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ABSTRACT  

Our objectives for 2010/11 were to: 1) develop a quick, small-plant (0.4-liter-pot) method for 
evaluating resistance to Phytophthora cinnamomi and P. citricola; 2) use a conventional large-
plant (2-liter-pot) method to evaluate resistance to these pathogens in the remaining inventory 
clonal rootstock selections in the large-plant format, and 3) conduct orchard surveys and 
diagnostics to assess losses due to Phytophthora and determine etiology of other crown and root 
diseases. For the quick resistance evaluations (Obj. 1), a protocol was developed to inoculate 
rootstock clones with Phytophthora 2 months after transplanting them from tissue cultures into 
350-ml pots.  The medium in each pot was inoculated with 25 ml of V8 juice-vermiculite-oat 
substrate. The substrate was either colonized by one of the pathogens or was sterile as a control. 
Soil flooding then was imposed on the plants for 24 to 48 h at weekly intervals.  Six weeks after 
inoculation, the root systems were washed free from the potting medium and evaluated visually 
for incidence and severity of crown and root rot. Clones evaluated using the quick method 
included AX1 (a standard of Juglans californica × J. regia that, based on conventional large-
plant evaluations, is highly susceptible to both pathogens), PX1 (medium-susceptible standard of 
J. hindsii × J. regia), RX1 (low-susceptibility standard of J. microcarpa × J. regia), W17 (highly 
susceptible standard of J. hindsii), and Ch.Wn.10.05 (highly resistant standard of Pterocarya 
stenoptera).  The relative susceptibilities of these rootstocks in the small-plant evaluation method 
were as expected based on previous large-plant evaluations. In practice, a small-plant resistance 
evaluation cycle requires < 6 months, whereas a large-plant cycle requires > 1 year.  We have 
adopted the small-plant protocol for future evaluations.  Using the conventional method to 
evaluate resistance in the remaining inventory of large clonal plants (Obj. 2), several rootstock 
clones (i.e., DAR, J1Acont, UZ229, WIP4, WIP6) developed relatively low levels of crown rot 
(i.e., means of < 30% of crown length or circumference rotted) in soil infested with P. citricola, 
but these clones tended to have higher levels of root or crown rot than RX1 in soils infested with 
P. cinnamomi. In the same test, rootstocks of RR4cont, Vlach, VX211, WIP2, WIP3, Chandler, 
and Howard were intermediate to relatively high in susceptibility to one or both of the pathogens.  
Surveys of orchard decline problems with a soilborne component (Obj. 3) were conducted with 
Bob Beede and Janine Hasey.  In Kings County, new incidence of tree decline and death due to a 
canker disease on Paradox rootstock was observed in 2010 as in several previous years (2007-
2009 reports to CWB, Browne et al.).  Also in 2010, Themis Michailides reported the disease in 
Fresno County, and we observed it in several orchards of Yuba and Sutter Counties.  We now 
refer to the disease as lethal Paradox canker.  Brennaria nigrifluens (the species known to cause 
shallow bark canker in English walnut) was isolated from some of the Paradox cankers in Yuba 
County, and the isolates were pathogenic in excised Paradox walnut shoots.  Koch’s postulates 
must be completed before conclusions on etiology of the lethal Paradox canker are justified. 
Finally, many trees of cultivar Howard on Paradox rootstock in Sutter and Yuba Counties 
exhibited a decline problem (chlorosis, wilting associated with few feeder roots). Orchard 
observations suggested that there is a rootstock genetic component contributing to the problem. 
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INTRODUCTION 
 
Soilborne pathogens and pests are among the most serious challenges faced by walnut growers 
worldwide, especially since soil fumigation is facing increasing restrictions. The ultimate goal of 
this project is to develop the knowledge base and rootstocks needed for long-term economical 
management of crown and root rots on California walnuts.  In the case of Phytophthora crown 
and root rot, for which etiology is well documented, our research emphasizes collaborative 
development of desirable rootstocks that are resistant to Phytophthora and other soilborne 
pathogens.  In cases of walnut crown and root rot problems for which etiology is unclear, (i.e., a 
lethal Paradox canker disease and a decline of cultivar Howard on Paradox rootstock), our 
research emphasizes examining contributions of biological agents to the problems. Knowledge 
on etiology and ecology of these diseases ultimately will provide a strategic basis for their 
control. 
 
OBJECTIVES 
 
1. Develop a “small-plant” quick screening method to evaluate resistance of walnut rootstocks 

to Phytophthora cinnamomi and P. citricola.   
2. Use the conventional “large-plant” greenhouse screening method to complete evaluations of 

resistance to Phytophthora in rootstock clones available as large plants. 
3. Conduct orchard surveys and diagnostics to assess losses due to Phytophthora and determine 

etiology of other crown and root diseases. 
 
PROCEDURES 
 
Objective 1.  Developing a small-plant method to evaluate resistance to P. cinnamomi and 
P. citricola in hybrid rootstock clones. 
 
We validated an improved small-plant method to evaluate resistance to Phytophthora using 
clonal rootstocks of known resistance to the pathogens (i.e., known from previous, repeated 
large-plant evaluations).  Susceptible (AX1, W17), intermediate (PX1), and resistant 
(Ch.Wn.10.05) clones were included.  We settled upon a challenge protocol that involved 
inoculating rootstock clones with Phytophthora 2 months after transplanting them from tissue 
cultures into 350-ml pots (one plant per pot) filled with amended Sunshine Mix (a proprietary 
peat-perlite potting medium).  The plants were grown in a greenhouse until they all were 10 to 20 
cm in height.  Then the soil in each pot was inoculated with 25 ml of V8 juice-vermiculite-oat 
substrate (left sterile as a control or colonized by P. cinnamomi or P. citricola), and the soil was 
flooded at weekly intervals for 24 to 48 h. The plants were kept arranged in a split plot design.  
There were 5 replicate plants per rootstock in the control inoculum treatment and 10 replicate 
plants per combination treatment of rootstock and Phytophthora species.  The inoculum 
treatments were randomized among main plots, and the rootstocks were randomized among 
subplots. One month after soil infestation, the plants’ roots were washed free from the soil, and 
the root systems were evaluated visually for incidence and severity of root and crown rot. Results 
of the small-plant evaluation method were compared with those from previous large-plant tests. 
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Objective 2. Use the conventional “large-plant” greenhouse screening method to complete 
evaluations of resistance to Phytophthora in rootstock clones available as large plants. 
 
After rooting, plants destined for large-plant evaluations were acclimatized to greenhouse 
conditions by the Walnut Improvement Program (WIP) in 300-ml cone-shaped pots, and then 
grown for several more weeks to months.  The plants then were subjected to several months of 
chilling by the WIP to induce plant dormancy and “synchronize” the physiological status of the 
plants.  The plants were returned to a greenhouse, transplanted into 1-liter pots, and grown so 
that all rootstocks had attained a height of at least 25 cm and had stems of nearly pencil-sized 
diameter.  The plants were kept trimmed to a height of about 25 cm to equalize plant size.  In 
June 2010, individual plants from the 1-liter pots were transplanted into 2-liter pots filled with 
UC potting mix soil that was either artificially infested with P. citricola or P. cinnamomi (45 ml 
of V8 juice-oat-vermiculite substrate infested with one of the pathogens per liter of the potting 
mix) or treated as a control (45 ml sterile substrate per liter of potting mix).  There were 5 
replicate plants in pots of non-infested soil and 10 to 20 replicate plants in infested soil in a split-
plot design (main plots were inoculum treatments, subplots were rootstocks) among 5 blocks.  
Every 2 weeks after transplanting the soil in each pot was flooded for 48 h. Three months after 
transplanting, the root systems were washed free from soil and evaluated visually for incidence 
and severity of crown and root rot.  Eighteen rootstock clones were evaluated in the large-plant 
greenhouse screen in 2010 (Table 1), including AX1, PX1, Northern California black, and 
Chinese wingnut (Ch.Wn.10.05) as standards.   
 
Results of all of our large plant evaluations of resistance were summarized for rootstocks that 
have been included in at least two experiments.  For this purpose, severity of root and crown rot 
in AX1, which was included as a susceptible standard in all experiments, was used for 
comparison. For each of the other rootstocks, in each experiment and each mainplot, severities of 
root and crown rot were expressed as deviations from the severity values for AX1 in the same 
mainplots. Analysis of variance was completed for the measured differences from AX1 values, 
and 95% confidence intervals were developed for the mean differences 
 
Objective 3. Conduct orchard surveys and diagnostics to assess losses due to Phytophthora 
and determine etiology of other crown and root diseases. 
 
We visited many walnut orchards apparently affected by root system disease in Kings, Yuba, and 
Sutter Counties in collaboration with Bob Beede and Janine Hasey.  In each orchard where it 
appeared that a soilborne root or bark-killing biological agent was involved (i.e., symptoms of 
cankers and/or root rot evident on rootstock), samples were collected and subjected to diagnostic 
isolations on culture media for bacteria, fungi, and stramenopiles (i.e., Phytophthora, Pythium).  
 
RESULTS AND DISCUSSION 
 
Objective 1.  Developing a small-plant method to evaluate resistance to P. cinnamomi and 
P. citricola in hybrid rootstock clones.  
 
The relative susceptibilities of AX1, PX1, W17, and Chinese wingnut 10.05 (Ch.Wn.10.05) 
rootstocks in the small plant evaluation method were as expected based on previous large-plant 
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evaluations. In the small-plant screen AX1 and W17 were relatively susceptible and developed 
moderate to severe levels of crown and root rot (Fig. 1).  In contrast, RX1 was moderately 
resistant and Ch.Wn.10.05 was highly resistant.  In another small-plant experiment that used 
plants of AX1 and RX1 that had been subjected to chilling (the other small-plant trial with four 
rootstocks involved no chilling), RX1 exhibited relatively high susceptibility to P. citricola, 
which was unexpected (Fig. 2). Small plant size may have contributed to the unexpected 
susceptibility in chilled RX1, but careful attention will be paid to effects of chilling in our future 
small plant evaluations. 
 
Compared to conventional large-plant method of assessing resistance to Phytophthora, the small 
plant method saves materials and time.  In practice a small-plant resistance evaluation cycle 
requires < 6 months, whereas a large-plant cycle requires > 1 year.  Based on our results, we 
have proposed to use small-plant Phytophthora resistance evaluations in our future rootstock 
assessments.   
 
Objective 2. Use the conventional “large-plant” greenhouse screening method to complete 
evaluations of resistance to Phytophthora in rootstock clones available as large plants. 
 
Using the conventional method to evaluate resistance in the remaining inventory of large clonal 
plants in 2010, rootstock clones DAR, J1Acont, UZ229, WIP4, WIP6 developed relatively low 
levels of crown rot (i.e., means of < 30% of crown length or circumference rotted in soil infested 
with P. citricola, but these clones tended to have higher levels of root or crown rot than RX1 in 
soils infested with P. cinnamomi (Fig. 3). In the same test, rootstocks of RR4cont, Vlach, 
VX211, WIP2, WIP3, Chandler, and Howard were intermediate to relatively high in 
susceptibility to one or both of the pathogens.   
 
From 2001 through 2010, we conducted 10 trials evaluating resistance of clonal rootstocks to 
Phytophthora using the large-plant method (Table 1).  Resistance to P. citricola was evaluated in 
44 rootstock clones, with 35 of them being tested at least twice.  Resistance to P. cinnamomi was 
evaluated in 36 rootstock clones, with 28 of them being tested at least twice. Each experiment 
included AX1 as a susceptible standard. Northern California black walnut and Chinese wingnut 
were included as susceptible and highly resistant standards, respectively, in all trials completed 
since 2006. 
 
Over the 10 experiments, the J. microcarpa × J. regia hybrid RX1 has expressed significantly 
greater resistance than several other Paradox hybrids, including the standard of AX1, to P. 
cinnamomi and P. citricola (Fig. 4).  No other Paradox hybrid expressed greater resistance than 
RX1 to these pathogens, although several rootstocks did not differ significantly from RX1 in 
their responses. For example, rootstocks JX1, UX1, and MW1 performed similarly to RX1 
across the experiments in which they were included (Fig. 4). These results, combined with others 
indicating that J. microcarpa may be a source of resistance to A. tumefaciens (Kluepfel et al., 
report to CWB, 2009) suggest that additional clonal hybrids of J. microcarpa × J. regia hybrids 
should be produced and evaluated carefully for pathogen resistance and other horticultural traits 
of importance.  The moderate levels of resistance expressed in rootstocks JX1, UX1, and MW1 
suggest that these rootstocks are worthy of testing for resistance to other soilborne pathogens and 
for horticultural performance.   
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Objective 3. Conduct orchard surveys and diagnostics to assess losses due to Phytophthora 
and determine etiology of other crown and root diseases. 
 
Two major categories of poorly understood walnut decline problems with apparent “soilborne 
components” were encountered in our San Joaquin and Sacramento Valley walnut orchard 
surveys with Bob Beede and Janine Hasey.  One category was what we refer to as “lethal 
Paradox canker”.  We first observed symptoms lethal Paradox canker disease several years ago 
with Bob Beede in several Kings County orchards.  The symptoms have since been observed in a 
Fresno County orchard (T. Michailides, personal communication), several Yuba County 
orchards (surveys conducted with Janine Hasey), and in a Butte County orchard (Joe Connell, 
personal communication).  The disease was seen on Chandler and Howard trees ca. 8 to 15 years 
old and grafted on Paradox. They typically exhibited a single, expansive bark canker that 
originated below the soil surface and emanated up and around the Paradox trunk and produced 
profuse black exudation from the dead bark. The dark necrosis extended completely through the 
bark and stained the wood. When affected trees were excavated with a backhoe, many of them 
exhibited cankers and extensive decay of their major roots that were up to 2 ft. or more below the 
soil line.  Compared to cankers induced by Phytophthora, the aboveground portion of lethal 
Paradox cankers had a more regular margin, except that the latter cankers characteristically 
produced hemispherical “lobes” of new canker expansion adjacent to older portions of the 
canker. Another distinguishing feature of the lethal Paradox canker has been its apparent lack of 
occurrence on Northern California black walnut rootstock, which is highly susceptible to crown 
and root rot caused by Phytophthora.  The lethal Paradox canker has typically killed trees within 
1 to 2 years after the black exudation was discovered aboveground.   
 
We have preliminary evidence that a strain of Brennaria nigrifluens was at least contributing to 
lethal Paradox canker disease in one of the Sutter County orchards. Six of 36 representative 
isolates of bacteria from lethal Paradox cankers in that orchard induced cankers when inoculated 
singly into excised shoots of Paradox clones GZ1, JX2, PX1, and Vlach (Fig. 5).  Another 30 
representative isolates and a negative control induced no significant necrosis in the shoots.  Four 
of the six pathogenic isolates were identified as B. nigrifluens, based on 16S rDNA sequences, 
and identifications are pending for the other two pathogenic isolates.  It is unknown whether the 
B. nigrifluens isolates we obtained from Paradox cankers differ genetically or pathogenically 
from isolates of the same species that cause the well-known shallow bark canker of English 
walnut. We are in the process of re-isolating and identifying the pathogenic isolates from the 
inoculated shoots. It must be stressed that our results are preliminary and require careful 
substantiation. Accordingly, we have proposed completion of Koch’s postulates (the criteria that 
must be fulfilled to establish that a microbial agent causes a disease) and development of PCR 
detection methods for suspected agent(s) (Browne et al., 2011/12 proposal to CWB). The 
proposed work will include continuing orchard surveys in the San Joaquin and Sacramento 
Valleys. 
 
The second category of poorly understood decline problems observed in 2010 involved cultivar 
Howard on Paradox rootstock.  Affected trees ranged from ca. 2 to 12 years old. They exhibited 
symptoms of chlorosis, wilting and dieback associated with a general lack of healthy feeder roots 
(i.e., roots < 1 to 2 mm diameter).  Incidence of the disease appeared to be random-- affected 
trees generally were scattered among healthy trees.  In one affected planting in which the trees 
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appeared to be in their second leaf, incidence and severity of the decline were much lower in 
rows of trees on RX1 Paradox rootstock than adjacent rows of trees on Vlach Paradox, 
suggesting that the decline can be influenced by rootstock genotype.  Although affected trees 
generally exhibited few healthy feeder roots, no Phytophthora was detected in the roots of 
affected trees, only Pythium.  Pythium is a common secondary invader of compromised roots, 
but it has been documented to cause disease on many hosts. We have proposed to assist Janine 
Hasey and Bruce Lampinen in continued monitoring of this problem (Browne et al, 2011/12 
proposal to CWB). Our focus will be on diagnostic lab support. 
 
In our surveys with Hasey, infestation of a Yuba County orchard with P. cinnamomi was 
confirmed. The orchard site will be used by Hasey for a replicated validation trial of rootstock 
resistance to P. cinnamomi. Also, we will include the “fresh” isolates from this orchard in our 
greenhouse-based rootstock evaluation trials.   
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Table 1. Summary of evaluations of resistance to Phytophthora citricola and P. cinnamomi 2001-2010a 

 

 aPaternal parent was J. regia, except where maternal parentage is followed by an asterisk, which 
indicates paternal and maternal parentage are same species.”+” symbols in columns indicate rootstocks 
evaluated for resistance to each pathogen in each years’ experiment(s); empty cells indicate no testing.  
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Juglans ailantifolia DAR + + + +
J. californica AX1 + + + + + + + + + + + + + + +
J. californica AX2 + + + + + + +
J. californica AX3 + + + +
J. hindsii GZ1 + + + +
J. hindsii GZ2 + + + + + + + +
J. hindsii GZ3 + + + + + +
J. hindsii JX1 + + + + + +
J. hindsii JX2 + + + + +
J. hindsii J1Acont + + + +
J. hindsii J21cont + +
J. hindsii JJ1Dcont + +
J. hindsii PX1 + + + + + + + + + +
J. hindsii RR1cont + +
J. hindsii RR4cont + + + + + +
J. hindsii bur + +
J. hindsii UZ1 + + + + + +
J. hindsii UZ2 + + + + + +
J. hindsii UZ229 + + + +
J. hindsii VX211 + + + + + + + + + + + + + +
J. hindsii XZ1 + +
J. hindsii Vlach + + + + + + + + + +
J. hindsii 84-121 +
J. microcarpa RX1 + + + + + + + + + + + + + + +
J. nigra RW2 + +
J. nigra CW1 + + + + + +
J. californica x J. nigra UX1 + + + + + + +
J. californica x J. nigra UX2 + + + + + + + + + + +
J. californica x J. nigra UX022 + +
(J.major x J.hindsii) x J.nigra AZ1 + + +
(J.major x J.hindsii) x J.nigra AZ2 + + + + +
(J.major x J.hindsii) x J.nigra AZ3 + + + +
(J.major x J.hindsii) x J.nigra AZ025 + + + +
(J.major x J.hindsii) x J.nigra MW1 + + + + + + + +
(J.major x J.hindsii) x J.nigra NZ1 + + + +
(J. hindsii x J. regia) WIP2 + + + + + +
(J. hindsii x J. regia) WIP3 + + + + + + + + + +
(J. hindsii x J. regia) WIP4 + + + +
(J. hindsii x J. regia) WIP6 + + + +
Pterocarya stenoptera* Ch. Wn. + + + + + + + + + + +
J. hindsii  * NCB + + + + + + + + + + + +
J. regia* CR + + + +
J. regia* Tulare + +
J. regia* Howard + +

Maternal parent
Rootstock 

clone

Pathogen and experiments in which resistance was evaluated
P. citricola P. cinnamomi 
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Fig. 1.  Relative resistance to Phytophthora cinnamomi and P. citricola among five clonal walnut 
rootstocks in a “small-plant” greenhouse experiment established September 2010. Plants were not 
subjected to a cycle of chilling before inoculation. Vertical bars are 95% confidence intervals. 
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Fig. 2.  Relative resistance to Phytophthora cinnamomi and P. citricola in two clonal walnut rootstocks in 
a “small-plant” greenhouse experiment established September 2010. Plants were subjected to a cycle of 
chilling and growth resumption before inoculation. Vertical bars are 95% confidence intervals. 
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Fig. 3. Relative resistance to Phytophthora cinnamomi and P. citricola among 13 clonal Juglans hybrid 
rootstocks, ‘Chandler’ English walnut (CR), ‘Howard’ and ‘Tulare’ English walnuts, Northern California 
black walnut (NCB), and Chinese wingnut  (Ch.Wn.) in a “large-plant” greenhouse experiment established 
June 2010. Vertical bars are 95% confidence intervals. 
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Fig. 4. Ten-trial summary: relative resistance to Phytophthora cinnamomi and P. citricola among 
rootstocks tested in at least two 3-to-4-month trials using the conventional large-plant greenhouse 
method.  All responses are expressed relative to the means for AX1, the susceptible clonal rootstock 
standard.  Vertical bars are 95% confidence intervals. 
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Fig. 5. Pathogenicity of representative bacterial isolates from lethal Paradox cankers in a Sutter County 
walnut orchard. One-year-old shoot segments (ca. 20 cm length, 10 to 20 mm diameter) were wound 
inoculated with one of the isolates or the control and maintained in a humid temperature at 22 to 24 °C for 
2 wk before cankers were measured. A, resulting canker lengths as a function of inoculant and rootstock 
(3 replicate shoot segments inoculated per rootstock per inoculant); B, canker lengths averaged across 
rootstocks as a function of inoculant (same experiment as graph A).  Tentative isolate identities, where 
known, based on sequences of 16S rDNA, were as follows: WB-2= Enterobacter ludwigii, WB-3= 
Pantoea agglomerans, WB-5= Bacillus bateviensis, WB-7= Brennaria nigrifluens, WB9= Pantoea sp., 
WB11= P. agglomerans, WB-13= B. nigrifluens, WB-15= P. agglomerans, WB-16= E. ludwigii, WB-18= 
Cellulosimicrobium cellulans, WB21= Kocuria rhizophila, WB-23= Bacillus amyloquefecrens, WB-24= B. 
nigrifluens, WB-25= Methlobacterium chloromethanicum, WB-26= uncultured bacterium, WB-28= 
Nocardia sp., WB32= Labedella gwakjiensis, WB-34= B. nigrifluens, WB-36= B. nigrifluens. 
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