remained
capable of infecting roots of plants suggests that, as containers may also be contaminated,
the thermosterilization of potting media at the nursery level should be the very first step
of prevention in any management program [45]. This procedure is particularly necessary
since it may take time for any resulting symptoms to be observable and the pathogen(s) to
be detected, which may be exacerbated by the application of fungicides commonly used
under nursery conditions and which can hide symptoms but do not always kill pathogens.

Recent studies on the economic impact of invasive alien species, using data from
the global database of reported monetary costs of IAS, highlight the pivotal role that
introduction pathways play, with species introduced unintentionally through ‘packing
material’ and ‘contamination of plants’ accounting for the highest total global costs per
pathway category of USD 83 bn and USD 473 bn, respectively [46]. In addition, the total
costs due to species being introduced unintentionally were found to be more in terms of
damage, management, and mixed costs than species introduced intentionally. Brasier, in a
review in 2008 [22], and the scientific community in general has for many years advocated
for the focus on pathway regulation. It is now at least recognized that managing these
unintentional pathways especially through ‘Agriculture’, ‘Horticulture’, and ‘Ornamental
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trade’ should be a focus of future biosecurity efforts, which essentially must adapt to the
exponential increase in the imports of living plants and growing trends in global shipping.

Reducing the pathogen load in the plants for planting pathways is essential for at-
tempts at improving the overall biosecurity in all parts of the world [4,22,47] Other ap-
proaches for reducing the impacts of invasive pathogens, such as testing and deploying
host provenances showing greater resistance to a dominant pathogen [48], may prove
successful but must also take into account the influence(s) of climate change on both the
pathogens and hosts [49–52]. The often-reported diversity of Phytophthora species in re-
gions with pathogen damage is a further factor complicating any approach using host
resistance [30,44,53,54].

5. Conclusions

Plant-growing substrates can clearly vector soil-borne oomycete and fungal pathogens,
which, when introduced into new ecosystems, can result in severe damage to the newly
exposed native plants. However, the overall factors affecting pathogen viability remain
unclear. The physical structure of the soil at a micro-scale plays a vital role in soil function,
microbiome composition, trophic interactions, and biogeochemical cycles [55]. Thus, the
soil physical structure clearly shapes trophic interactions and influences the habitat and life
cycles of most soil organisms. A thorough understanding of the interaction of oomycetes
and soil properties could provide a much-needed clarification to generate more informed
decision-making protocols for disease management practices at the nursery level. Future
research into minimizing invasive Phytophthora diseases in natural ecosystems should
focus on: (i) developing new commercial potting substrate formulations that allow for
cleaner production methods, (ii) the use of the most promising phytosanitary management
strategies and measures, (iii) understanding the effect of soil conditions and seasonal
flooding, (iv) assessing the impact of global warming on the spatial distribution and severity
of plant diseases, (v) evaluating the ability of pathogens to adapt to changing environmental
parameters, and (vi) developing and optimizing rapid molecular identification via eDNA
techniques that are portable and user friendly to facilitate early detection. Continued
focused collaborative research will undoubtedly contribute to meaningful management
and control measures in the future.
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