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Abstract

In California, soilborne Phytophthora species have been increasingly reported from diseased plants in nurseries and in
failing restoration sites. To determine the role these pathogens may play in failing restorations and to better limit their
introduction, the pathogenicity of Phytophthora species newly isolated from plant species used in restorations needs to
be demonstrated. However, there is no consensus on the best and most cost-effective approach to confirm pathogenicity
of Phytophthora species on putative hosts. The first objective of this study was to compare the efficacy of stem vs. root
inoculations to test the pathogenicity of soilborne Phytophthoras, and to do so, we compared mortality and disease symp-
toms of Diplacus aurantiacus plants inoculated with Phytophthora megasperma and P. crassamura through root and stem
techniques. The second objective was to assess the pathogenicity of P. crassamura and P. megasperma on D. aurantiacus,
of Phytophthora multivora and P. megasperma on Frangula californica and of P. multivora on Ceanothus thyrsiflorus.
Root inoculations resulted in higher pathogen re-isolation and in greater leaf necrosis and mortality for all pathogen and
host combinations. Considering both root and stem inoculations, Koch’s postulates were completed for all pathogen and

host combinations, except for Frangula californica inoculated with P. megasperma.
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In California, and for the past decade, soilborne Phytoph-
thora species have been increasingly reported and isolated
from diseased plants, both in nurseries providing plant
stock for restoration and in failing restoration sites (Gar-
belotto et al. 2018; Rooney-Latham et al. 2019; Frankel et
al. 2020). The introduction of Phytophthora spp. in resto-
ration sites can happen either directly through the planting
of infected plants (Jung et al. 2016; Sims and Garbelotto
2021), and, indirectly, through pathogen dispersion from
infected sites (Sims and Garbelotto 2021). The presence
of Phytophthora species in unrestored sites near restora-
tions, and their absence in ecologically similar but spatially
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disjunct locations, suggest these pathogens are moving out-
side restoration sites following trails of animal, water and
soil movement (Malewski et al. 2019; Sims and Garbelotto
2021) further threatening endangered plant species and nat-
ural ecosystems (Frankel et al. 2020).

Ideally, all Phytophthora species should be avoided in
plant production facilities (Sims et al. 2019). However,
when this is not possible, it is crucial for nurseries that
supply plant stocks for restoration purposes to adopt best
management practices and monitoring programs that help
minimize the presence of Phytophthora species (Sims et al.
2019; Swiecki et al. 2021). Assessing the success of a patho-
gen mitigation program requires a knowledge of which Phy-
tophthoras may be pathogenic to which plants species used
in restoration efforts. Whenever possible, a formal verifi-
cation of the pathogenicity of each Phytophthora species
on novel hosts needs to be completed, so that appropriate
pathogen surveys and regulations may be put in place.

Stem and/or root inoculations are the two most fre-
quently used approaches to confirm pathogenicity of soil-
borne Phytophthora species (Aghighi et al. 2016; Jung et

@ Springer



Journal of Plant Pathology

al. 2017). There is no clear consensus on which of the two § 3

may be better, and it may be that no single method works for g ‘E

all Phytophthora and host species combinations, given the g et R

complex nature of Phytophthora-induced disease (Weiland g JEE

et al. 2010; Chandelier et al. 2016). Although wounded- 2|8 é 88 ~ €

stem inoculations have been successfully used to test the % g

pathogenicity of some Phytophthora species and host com- § E- g

binations (Denman and Sadie 2001; Chandelier et al. 2016; 2 |2|&|e o £9.-

Bregant et al. 2020), it is unclear whether this approach may E

work for all combinations. It is therefore important to test E; —

the pathogenicity by using both root and stem inoculation - %

methods. K . _ss
The bush monkeyflower (Diplacus aurantiacus Cur- 2 |5

. . = [a]

tis), the blue-blossom (Ceanothus thyrsiflorus repens = HE *: .

Eschw.) and the California coffeeberry (Frangula califor- 2 |=zlg]- -~ -

nica (Eschsch.) A. Gray) are Californian native species %

commonly used in restoration projects (Cione et al. 2002; § E _

Morandin and Kremen 2013; Hallett et al. 2017). In recent 23| |= g8 f'g

disease surveys in California plant nurseries, D. aurantia- S5l |E| £&3

cus emerged as one of the species with higher Phytophthora 28| |8|= E RELRE

D o [ I R T — ]

incidence, closely followed by F californica and by C. £ 2

thyrsiflorus (Sims et al. 2019; Rooney-Latham et al. 2019). § _ﬁ =, . -

These three plant species have been identified as potential 35l8|2la> SEE

hosts for several Phytophthora species, and new potential .g 2lg

plant-pathogen combinations identified included the fol- A = b g

lowing: D. aurantiacus infected by P. megasperma or by g § SlZ| - 4 f 8w

P. crassamura, F. californica infected by P. megasperma E '§

or by P. multivora, and C. thyrsiflorus infected by P. multi- 3 @ E

vora (Rooney-Latham et al. 2019; Frankel et al. 2020; Sims =*| |2

and Garbelotto 2021). To date, a rigorous verification of the [ g S|« < T T =

pathogenicity of the Phytophthora species listed above on ? v

these three host species has still not been completed. €5 H - =
The objectives of the present study were (i) to compare g E‘? oo o ===

the efficacy of stem vs. root inoculations to test the patho- 5y

genicity of soilborne Phytophthoras by inoculating either 5| |B c

the roots or the stems of D. auranticus with P. megasperma - § i el s =

and P. crassamura, and (ii) to assess the pathogenicity of P 5 4 . B

crassamura, P. megasperma and P. multivora on D. auran- 23 53 s 3 £

tiacus, C. thyrsiflorus and F. californica through either stem, % j‘i- HEE 28 5

root inoculations or both. g% |& % g I3 ¥
During the entire duration of the experiment, potted sap- E =_ § § 8 § § §

lings of D. aurantiacus, C. thyrsiflorus and F. californica =3 [S|S 8 2§

were maintained under well-watered conditions in a room 5 § "§. ";n. ';-.u "§. ";-i

at 24-25°C and 40-50% relative humidity. Stem inocula- 25| 822 222

tions were performed on D. aurantiacus and F. californica g E Rk

saplings using isolates of P megasperma, P. crassamura, A

and P. multivora (Table 1). Stem inoculations were done by ; % % q

placing a 3-mm-diameter V8A disc taken from the margin 23 § § §

of a 5-day old culture, onto a stem pricked ten times with =z ol § £ S

the tip of a needle, with the mycelium side to the stem, 3 to g 2l |2 § § 2

5 cm above the soil line (adapted from Sims and Garbelotto -2 [#E = “:%:

2021). Negative controls consisted of the same procedure % .i_j § g.; % s

=t alQ U &

@ Springer



Journal of Plant Pathology

but using a non-colonized V8A disc. The inoculated area
was wrapped using Parafilm ® M sealing film and alumi-
num foil for 21 days.

Root inoculations were performed on D. aurantiacus and
C. thyrsiflorus saplings (Table 1) using a method adapted
from Sims and Garbelotto (2018). A zoospore suspension
was produced for each isolate using 5-mm-diameter plugs
taken from the margin of a 5- to 7-day old cultures. A total
of 9 plugs were put in 90-mm-diameter Petri plates with a
mix of 1V8:4 soil tea for 24 h, after which the plugs were
rinsed with distilled water and left on soil tea for the next
48 h. The plates were then put on a mix of water and ice
for 1 h and left at room temperature while monitoring for
zoospore release. Saplings of D. aurantiacus received a 50
mL zoospore suspension containing an estimated concen-
tration of 15x10° /mL and 25x 10* /mL zoospores for P
megasperma and P, crassamura, respectively, poured over a
previously cut slit near the root collar. Saplings of C. thyrsi-
florus received a 60 mL suspension of P. multivora with an
estimated zoospore concentration of 8 x 10° /mL. Negative
controls were submitted to the same procedure, but using a
soil tea suspension with no zoospores. Saplings were kept
under waterlogging conditions for 48 h after inoculation and
in well-watered conditions thereafter, until the end of the
experiment at day 21 after inoculation. Each pathogen iso-
late used in stem and/or root inoculations had been obtained
in California from the host on which it was tested (Sims et
al. 2019; Sims and Garbelotto 2021).

Re-isolation was performed on inoculated and control
saplings by plating the following two types of plant tissue
onto selective medium V8-PARPH agar: (i) inner bark tis-
sue from the outer edge of the stem necrosis or near the pin
pricks on the stem if no necrosis was present, or (ii) necrotic
roots from saplings whose roots were inoculated. Any Phy-
tophthora spp colony observed in the selective medium was
transferred to V8A, and species were confirmed by visual
inspection of colony morphology.

Mortality and disease severity were evaluated on all sap-
lings by tallying the number of dead plants and the percentage
of necrotic leaves at 10, 14, 18 and 21 days post inoculation
for stem-inoculated saplings, and at 8, 10 and 14 days post
inoculation for root-inoculated saplings. The percentage of
necrotic leaves was visually assessed and each plant was
assigned a score between 0 (0% of necrotic leaves, when
all leaves were healthy) and 13 (100% of necrotic leaves,
when the plant was dead). Root damage scores between 1
(healthy roots) and 6 (complete root system rotten away)
were assigned to all root-inoculated saplings at the end of
the experiment (Sims and Garbelotto 2018). Necrotic area
was calculated at the end of the experiment for all stem-
inoculated saplings by measuring necrosis length and width
starting from the inoculation point. The outer bark of each

sapling was lightly scrapped to properly observe lesion size
in the inner bark.

Koch’s postulates were validated by applying a Chi-
square () test for every plant-pathogen combination. Mor-
tality percentages were calculated using the Kaplan—Meier
estimate, and the significance of the difference between
controls and the inoculated treatments was examined using
the log-rank test in the survival package (Thearneau and
Grambsch 2000; Therneau 2021). Necrotic leaves score
differences between saplings under control and inoculated
treatments at each observation day were tested using t-test
for all species and inoculation types. When data did not fol-
low the normality assumption, a Mann-Whitney test was
applied instead. Dunnett’s test with a confidence interval
of 95% was used to test for differences in mean values of
necrosis area between Phytophthora species for each plant
species and the control treatment. All statistical analyses
were performed in R (v. 3.5.1; R Core Team, 2018).

Pathogen re-isolation (Fig. 1) was successful for all D.
aurantiacus root-inoculated saplings (100% of 16 inocu-
lated saplings, p < 0.001), for 67% of the F. californica sap-
lings stem-inoculated with P multivora (7 of 12 inoculated
saplings, p<0.1) and for 58% of the C. thyrsiflorus sap-
lings root-inoculated with P multivora (8 of 12 inoculated
saplings, p < 0.1). Pathogen re-isolation was successful in
42% of the F. californica saplings stem-inoculated with P,
megasperma (5 of 12 inoculated saplings) and in 25% of D.
aurantiacus saplings stem-inoculated with P, crassamura (2
of 8 inoculated saplings). Although these percentages were
not statistically different from zero, P. megasperma was suc-
cessfully reisolated from 5 F. californica saplings (Fig. 1).
No Phytophthora was re-isolated from any of the mock-
inoculated saplings, either stem- or root-inoculated.

Disease severity was similar for D. aurantiacus saplings
root-inoculated with either P megasperma or P. crassa-
mura: mortality percentage was 100% and the average leaf
necrosis score was 9 out of 13 (Table 1; Fig. 2a, b). At 8
days post root-inoculation, all inoculated D. aurantiacus
saplings had symptoms of decline and all were dead by the
12th day (p < 0.001, Fig. 2a). On the contrary, saplings of D.
aurantiacus that were stem-inoculated started showing leaf
necrosis at the 18th day post inoculation but no stem-inoc-
ulated sapling died or showed stem lesions regardless of
which Phytophthora spp. it was inoculated with (Table 1).

Declining symptoms for stem-inoculated F califor-
nica saplings started 14 days after inoculation and were
more pronounced on saplings inoculated with P. multivora
(p<0.05, Fig. 3a). A total of 25% of E californica sap-
lings inoculated with P. multivora died 18 days after stem
inoculation but no saplings died from inoculation with P,
megasperma (Fig. 3a). Stem necrosis was observed in 42%
of the F californica saplings inoculated with P. multivora
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Fig.2 Mortality percentage (a) and necrotic leaves scores (b) for Dip-
lacus aurantiacus root-inoculated with Phytophthora crassamura and
P. megasperma (colored in light grey and dark grey, respectively) in

and 25% of saplings inoculated with P. megasperma, and
mean stem necrosis areas were of 90.34 mm? (+86.20) and
50.19 mm?® (+148.97), respectively (Table 2). Saplings of
E californica whose stem were mock-inoculated had no
stem lesions. Necrotic area was not significantly different
between inoculated treatments and controls and between
Phytophthora treatments (Table 2).

Saplings of C. thyrsiflorus that were root-inoculated with
P. multivora had significantly higher leaf necrosis scores

@_ Springer

14

days after inoculation. Annotations indicate significance levels: *** is
p-value<0.001 and ** is p-value < 0.01. Photographs of saplings (c)
were taken fourteen days post inoculation

and root damage than controls (p<0.05, Table 1) but the
percentage of mortality in inoculated saplings was not sig-
nificantly higher than that in controls (17%, Table 1).

All pathogens used in this experiment are mainly root rot
pathogens, therefore, it is to be expected that root inocula-
tions should result in higher infection success and greater
disease severity than stem inoculations. Nonetheless, stem
inoculation methods to test the pathogenicity of Phytoph-
thora species are often used due to their less labor-intensive
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Table 2 Results of the Dunnett’s test for the stem necrosis area using the Control treatment as reference. Sd represents standard deviation and CI

represents the 95% Confidence Interval

Plant Species Treatment Mean (mm?) Sd (mm?) Lower CI Upper CI p-value

Frangula californica Control 0 0 - - -
Phytophthora multivora  90.34 86.20 -299.71 629.81 0.46
Phytophthora megasperma 50.19 148.97 -2.43 6.89 0.32

characteristics and because of their proven success in sev-
eral pathogenicity trials for several Phytophthora and host
species combinations (Hansen et al. 2005; Garbelotto et
al. 2021). A comparison of results between stem and root
inoculations of D. aurantiacus shows that the use of dis-
tinct inoculation methods can produce different pathogenic-
ity results, deeming the use of just one inoculation method
inconclusive for pathogenicity tests in some pathogen and
host species combinations. In fact, there is the possibility
that a failed stem inoculation may simply indicate that a
soilborne Phytophthora species may not cause a stem dis-
ease but it may still be uncertain if the host is susceptible to
root infection by the same pathogen. While stem inocula-
tions of P megasperma and P. crassamura on D. auran-
tiacus had nil or low re-isolation success and only caused
minimal stem lesions or foliage symptoms, root inocula-
tions showed the high pathogenicity of both P. megasperma
and P. crassamura on this host. This result suggests that P,
megasperma and P. crassamura are not likely to cause sig-
nificant disease on stems of saplings of D. aurantiacus but

are both root pathogens of this plant species and are both
extremely pathogenic.

Likewise, results of stem-inoculations of F californica
were ambiguous, and while stem lesions were not statis-
tically different between plants inoculated with either P,
megasperma or F. multivora and mock-inoculated controls,
lesions were present and foliage symptoms were statisti-
cally different between plants inoculated with P multivora
and controls. A pathogenicity trial using a root-inoculation
method may instead be needed to clarify the pathogenicity
of P. megasperma on F. californica.

Based on the presence of significant symptoms and/or
mortality, combined with the success of pathogen re-isola-
tion from 5 or more inoculated plants for each plant and
pathogen combination, and given that 4 is a minimum num-
ber of plants used to test pathogenicity of putative pathogen
on a new plant host (see Garbelotto et al. 2020), this study
fulfills Koch’s postulates and confirms the pathogenicity
of the following Phytophthora species and host combina-
tions: D. aurantiacus X P. megasperma, D. aurantiacus X P,
crassamura, C. thyrsifloris X P. multivora and P. multivora X
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E californica. All three Phytophthora species and host com-
binations above are first reports, and the results presented
here are consistent with disease and findings described in
Sims et al. (2018), Sims and Garbelotto (2021) and Rooney-
Latham et al. (2015, 2019). It should be further noted that
our results do not account for the presence of external stress-
ors, such as co-infection by other pathogens or environmen-
tal conditions, nor can they be used to predict the full range
of disease symptoms on adult plants.

Plants of D. aurantiacus were extremely susceptible to P
megasperma and P. crassamura, as highlighted by the death
of all inoculated saplings in less than 15 days. These results
suggest that, whenever possible, managers should choose
other plant species in restoration sites that are either infested
by Phytophthora species or are adjacent to infested sites.
Furthermore, recent studies have shown that D. aurantiacus
plants are susceptible to other Phytophthora species, includ-
ing the emergent species P. fentaculata (Rooney-Latham et
al. 2015, 2019). Together, results of this and other studies
suggest extreme caution should be used when growing D.
aurantiacus in plant production facilities that supply plants
for restoration and/or when using this plant species in res-
toration projects.

Saplings of C. rhrysiflorus infected by P multivora
showed significant root damage and leaf necrosis, but mor-
tality was low during the short duration of the experiment.
Given the moderate severity of symptoms, it is possible that
this species may play an important role in fostering, unde-
tected, the survival and the spread of P multivora in resto-
ration sites or in nurseries. This is also in agreement with
results of studies reporting the detection at somewhat low
frequency of this Phytophthora species on C. thrysiflorus
plants in nurseries (Sims et al. 2018; Rooney-Latham et al.
2019).

Finally, our experiment is the first to prove the pathogenic-
ity of P. erassamura, a pathogen species recently described
(Scanu et al. 2015) and only recently reported in California
(Sims et al. 2019), on plant hosts outside of Europe. This
study validates the possible role of P crassamura as a pri-
mary pathogen in failing restorations, as hypothesized by
Sims and Garbelotto (2021) based on isolation results from
diseased plants in or immediately adjacent restoration sites.
Thus, based on the results presented here, this Phytophthora
species should be added to the list of plant pathogens that
may have the potential to compromise the integrity of native
California ecosystems.
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