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Introduction
Apple (Malus × domestica Borkh.), a member of the Rosaceae 

family and Maloideae subfamily, is one of the most popular perennial 
tree fruits in temperate regions around the world [1]. Apple replant 
disease (ARD), or replant syndrome, refers to stunted growth or death 
of newly planted trees at a replant site, where apple or closely related 
tree species have been previously cultivated. ARD can be a serious 
obstacle to the establishment of economically viable orchards. The 
causal agents of ARD consist of a pathogen complex including multiple 
species belonging to necrotrophic soilborne oomycetes (Phytophthora 
and Pythium) and fungi (Ilyonectria and Rhizoctonia) [2-4]. Among 
them, Pythium ultimum is known to be one of the primary components 
within the ARD pathogen complex which has been identified in orchard 
soils worldwide [3,5,6]. Control of ARD has primarily relied on the pre-
plant chemical fumigation of orchard soils with the aim of eradicating 
ARD pathogens [7]. The use of these broad-spectrum fumigants is 
under increasing regulatory restriction due to environment and human 
health concerns. In addition to cost, the effects of fumigation are short-
lived, and application of these chemicals is not feasible after orchard 
establishment [8]. Rotation, fallowing, and other cultural disease control 
methods are either impractical or ineffective for ARD management 
[9,10]. Alternative control strategies are also being explored, such 
as using brassicaceae seed meal amendments to exploit microbial 
communities in orchard soil to suppress pathogen aggressiveness 
and promote plant health [8,11,12]. It is well-acknowledged that 
development and deployment of resistant or tolerant rootstocks offers 
a cost-effective, ecologically friendly and durable approach for ARD 
management. However, conventional breeding for apple root resistance 
to soilborne pathogens is a long-term and resource-demanding 

endeavour [13,14]. Effective screening methods for ARD-resistance 
are not currently available. Genetics-informed breeding, such as use of 
predictive DNA markers, promises to enhance precision and efficiency 
for early selection of desired traits [15,16]. The advantages of marker-
assisted breeding can only be realized through careful genetic studies, 
which in turn demand reliable resistance phenotypes in apple roots 
[17-19]. Because of their hidden nature and often miniature statues, 
phenotyping root resistance responses is more challenging compared to 
that of aboveground organs [20]. Additional obstacles exist for studying 
resistance responses in roots of apple or other perennial rosaceae tree 
crops. The apple genome is known for its high level of heterozygosity 
and extensive whole-genome duplication [21,22]. More importantly, 
apple reproduction is self-incompatible or outcrossing [1]. As a 
result, genetically identical plants cannot be produced by apple seed 
germination, as each seed represents a unique genetic identity. To define 
the genotype-specific root resistance responses a plant tissue culture-
based micro propagation procedure was implemented, which enabled 
a continual supply of genetically uniform apple plants of any selected 
apple rootstock genotypes for repeated infection assays. The objective 
of this study was to identify a panel of apple rootstock genotypes with 
reliable root resistance phenotypes in response to P. ultimum infection. 
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Abstract
Apple replants disease (ARD), incited by a soil borne pathogen complex, is a major obstacle to establishing 

an economically viable apple orchard at replant sites. The predominant control method is pre-plant chemical 
fumigation of orchard soil, which is expensive and comes with environmental and regulatory concerns. To maximize 
the exploitation of host resistance for ARD management, high quality resistance phenotypes in apple roots to 
ARD pathogen infection are required for elucidating the underlying resistance mechanisms. In this study, root 
resistance responses to Pythium ultimum infection were systematically evaluated among the ‘Ottawa 3’ × ‘Robusta 
5’ (O3R5) F1 progeny. Tissue culture-based micro propagation was employed to generate genetically-defined and 
age-equivalent apple plants for repeated infection assays. A wide range of plant survival rates were observed, with 
fewer than 30% for the susceptible genotypes and over 80% for the resistant ones. The levels of root and shoot 
biomass reduction among the surviving plants varied substantially between the most resistant genotypes and the 
most susceptible genotypes. Contrasting necrosis patterns were demonstrated along the infected roots between 
resistant and susceptible genotypes using a novel glass-box pot for continuous microscopic observation. Swift 
necrosis occurred across the entire root system within 24 hours for the susceptible genotypes; in sharp contrast, 
evidently deterred root necrosis was observed for the resistant genotypes. A well-defined boundary separating 
healthy and necrotic root tissues were often accompanied with the infected roots of resistant genotypes, while the 
profuse growth of P. ultimum hyphae was specifically associated with the infected roots of susceptible genotypes. 
The results from this study represented the first comprehensive and detailed effort undertaken to define the 
genotype-specific resistance responses in apple roots as they are challenged by a soil-borne pathogen.
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The streamlined phenotyping protocol and the identified genotypes 
with distinctive root resistance traits can be utilized for future genetic 
and biochemical analysis to elucidate the resistance mechanisms, 
and identify specific genes associated with apple root resistance or 
susceptibility.

Materials and Methods 
Plant materials

The ‘Ottawa 3’ × ‘Robusta 5’ (O3R5) apple rootstock population 
was developed in mid-1970s. Both parents, ‘Ottawa 3’ and  ‘Robusta 5’, 
are with strong linage of wild apple germplasm [23,24]. The progeny 
of this cross is known for segregating multiple agronomical traits 
including dwarfism and resistance to apple fire blight and powdery 
mildew [16,25,26]. An ARD tolerant germplasm G.935® was originally 
selected from O3R5 cross population [27], indicating the segregation 
for ARD resistance. Therefore, O3R5 F1 progeny was chosen for this 
experiment to phenotyping the root resistance traits to P. ultimum 
inoculation under controlled experimental conditions. Over 90 of 
O3R5 genotypes were available for this phenotyping effort. Six-year old 
trees were kept at an experimental orchard for long-term study, which 
also served as the source of tissue culture based micro propagation of 
genetically uniform apple plants. 

Plant micropropagation and in-soil acclimation of root system

Apple plants with equivalent ages were produced by tissue culture-
based micro-propagation procedures as described previously [28]. 
Briefly, 4-6 weeks are required for shoot propagation and 4 weeks 
for root elongation. After a sufficient root system has been reached, 
plants were transferred to pots containing autoclaved SunshineTM 
potting mix (SUN GRO Horticulture Ltd, Bellevue, WA) for one week 
of in-soil acclimation before pathogen infection assays. The step of in-
soil acclimation for tissue culture generated root system is a critical 
requirement in term of allowing further differentiation of root tissues 
to fully express the inherent resistance traits under pathogenic pressure. 
To minimize transplanting effects on plants, especially for roots from 
culture medium to potting soils, a transparent 7’’ Vented Humidity 

O3R5 
genotypes

Total plants 
assayed 

(survived)

Times 
assayed

Range of observed 
survival rates (%)

Average 
survival rate (%)

#115 76 (14) 5 0-44 18.4
#132 78 (15) 5 5-33 19.2
#47 63 (16) 5 0-25 25.4

#106 67 (16) 5 12-33 23.9
#121 72 (12) 4 0-23 16.7
#58 103 (90) 6 71-100 87.4

#161 72 (65) 5 67-100 90.3
#164 69 (66) 5 83-100 95.7
#78 92 (78) 5 67-100 84.8
#63 81 (70) 4 85-100 86.4

Table 1:  Selected O3R5 genotypes demonstrating distinctive survival rates.

Figure 1: Distinctive survival rates among O3R5 progeny in response to infection by Pythium ultimum. A. The resistant genotypes O3R5-#161; B.  The resistant 
genotype O3R5-#58; C. The susceptible genotype O3R5-#115;  D. The susceptible genotype O3R5-#132.  Those plants at the left column (highlighted in a green 
frame) were mock-inoculation control for each genotype. Plants for all these four genotypes were inoculated simultaneously using the same inoculum preparation. 
Control and P. ultimum infected plants were maintained under identical growth conditions. Image was taken at 14 dpi. E. The representing patterns of the timeline of 
manifestation of wilting symptom and/or mortality after pathogen inoculation.

Dome (Greenhouse Megastore, Danville, IL) was used to cover the flat 
tray holding the pots for retaining humidity. The temperature in the 
growth room was approximately 22 ± 1°C at night and 25 ± 1°C during 
day time with 12 hr light/12 hr dark photoperiod. 

Inoculum preparation and inoculation of roots

Inoculum of Pythium ultimum was prepared as previously described 
[28]. The P. ultimum isolate used in this study was originally recovered 
from the roots of ‘Gala’/M26 apple grown at Moxee, WA, USA. The 
inoculum of P. ultimum was prepared by cultivating in potato-carrot 
broth (20 g of carrots and 20 g of peeled potatoes in one L of water 
boiled for 30 min) with two drops of wheat germ oil added per L of 
medium [29]. Briefly, the P. ultimum cultures were grown in broth in 
9-cm Petri dishes at 22°C for 4-6 weeks. Oospores and mycelium from 
the resultant mat were collected and ground in 0.5% methyl cellulose 
solution using a household electric blender for 30s. The oospores and 
hyphal fragments were resuspended in 0.5% methyl cellulose to give 
a final concentration of approximately 2,000 oospores per mL. The 
inoculation of seedlings with P. ultimum was performed by dipping 
the root system in the inoculum solution for 5 s. Inoculated plants were 
immediately transplanted into autoclaved SunshineTM potting mix in 
4’’ pots and thoroughly watered. Control plants were mock-inoculated 
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O3R5 genotypes Root biomass (average fresh weight, g)
Mock-inoculation P. ultimum inoculation Biomass reduction (%) P value

#115 (S) 1.19a ± 0.39 0.71b ± 0.32 40.3 0.007
#132 (S) 1.04 a ± 0.56 0.75 b ± 0.54 27.9 0.01
#106 (S) 1.12 a ± 0.28 0.82 b ± 0.35 26.8 0.03
#47 (S) 0.95 a ± 0.19 0.73 b ± 0.15 23.2 0.04

#121 (S) 1.13 ± 0.23 0.89 b ± 0.17 21.2 0.03
#58 (R) 0.89 a ± 0.21 0.91 a ± 0.17 -2.2 0.86
#161 (R) 1.14 a ± 0.32 1.05 a ± 0.32 6.2 0.09
#63 (R) 1.03 a ± 0.19 0.91 b ± 0.27 11.7 0.04
#78 (R) 0.72 a ± 0.21 0.64 a ± 0.22 11.1 0.25
#164 (R) 0.81 a ± 0.16 0.96 a ± 1.52 -1.19 0.68

O3R5 genotypes Shoot biomass (average fresh weight, g)
Mock-inoculation P. ultimum inoculation Biomass reduction (%) p value

#115 (S) 0.87 a ± 0.15 0.56 b ± 0.07 35.6 1.2E-05
#132 (S) 1.21 a ± 0.36 0.93 b ± 0.31 23.1 0.02
#106 (S) 1.27 a ± 0.27 0.85 b ± 0.21 33.1 0.004
#47 (S) 0.97 a ± 0.37 0.66 b ± 0.24 32.0 0.04
#121 (S) 1.23 a ± 0.24 0.78 b ± 0.19 36.6 0.01
#58 (R) 1.03 a ± 0.08 1.05 a ± 0.11 -1.9 0.08
#161 (R) 1.02 a ± 0.12 0.92 a ± 0.31 9.8 0.06
#63 (R) 1.29 a ± 0.32 1.08 b ± 0.21 16.3 0.03
#78 (R) 0.94 a ± 0.21 0.76 b ± 0.16 19.1 0.0002
#164 (R) 1.22 a ± 0.19 0.91 b ± 0.18 25.4 0.0001

The percentage of biomass reduction was calculated by comparing the means of root or shoot fresh weigh between the surviving plants from P. ultimum infection and 
those of control plants measured at 28 dpi. R: denotes resistant genotype; S: denotes susceptible genotype. Means for treated and control treatments with the same letter 
do not differ according to t-test, based on the criteria of P (probability) values < 0.05.

Table 2:  Root and shoot biomass reduction between genotypes with higher or lower survival rates.

Figure 2:  Genotype-specific patterns of tissue necrosis progression due to Pythium ultimum infection. A. The set-up of glass-box with roots exposed by aligning 
against the glass plate, the labelled grid for facilitating the localization of root section for continuous observation. B. Time-lapse images of root necrosis progression 
for a susceptible genotype O3R5-#115 in response to infection by P. ultimum. C. Time-lapse images of necrosis progression for a resistant genotype O3R5-#161 in 
response to infection by P. ultimum. In both C and D, the number at the bottom of each image denotes the hour post inoculation (hpi). D. Image of P. ultimum hyphae 
growing out from a necrotic root segment after incubation on a PSSM agar plate.
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with 0.5% methyl cellulose solution and maintained similarly to the 
P. ultimum inoculated plants. All plants were grown as triplicates per 
pot and maintained in an environmental growth room under a 12 hr 
light/12 hr dark cycles. 

Phenotypic assessment of plant survival rates and biomass 
reduction

For plant survival rate and biomass reduction analysis, inoculated 

plants were allowed to grow for four weeks in autoclaved potting mix. 
Plant survival rate for each genotype was recoded at 3, 7, 10, 14 and 28 
dpi (days post inoculation). Plant biomass reductions were determined 
at 28 dpi by measuring root or shoot fresh weights between mock-
inoculated control plant and P. ultimum infected but surviving plants. 
For measuring root and shoot biomass, plants were carefully removed 
from pots, and soil medium was gently rinsed off root tissues under 
tap water. Individual plants were wrapped in moist paper towels before 

Figure 3: The defined boundaries separating healthy and necrotic tissues along the infected roots of resistant genotypes. The clear and defined “lines” or “zones” 
were often observed at 48 to 120 hpi along the infected roots of the resistant O3R5 lines. A. Images from infected roots of #164; B. images from infected roots of 
#161; C. images from infected roots of #63; D. images from infected roots of #58. The bars on the bottom images represent 500 µm. E. Measured values of necrotic 
sections and total root length for selected O3R5 genotypes. Segments from the entire root system were photographed and the root length was measured using 
publicly available software ImageJ (https://imagej.nih.gov/ij/). The legend of nrl denotes for “necrotic root lengths”; and trl for “total root length”. The measured values 
represent the means from infection assays; each infection includes at least 5 infected plants.

Figure 4: Microscopic features related to tissue necrosis and pathogen hyphae growth between resistance and susceptible genotypes at 48 hpi. Images of A and B 
were from a more resistant genotype of O3R5-#58; C and D were from a more resistant genotype of O3R5-#63; E and F were from a more susceptible genotype of 
O3R5-#106; and G and H were from a more susceptible genotype of O3R5-#47. The images at the upper row (A, C, E and G), represented the control treatment of 
mock-inoculated roots; and B, D, F and H at the lower row were the images for roots inoculated with P. ultimum for corresponding genotypes. Roots for at least three 
plants were examined for each genotype, and observations were repeated for two independent inoculation events. The representing images were taken with the same 
power of magnification; the bar in image H represents 400 µm.

https://imagej.nih.gov/ij/
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weighing the shoot and root biomass separately. Separate experiments 
were carried out to determine the ratio between total root length and 
necrotic root length. Root branches were placed in Petri dishes and 
photographed using a Canon D35 camera. The acquired images were 
processed using publicly available software ImageJ (https://imagej.nih.
gov/ij/) for measuring total and necrotic root length. Necrotic sections 
were primarily based on the presence of yellow to brownish root 
coloration associated with necrotic root tissues.

Microscopic observation of genotype-specific necrosis 
patterns

For microscopic observation, autoclaved soil medium consisting 
of construction sands, vermiculite, and perlite in a ratio of 1:1:1 was 
used to fill the glass box or pot. Plants were carefully excavated from 
the soil to minimize mechanical damage to the roots at designated 
time points. Residual soil along the root branches was gently removed 
under running tap water. Roots for both mock-inoculated control and 
P. ultimum inoculated plants were kept separately in 100-mL beakers 
filled with water until microscopic examination within two hours. 
Individual root branches were separated from each other, and a glass 
slide was used to hold the root in petri dish filled with autoclaved 
water (for minimized air bubble formation). A minimum of six plants 
per genotype and treatment were examined with the assistance of a 
dissecting microscope (Olympus SXZ12). For continuous observation 
of necrosis progression along the infected roots, a small glass box (2.5 
× 7.5 × 10 cm) was used to hold each plant, aligning the root system 
against the glass plate and separating roots from soil substrate by a 
sheet of paper towel. The glass box was wrapped with aluminium foil to 
minimize unnecessary light exposure to root system until microscopic 
observation. Grid lines on the glass box were used to facilitate locating 
and tracking the specific sections of a root system. Images of root tissues 
were obtained using a DP73 digital camera installed on an Olympus 
SXZ12 dissecting microscope and the associated software suite of 
celSense (Olympus, Center Valley, PA). Digital images were slightly 
modified such as resizing, cropping and adjusting overall brightness 
of obtained images using a publicly available software Faststone Image 
Viewer 5.5 (www.faststone.org).

Statistical analysis

All measure values were three biological replicates. Data were 
analyzed using ANOVA followed by paired or unpaired Student’s t test 
(Microsoft Excel). Differences of means with p < 0.05 were considered 
significant.

Results and Discussion
Widely-distributed survival rates among O3R5 genotypes to 
P. ultimum inoculation 

Based on repeated infection assays, a wide-spectrum of plant 
survival rates was observed across the tested sixty-three O3R5 
genotypes in response to P. ultimum inoculation. Plant survival rates 
were recorded at 28 dpi (days post inoculation), and those genotypes 
with average survival rates above 80% were designated “resistant”, 
and those with lower than 30% survival rates were considered as 
“susceptible”.  Most genotypes fell into the category with mediocre 
level of survival rates, as expected, between these two established 
thresholds. The top five most resistant and susceptible genotypes are 
listed in Table 1. As examples, two resistant genotypes (O3R5-#161 at 
top and O3R5-#58 at bottom show almost 100% survival rate without 
visible growth inhibition (Figures 1A and 1B). In contrast, less than 
30% of plants from two susceptible genotypes (O3R5-#115 at top and 

O3R5-#132 at bottom) (Figures 1C and 1D) are survived but with 
easily identifiable growth inhibition for the surviving plants at 14 dpi. 
The typical timeline for initially discernable wilting symptoms on leaf 
can be identified as early as 3 dpi for the more susceptible genotypes 
(Figure 1E). The percentage of plants with wilting and dying symptoms 
was generally stabilized at 7dpi, with slight changes between 7 and 14 
dpi. For a given genotype, plant survival rates were mostly consistent 
between 4-6 independent infection events, indicating the applicability 
of this infection protocol among the tested apple rootstock germplasm. 
Disease tolerance of apple rootstock selections is traditionally 
evaluated under field conditions using one-year old bareroot trees, or 
so-called “rootstock sticks”, from stool-bed propagation in commercial 
nurseries [14,30]. The indirect physiological parameters including 
tree height, stem diameter, and multi-year accumulated fruit yield 
were used to infer ARD tolerance, without the knowledge of intrinsic 
apple root responses. While this is a practical and valuable approach 
for evaluating field performance of a rootstock, it is probably not 
an optimized methodology for acquiring detailed and reproducible 
root resistance phenotypes for subsequent molecular or genetic 
analyses. Multiple non-genetic factors can influence the expression of 
resistance phenotypes such as soil types, soil nutrient and microclimate 
conditions associated with a specific orchard [13]. The availability of 
these “rootstock sticks” is often limited to only the elite commercial 
varieties and for a narrow time window. Probably, the most important 
consideration regarding molecular research is that the exposure of root 
system to other untargeted soils microbes or unintended abiotic factors 
prior to inoculation by ARD pathogens may complicate the expression 
of its genotype-specific resistance responses. The uneven root systems 
between individual trees can also tamper with the careful examination 
of genotype-specific resistance responses. Due to the lack of consistent 
availability of uniform plants (and root systems), the genotype-specific 
resistance responses in apple roots to infection by ARD pathogens have 
not been carefully investigated [28]. The primary objective here is to 
obtain the reliable or reproducible resistance phenotypes to a targeted 
ARD pathogen under controlled environment, whether they will have 
a consistent resistance performance under field condition requires 
further investigation. The constant availability of these uniform apple 
plants through tissue culture-based micropropagation indisputably 
overcomes a major hurdle for the systematic phenotyping effort on 
apple root resistance traits. Specifically, it was demonstrated that the 
applied pathogen inoculum level can effectively discriminate the level 
of resistance responses among tested O3R5 genotypes. Plant survival 
rates were scored at 28 dpi. Six randomly selected plants for the same 
genotype were set as the mock-inoculation control in each infection 
event. Both mock-inoculated and P. ultimum inoculated plants were 
maintained under identical conditions. Numbers of inoculated plants 
for an O3R5 genotype varied from 12 to 36 depending on the output 
from tissue culture procedures at the time. Average survival rate for a 
specific genotype was calculated based on the total and survived plants 
from 4-6 independent inoculation events.

The levels of biomass reduction partially associated with 
plant survival rates

The genotype-specificity of plant growth inhibition, in addition to 
the observed plant survival rates, was investigated by quantifying and 
comparing the root and shoots biomasses between mock-inoculated 
and P. ultimum-inoculated plants at 28 dpi. Not surprisingly, the 
susceptible genotypes often demonstrated a greater percentage of 
biomass reductions for both root and shoot tissues (Table 2). O3R5-
#115 and O3R5-#132 suffered 30%-40% of biomass reduction for both 
root and shoot at 28 dpi. The reduced plant size due to P. ultimum 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
http://www.faststone.org
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infection was often visibly identifiable as early as 14 dpi for the survived 
plants (as shown in Figure 1B), comparing to that of mock-inoculated 
control plants. In contrast, resistant genotypes suffered a less dramatic 
biomass reduction in general. Root and shoot biomasses suffered a 
minimal impact (less than 10%) due to pathogen infection for O3R5-#58 
and O3R5-#161. However, the shoot biomass for some of the resistant 
genotypes, such as O3R5-#164 and O3R5-#78, exhibited statistically 
significant reduction even the values for root biomass reduction were 
not significantly different, as compared to the mock-inoculation 
controls. Therefore, the level of biomass reduction for a specific 
genotype adds another critical evaluation for assessing the overall root 
resistance responses beside plant survival rate. The levels of biomass 
reduction revealed another quantifiable aspect of apple rootstock 
resistance responses in addition to the genotype-specific plant survival 
rates. Although some resistant genotypes such as O3R5-#63 and O3R5-
#78 exhibited higher than 80% plant survival rates, the reduced plant 
sizes among survived plants due to P. ultimum inoculation were often 
easily observable towards the end of the assays at 28 dpi. Furthermore, 
the reduction of root biomass for the resistance genotypes, such as 
O3R5-#164 and O3R5-#78 were not statistically significant, but the 
values for shoot biomass demonstrated the significant reduction due to 
P. ultimum infection. This later observation seemed to suggest that the 
physiological function of infected roots may have been considerably 
compromised even though the statistically significant difference (p ≥ 
0.05) in root biomass reduction was not detected in the assay.  In other 
words, root size or root mass of the infected roots may be still similar 
to those in mock-inoculated roots in weight, but it is likely the partially 
affected physiological function failed to meet the need for the growth of 
aboveground tissues. Multi-dimensional evaluation of root resistance 
response is needed for a reliable and appropriate assessment for overall 
genotype-specific resistance levels.

Contrasting patterns of necrosis progression along infected 
roots between resistant and susceptible O3R5 genotypes

The possible cellular mechanisms which contribute to the observed 
variations of survival rate and biomass reduction in response to P. 
ultimum infection remain unknown. Using a custom-made small glass 
box (2.5 × 7.5 × 10 cm) (Figure 2A), genotype-specific root necrosis 
progression from P. ultimum infection was monitored and documented 
with the assistance of a dissecting microscope. The contrasting patterns 
of necrosis progression between resistant and susceptible genotypes 
were revealed by analysing the serial images from the same section 
of P. ultimum infected root system. The necrosis progression along 
the infected roots of O3R5-#115 represent a typical pattern for the 
susceptible genotypes (Figure 2B). No identifiable necrosis was detected 
until 120 hours post inoculation (hpi) within this section of the root 
system; then a rapid expansion of necrotic tissues occurred from 120 
to 132 hpi across the entire section of the root system, as indicated by 
the appearance of the yellow to brownish coloration. On the other 
hand, along the roots of a resistant genotypes O3R5-#161 a distinctive 
pattern of necrosis progression was demonstrated. As shown in Figure 
2C, though the initiation of necrosis can be detected as early as 12 hpi 
on a newly-emerged root (red arrow at 24 hpi image) of the resistant 
genotype O3R5-#161, tissue necrosis appeared to be limited to the 
junction with the older root during the entire observation period. A 
separate necrotic section was observed at 60 hpi from the lower side 
of the roots (green arrow in 60-hpi image), but the healthy or white-
colored root tissues remained visible for an extended period of almost 
100 hours, from 60 to 156 hpi. A close-up image at 120 hpi at the far 
right of Figure 2B showed a defined “line” or “zone”, which appeared 
to serve as a barrier, separating the white-colored healthy section from 

yellow to brownish necrotic sections. The presence of P. ultimum 
hyphae was observed from a segment of necrotic root after 24-hour 
incubation on the semi-selective PSSM medium (Figure 2D). Due to 
the hidden nature of plant root system, the symptom development 
due to soilborne pathogen infection is inherently more challenging 
to monitor as compared to that for the aboveground organs. It is 
conceivable that the host-pathogen interactions at tissue and cellular 
levels ultimately determine the distinctive plant mortality and the 
levels of stunted growth among these O3R5 genotypes in response to 
P. ultimum infection. These observed necrosis progression patterns 
provide the important insight for elucidating the underlying cellular 
mechanisms leading to resistance or susceptibility. These observations 
represent the first detailed documentation on necrosis development 
along infected apple roots in response to a soilborne pathogen. The 
deterred or delayed necrosis progression along the roots of the resistant 
O3R5-#161 indicated the existence of a functional or effective cellular 
defense mechanism. Incidentally, the early detection of symptom at 
this specific section of the root system for the resistant genotype of 
O3R5-#161 provided a wider time window for monitoring deterred 
necrosis process. In contrast, even though the detection of the necrosis 
initiation along the root section of the susceptible O3R5-#115 was late 
at 120 hpi, the swift expansion of necrotic tissues throughout the entire 
section of root system clearly demonstrated the inability to confine the 
pathogen progression once infection is initiated. The use of these small 
glass-box pots and the available small plants provided, for the first 
time, the unique opportunity for continuous and direct microscopic 
observation on these tiny apple roots, in a non-disruptive and non-
destructive manner with minimized invasiveness.

The defined boundaries separating necrotic and healthy 
sections along infected roots mostly associated with the 
resistant genotypes 

A more careful examination indicated that the well-defined 
boundaries, which separate the yellow brownish necrotic tissues 
from the white-colored healthy sections, appeared to be commonly 
associated with the infected roots among the resistant O3R5 genotypes. 
Such boundaries (“lines” or “zones”) along the infected roots were 
often detected for most resistant genotypes from 2 to 7 dpi (Figures 3A 
and 3D). These defined boundaries likely functioned as a deterrence 
or compartmentalization on pathogen progression; and therefore, 
prohibited the extensive expansion of necrosis into the other parts of 
the entire root system. As a result, the formation of such distinctive 
boundaries contributed to the distinctive values of measuring necrotic 
root lengths (nrl) at 72 hpi, in relation to the total root length (trl) 
(Figure 3E) between resistant and susceptible O3R5 genotypes. The 
similar boundaries were rarely observed along the infected roots of the 
susceptible genotypes. No such features were found from roots of mock-
inoculated control plants. Microscope-assisted observations offered 
some interesting details on the nature of interaction between apple 
root tissue and invading P. ultimum. The presence of such well-defined 
boundaries which separate healthy and necrotic sections suggests that 
apple root tissues of resistant genotypes are able to restrict or arrest 
the aggressiveness of the fast-growing P. ultimum. The constrained 
pathogen aggressiveness likely prevented necrosis spreading out to 
the entire root system. The sites where boundaries formed could be 
the front of battle between apple root cells and the invading pathogen. 
Along these young apple feeder roots, physical barriers such as cuticle 
layer or secondary cell wall barely exist to ward off pathogen invasion. 
Therefore, the efficient synthesis and timely delivery of antimicrobial 
compounds to infection sites probably represent the primary defense 
responses [31-33]. From the point of plant survivability, even the 
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temporary or partial deterrence of pathogen aggressiveness could offer 
the critical time window for regenerating new roots. Conversely, lack of 
efficient cellular defines output permits invading pathogens to quickly 
overpower the root defines system. These observed boundaries were 
not observed on each root branch within the inoculated root system, 
and the frequency and locations of their formation is not predictable 
between inoculation events. Nevertheless, it is highly possible that 
these boundaries or barriers contributed to the deterred necrosis 
progression and the observed higher survival rates among the resistant 
O3R5 genotypes. 

The profuse growth of pathogen hyphae commonly associated 
with infected roots of susceptible genotypes 

Previous pilot phenotyping survey on apple root resistance and 
recent transcriptase analyses on apple root-P. ultimum interactions 
[28,34,35] indicate that the timepoint at 48 hpi was a critical stage 
for this pathosystem. Careful microscopic examinations on the 
infected roots, against the dark viewing background, revealed that 
the profuse pathogen hyphae growth appeared to be specifically 
associated with the susceptible O3R5 genotypes. As shown in Figure 
4, all mock-inoculated roots as control for four genotypes remained 
healthy at 48 hpi, as indicated by the white color of root branches 
and the intact appearance of root tissues (i.e., none-transparent root 
cortex tissues) for all tested genotypes (Figures 4A, 4C, 4E and 4G). 
For P. ultimum inoculated roots, contrasting images were observed 
between the resistant and susceptible genotypes. For two resistant 
genotypes, O3R5-#58 and O3R5-#161, only a few root branches were 
identified with the signs of tissue necrosis, i.e., yellow to brownish 
coloration with identifiable transparency within root cortex tissues 
(Figures 4B and 4D; red arrows). The large part of the root systems 
appeared to remain healthy with white-colored roots and intact (or 
non-transparent) tissues, similar to those of mock-inoculated roots. 
Features of deterred necrosis expansion (at the junction of root fork) 
by the formation of defined boundaries were also exhibited (Figure 4D; 
green arrows). In contrast, almost all root branches became necrotic 
for two susceptible genotypes of O3R5-#47 and O3R5-#106 (Figures 
4F and 4H), as reflected by the yellow to brownish coloration and the 
severely collapsed tissues for almost all the root branches. The semi-
transparent root cortex tissues were easily visible among the necrotic 
roots (red arrows). The most revealing feature was the profuse growth 
of P. ultimum hyphae along the infected root branches, but only along 
the infected roots of the susceptible genotypes of O3R5-#47 and O3R5-
#106. As a sharp contrast, minimal hyphae growth was observed along 
the infected roots of two resistant genotypes O3R5-#58 and O3R5-#161 
(Figures 4B and 4D). Because young apple feeder roots are tiny, it is 
difficult to monitor the symptom development in response to pathogen 
infection. Use of glass-box container allowed the continuing, real-time 
and non-interrupted observation on the necrosis progression patterns 
between resistant and susceptible genotypes. However, certain features 
related to the pathogenesis processes, such as the levels of root tissue 
disintegration and richness of hyphae growth required a more careful 
microscopic examination. Here, the microscopic observation against 
the dark viewing-field revealed that the profuse growth of P. ultimum 
hyphae was specifically associated with the infected roots of susceptible 
genotypes, but not resistant genotypes. The seemingly unrestricted 
growth of P. ultimum hyphae corroborates the notion of ineffective 
defense output in roots of the susceptible genotypes. The inability to 
deter pathogen aggressiveness most likely contributed to the elevated 
plant mortality for susceptible genotypes. It is clear that various 

observation methods are needed for the comprehensive and in-depth 
evaluation of genotype-specific resistance responses, and accurate and 
reproducible apple root resistance traits.

Conclusion
In the post-genomics era, reliable phenotypic data is often 

considered as a major operational bottleneck which hinders the 
realization of genetic potential contributing to agricultural productivity 
and sustainability [17,20,36]. Careful and meaningful molecular and 
genetic studies demand the high-quality phenotypes for the biology 
of interest such as apple root resistance to ARD pathogens. To tackle 
the more challenging task in phenotyping root resistance for rosaceae 
tree crops like apple, use of tissue culture micropropagated uniform 
apple plants enabled the repeated infection assays for evaluating the 
inherent resistance traits such as genotypes-specific plant survival 
rates and the levels of biomass reduction. A non-disruptive approach 
combining glass box pot and dissecting microscope made it possible 
for continuous observation of necrosis development along infected 
apple roots for the first time. The common association of the defined 
boundaries separating healthy and necrotic sections along the infected 
root of resistant genotypes indicated an effective resistance mechanism. 
On the other hand, the profuse growth of pathogen hyphae along 
the infected roots of susceptible genotypes demonstrated the lack 
of functional cellular defense output and unsuccessful deterrence 
of pathogen aggressiveness. The streamlined phenotyping protocol 
provides a valuable tool for careful and systematic analysis of apple root 
resistance response. The identification of this panel of apple rootstock 
germplasm with reproducible and contrasting resistance phenotypes 
is pivotal for the subsequent genetic studies and biochemical analyses 
with the attempt to unravel the molecular and genetic controls over 
these observed resistance traits. This report represented the first 
comprehensive study undertaken to define the inherent resistance 
traits in apple roots to response to infection by a soilborne pathogen 
P. ultimum. Therefore, the report is a valuable contribution to 
interactions between plant roots and soilborne pathogen, particularly 
for the perennial tree fruit crops. 
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