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Abstract
Breeding for disease resistance or tolerance is a viable option for disease management programmes and is important for the
continued success and resilience of planted forests. Red needle cast (RNC) is a disease that affects radiata pine (Pinus radiata)
and is caused by Phytophthora pluvialis. Knowledge is still very limited regarding the potential for genetic tolerance to this
pathogen. The application of controlled screening techniques is clearly required. Using a detached needle assay, we screened 392
clonally replicated individuals (clones) from an elite P. radiata population for quantitative tolerance to RNC. Data was highly
skewed and required logarithmic data transformation and Poisson distributions for the estimation of best linear unbiased predic-
tions. These estimates revealed a broad range in susceptibility/tolerance to RNC, and enabled the identification of clones
that were clearly susceptible and clones that were clearly tolerant. There was a high correlation between the number and
length of lesions that developed in response to inoculation with P. pluvialis. Broad-sense heritability estimates were low to
moderate, indicating that there is potential for improving tolerance through breeding. These results provide evidence that
breeding for tolerance to P. pluvialis is possible, although continued work into understanding and minimising causes for
variance are required.
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Introduction

Phytophthora species have been recognised as foliar patho-
gens of radiata pine (Pinus radiata D. Don) since reports of
Daño Foliar de Pino (DFP) in Chile in 2008, closely followed
by observations of red needle cast (RNC) in New Zealand.

Both P. kernoviae (Brasier et al. 2005) and P. pluvialis (Reeser
et al. 2013) are known to be present in New Zealand, with the
latter shown to be the primary cause of RNC (Dick et al.
2014). This disease is characterised by the development of
olive lesions with resinous black bands on infected needles,
which turn red and are prematurely cast. This defoliation has
the potential to negatively affect growth and productivity
(Ganley et al. 2014).

The selection of disease resistant/tolerant cultivars has long
been a priority for breeding programmes (Bernatzky and
Mulcahy 1992; Bridgwater 2005; Carson and Carson 1989;
Devey et al. 2004; Sweeney 2013; Vivas et al. 2012).
Resistance to other foliar diseases, such as dothistroma needle
blight and cyclaneusma needle cast, has been extensively
assessed and incorporated as selection criteria for several de-
cades (Bulman 1993; Carson 1989; Wilcox 1982). In other
forest tree species, breeding has also helped significantly in
overcoming damage from disease, such as fusiform rust af-
fecting southern pines and white pine blister rust in white
pines, for which breeding efforts have been underway for
more than 50 years (Bridgwater 2005; Sniezko et al. 2014).
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In contrast, RNC has a shorter history (Dick et al. 2014)
and information to guide selection programmes is still being
collected. Despite being widespread across the majority of
New Zealand (Fig. 1), outbreaks within genetic trials have
been sporadic. Thus, opportunities to analyse the genetics of
resistance or tolerance have been restricted, and further con-
founded by considerable variation in disease expression with-
in and between sites and seasons. Likewise, reliable data
around impacts on productivity are difficult to obtain, al-
though annual incremental growth losses of 35% have been
reported on some sites (Ganley et al. 2014). Field-based as-
sessments are less informative in younger plantations due to
limited availability of host material and opportunity for inoc-
ulum to build up. Consequently, RNC phenotypes are best
assessed from 6 to 8 years of age when disease is more severe,
which can delay the screening of new clonal and seedling
material.

As a result, quantification of genetic variation of RNC tol-
erance has so far been restricted. Dungey et al. (2014) reported
moderate heritabilities for percentage needle loss in an RNC-
infected 6-year-old stand. While these results indicate that
selection for tolerance could result in improved health, they

require confirmation, which relies on information from further
outbreaks in structured populations with extensive disease ex-
posure within the trial. Until sufficient reliable evidence is
collected regarding the susceptibility of lines within both pro-
duction and breeding populations to enable accurate predic-
tions of breeding values, incorporation of RNC tolerance as a
selection trait in current breeding programmes will likely be
limited, and potential genetic gains will not be fully realised.

In the absence of naturally occurring outbreaks in genetic
trials, lab-based methods using a detached needle assay can
offer an alternative means for screening for tolerance to RNC.
Detached leaf assays have been employed in screening a num-
ber of different tree species for susceptibility to foliar
Phytophthora species (Brasier et al. 2005; Denman et al.
2005; Dorrance and Inglis 1997; Hansen et al. 2005; Nyassé
et al. 2002; Tahi et al. 2000), including P. pluvialis (Rolando et
al. 2014). Such methods allow for a more controlled infection
process with higher inoculum pressure, with subsequent incu-
bation conditions that favour the development of lesions. The
ability to screen targeted populations in a controlled manner
provides a tool for breeders to understand the genetics of tol-
erance and the relative level of genetic gain that may be ex-
pected from tolerance-focused breeding programmes. This
has practical application by enabling the targeted deployment
of tolerant clones to disease-prone areas, and the identification
of superior parents for further breeding.

The objective of this study was to apply in vitro screening
of Pinus radiata for tolerance to RNC within a population of
cloned elite germplasm to establish preliminary phenotypic
data and expedite the realisation of genetic gain.

Materials and methods

Plant material—Pinus radiata clones

Plant material was sourced from a cloned elite population
from the New Zealand Radiata Pine Breeding Company
(RPBC). This population is representative of the third gener-
ation of the New Zealand P. radiata breeding programme elite
germplasm (Dungey et al. 2009) and consisted of 63 full-sib
families from 55 parents, with an average of 24 full-sibs per
family. In this study, a total of 392 individuals (clones) were
screened at an average of 6.2 clones per family.

Plants were clonally propagated from stool beds as bare-
rooted cuttings, planted in Scion’s nursery in Rotorua, New
Zealand. Five of these replicate plants (ramets) were tested for
each clone that was screened. The initial two experiments each
screened 24 clones, with subsequent experiments expanded to
screen 48 clones. Four reference clones (RC 03_16, 15_07,
23_18, and 29_22) were included in every experiment to help
assess between-experiment variations; these clones are part of
the same cloned elite population and were chosen to represent

Fig. 1 Distribution of red needle cast across New Zealand based on
confirmed field observations between Aug 2008 and July 2017
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a range of responses to RNC based on their observed perfor-
mance in the first experiment. A total of 10 individual exper-
iments were conducted over a period of 11 months (Jan.
2014–Nov. 2014) in order to screen all 392 clones.
Additional rescreens of selected clones were performed to
confirm reproducibility, giving a total of 13 experimental
datasets.

Inoculum preparation

Zoospore inoculum was prepared as described previously by
Rolando et al. (2014) with modifications to produce sufficient
inoculum for the scale of the trial. Isolates of P. pluvialis were
cultured on carrot agar at 17 °C for 3 days. Plugs of agar and
mycelium were taken from the leading edge of the colonies,
flooded with 55ml of clarified carrot broth (Erwin and Ribeiro
1996) in vented 175 cm2 Nunc EasYFlasks (Thermo
Scientific, Waltham, MA, USA) and incubated for 3 days in
the dark at 17 °C. The resulting mycelial mats were rinsed
thoroughly with a gentle stream of deionised water applied
through a distribution manifold and run for 4 h. Thereafter,
the deionised water was drained and 55 ml of sterile pond
water was added. The pond water was collected from a local
pond and autoclaved before being used to induce sporangia
production and sporulation ofPhytophthora pluvialis cultures.
The flasks were re-incubated in the dark for a further 3 days
before zoospore release was induced with 45 min intervals at
4 °C in the dark, then at room temperature (21–22 °C) on a
light box. Zoospore concentrations were determined using a
haemocytometer to ensure that a minimum of 5 × 103 zoo-
spores per milliliter were applied in the assay. Zoospore sus-
pensions were used within 2 h of preparation.

Experimental design

Each individual experiment was set up as an alpha design
(balanced incomplete blocks) with five ramets per clone, ap-
plying the inoculation treatment (P. pluvialis-inoculated or
water control) as a whole-plot factor and the clone identity
as a sub-plot factor. The data set for a single experiment com-
prised 4800 observations, with 13 experiments performed in
this study.

Detached needle assay

Twenty healthy fascicles (a bundle of needles held together by
a sheath, usually containing two or three individual needles)
were collected from each ramet (five ramets per clone). Ten
fascicles were assigned at random to each treatment (P.
pluvialis-inoculated and water control), with two independent
sets (A and B) of tubes containing five fascicles each within
each treatment. Each tube was inoculated overnight (18 h)
with 4.5 ml of either a P. pluvialis zoospore suspension or

sterile pond water. Thereafter, fascicles were removed from
the tubes and placed on trays moistened with wet paper towels
and incubated in a controlled environment (growth chamber
set at 17 °C, with 65–70% relative humidity, and a 14-h pho-
toperiod) for 10 days. Each tray contained a total of 12 inde-
pendent sets of five fascicles each; within trays, treatments
were not mixed to ensure that control-inoculated needles were
not exposed to P. pluvialis zoospores during incubation.
Positions of trays within the growth chamber were
randomised. After 10 days, the needles within each fascicle
were separated, and lesions counted and measured for length.

Statistical analysis

The data were structured as fascicles within ramets within
clones within trays. Both response variables were analysed,
with the total number of lesions and the average lesion length
measured per fascicle within a set making up each experimen-
tal unit. Initial model development was performed using the
using the lme4 R package (Bates et al. 2015; R Core Team
2017), while subsequent analyses were done in ASReml-R
(Butler et al. 2009).

It was observed that the control treatments had a high pro-
portion of zero lesions rendering their frequency distributions
different from the frequency distributions of the infection
treatments. On this basis, it was decided to exclude water
treatments from the statistical analyses, with the estimates
from the control treatment providing a baseline for lesion de-
velopment without the introduction of the pathogen.

For lesion counts, a Poisson distribution was a natural can-
didate for the analysis. A Poisson distribution has a mean
equal to its variance, which could result in over or
underdispersion where the data does not match this feature.
An alternative is the application of a negative binomial distri-
bution which includes an extra parameter to deal with the
discrepancy between the mean and the variance. In this study,
using a Poisson distribution resulted in negligible
overdispersion, while the negative binomial distribution had
stability problems due to the long tail of the data. Given the
experimental design, a Poisson distribution provided the most
natural fit (Faraway 2006). As a Poisson formulation requires
that the mean equals the variance, variations in best linear
unbiased predictions (BLUPs) represent shifts in the locations
of the random variables that have the same variance as the
grand mean (Hilbe 2014). A generalised linear mixed model
(GLMM) was initially used for the analysis as follows:

log λið Þ ¼ Xβþ Zbþ f

where β is a vector of fixed effects (experiment) with design
matrix X, and b is a vector of random effects (clone, tray
within clone, and fascicle within ramet) with design matrix
Z, and f is the residual variance.
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The average lesion length was a continuous variable with
substantial positive skewness representing the high frequen-
cies of large lesion lengths. A simple logarithmic transforma-
tion failed to address this problem satisfactorily, with the
transformed data still retaining a notable skewness. The addi-
tion of a constant to each datum prior to logarithmic transfor-
mation was an option to address this (https://stats.
stackexchange.com/users/919/whuber 2012). This constant
was chosen to make the frequency distribution as
symmetrical as possible according to the formula:

constant ¼ m2−q90q10
q90 þ q10−2m

where the 10% quantile of the raw data is q10, the 90%
quantile of the raw data is q90, and m is the mean of the raw
data. From this, a constant of 50 was found to transform the
raw data to an appropriate symmetry, as shown in Fig. 2.

The following mixed linear model, using the lme4 R pack-
age (Bates et al. 2015; R Core Team 2017), was initially
adopted:

y¼XβþZuþe

where y is a vector of lesion length measurements, β is a
vector of all fixed effects (intercept and experiment) with de-
sign matrix X, and u is a vector of all random effects (clone,
clone within tray, and fascicle within ramet) with design ma-
trix Z, and e is the random residual effect.

The analyses determined that there was no significant ef-
fect on either response variable due to fascicles and ramet.

This was established through fitting the full and reduced
models bymaximum likelihood rather than the restrictedmax-
imum likelihood approach (REML), and comparing the re-
duction in likelihood to an appropriate chi-squared distribu-
tion (Bates et al. 2015). The final models, therefore, consisted
of experiment as a fixed effect, and clone and traywithin clone
as random effects.

Using these models, three analyses were conducted in
ASReml-R (Butler et al. 2009): all experiments together in
one model, selected experiments (rescreening experiments
from 17 July, 14 August, and 5 June 2014, and 24
September 2015) in one model, and a model for each experi-
ment. The same models were used to produce estimates of
variance components and heritability across all experiments.

Clonal heritability and ranking of clones

Clonal (broad-sense) heritability (H2) was estimated from the
variance components produced in the previously described
model as follows:

Ĥ̂
2 ¼ σ̂̂2u= σ̂̂2u þ σ̂̂2ct þ σ̂̂2e

� �

where σ̂2
u is the clonal variance, σ̂2

ct is the tray within clone

variance and σ̂2
e is the residual variance. The residual variance

for the Poisson model was estimated following σ2e =φln(1/
yp + 1), whereφ is the overdispersion parameter, i.e. variance
heterogeneity factor from the GLMM models, and yp is the
mean of the lesion count (McKown et al. 2014).

Fig. 2 The change to symmetry in the frequency of the data for the average lesion length (mm) (A) induced by the transformation to log(x + 50) of the
residuals (B)
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Rankings of clones are presented as BLUP solutions pro-
duced from the previously described models.

Reference clone consistency

The consistency of lesion development on the four reference
clones included in each experiment was explored further in a
model containing experiment, inoculation treatment (H2O
control, pathogen-inoculated), clone, and their interaction as
fixed effects. The nested random term contained tray nested
within ramet reflecting the alpha design.

The significance of the fixed terms was assessed using a
backward selection procedure based on likelihood ratio tests
(Zuur et al., 2009). Graphical model validation tools were used
to test the underlying assumptions of variance homogeneity
and normality (plots of standardised residuals vs. fitted values
and against all explanatory variables to evaluate variance pat-
terns, quantile-quantile plots to assess the normality criterion).
The residual plots indicated strong heteroscedasticity and the
variance pattern was modelled using a constant variance func-
tion (varIdent) using inoculation treatment as a grouping factor.
The significant batch × treatment × clone interaction in the
lesion length model for the reference clones was followed up
applying a multiple comparison procedure using Tukey con-
trasts (R-package multcomp) (Hothorn et al. 2008).

Results

In total, 392 P. radiata clones were screened for tolerance to
RNC using lesion development in a detached needle assay.
There were significant interactions (likelihood ratio test, p <
0.01) between the experiment and the clones for all analyses.
However, noting that there were a large number of clones
tested and that there was no consistency in the relative rank-
ings of these interactions between clones, this implied that
these interactions should be treated as unexplained variation.
This effectively put these interactions on the same footing as
error terms, that is, biological elements that were not abstract-
ed into the model. Thus, attention was directed to the mean
clone response over all experiments while the interactions,
though significant and with possible biological origins that
were not experimentally controlled, were treated as noise.

Pathogen-inoculated samples showed substantially higher
lesion development in comparison to the uninoculated con-
trols. On average across all experiments, 51% of the inoculat-
ed fascicles developed observable lesions compared to 6% of
the water control fascicles (Table 1). The control treatments
showed negligibly small lesions induced during mock inocu-
lation, indicating a physiological or biotic response to exper-
imental conditions which was supported by a different fre-
quency distribution to those of the infected treatments (data
not shown). One experiment (27 February 2014) seemed to

have a much higher percentage of non-zero lesion counts
(35%) for the water controls; the reason for this is not clear.
A baseline of 3–5% fascicles with lesions was observed across
the remaining experiments in association with the expression
of other pathogens, independent of inoculation with P.
pluvialis.

We observed a very high correlation (r = 0.89; Spearman
rank correlation) between the number of lesions and the aver-
age length of the lesions in a sample. This implies that the
degree of infection might be measured by either the lesion
count or the average lesion length equally well. However,
the level of response observed for these two variables varied
widely across experiments, with average lesion lengths and
counts per experiment ranging from 0.44–21.50 and 0.31–
2.81, respectively (Table 1). This highlights the need to trans-
form the data to enable merging and analysis of data across
multiple experiments.

The residual standard deviations of the average lesion
length and the square roots of the deviations for the number
of lesions, for each of the experiments after analysis, are
shown in Tables 2 and 3, respectively. The results are very
similar, and do not support a hypothesis that error variances
differ between experiments. However, the deviations for the
lesion counts for the water treatment show significantly lower
values than that for the corresponding inoculation treatments
in a number of cases. This may not be surprising, and could
reflect bias when scoring needles from control trays that were
not expected to have lesions.

All clones were ranked according to their BLUPs estimated
across all experiments for both lesion counts (Fig. 3) and
lengths (Fig. 4). Clonal (broad-sense) heritability was moder-
ate for average lesion length (H2 = 0.387 ± 0.02) but lower for
lesion count (H2 = 0.239 ± 0.02) (Table 4). Where clones were
tested in multiple experiments (5 June, 17 July, and 14 August
2014), greater variation was observed between replicate runs
for those clones with highest rank susceptibility to infection
(Fig. 5).

In terms of reference clone performance, 29_22 tended to
display the longest lesions, followed by 23_18, and clones
15_07 and 03_16 tended to display shorter lesions. Figure 6
shows the average BLUPs for the four reference clones across
all experiments, and supports the observation that 29_22 is the
more susceptible and 15_07 the more tolerant reference clone.

While performance of the four reference clones in relation
to each other was consistent when looking at the average
lesion length across multiple experiments for reference clones,
we noted seasonal variability (Fig. 7). These differences were
significant (p < 0.02), with the level of infection, as measured
by the lesions, increasing in the spring (late Aug/Sep) com-
pared to the summer/autumn period (Apr-Jul) of New
Zealand. Increases in lesion numbers and lengths are likely
the result of the changing physiological state of both the host
and pathogen isolates. While inoculations were carried out
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across the year, fresh isolates were only sourced during sea-
sonal outbreaks in late winter and spring (July–Sep.). Between
outbreaks, isolates gradually attenuated with successive
culturing.

Discussion

Our results demonstrate a broad range in clonal susceptibility
to RNC in this population, with evidence for some clones
having either greater susceptibility or tolerance than the pop-
ulation average (Figs. 3 and 4). This study, therefore, gives
support to the use of in vitro screening of radiata pine needles

for breeding and selection of material with greater tolerance to
infection by P. pluvialis. The plants tested here represent the
third generation of RPBC elite germplasm for New Zealand,
for which a limited amount of plant material was available for
this study from previously established stool beds. No RNC
tolerance data was yet available for this population. We pres-
ent results from 392 clones across the 63 full-sib families of
this cloned elite population, screened for tolerance to P.
pluvialis using a detached needle assay.

Although it was useful to understand the baseline for lesion
development not induced by the pathogen inoculation treat-
ment, there does not appear to be further value in continually
incorporating water control treatments. This exclusion of

Table 2 Standard deviations (square root of residual error variance) for
the transformed variates for each of the experiments for the average lesion
length for the inoculated and water control treatments

Experiment Water control treatment Inoculated treatment

16 Jan 2014 0.089 0.071

27 Feb 2014 0.063 0.055

10 Apr 2014 0.045 0.084

8 May 2014 0.010 0.063

22 May 2014 < 0.0001 0.100

5 Jun 2014 < 0.0001 0.024

17 Jul 2014 0.010 0.084

31 Jul 2014 0.020 0.055

14 Aug 2014 < 0.0001 0.105

28 Aug 2014 < 0.0001 0.122

25 Sep 2014 < 0.0001 0.122

9 Oct 2014 < 0.0001 0.118

20 Nov 2014 0.024 0.141

Table 3 The square root of the deviations in log units for each of the
experiments for the number of lesions for the inoculated and water control
treatments

Experiment Water control treatment Inoculated treatment

16 Jan. 2014 0.361 0.670

27 Feb. 2014 0.466 0.430

10 April 2014 0.546 0.928

8 May 2014 0.455 0.783

22 May 2014 0.474 0.982

5 June 2014 0.371 0.653

17 July 2014 0.338 0.940

31 July 2014 0.431 0.932

14 Aug. 2014 0.387 0.951

28 Aug. 2014 0.272 0.914

25 Sep. 2014 0.221 0.797

9 Oct. 2014 0.232 0.937

20 Nov. 2014 0.356 0.820

Table 1 Lesion counts and lesion lengths (mm) in water control and inoculated fascicles per experiment

Experiment Number > 0 in control
fasciclesa

Number > 0 in inoculated
fasciclesa

Average lesion number
for inoculated treatments

Average lesion length (mm)
for inoculated treatments

16 Jan. 2014 42 (2%) 581 (24%) 0.50 2.34

27 Feb. 2014 842 (35%) 1213 (51%) 1.40 8.81

10 April 2014 145 (6%) 798 (33%) 0.78 3.34

8 May 2014 127 (5%) 509 (21%) 0.47 1.02

22 May 2014 141 (6%) 1540 (64%) 1.94 7.69

5 June 2014 77 (3%) 289 (12%) 0.31 0.44

17 July 2014 65 (3%) 1186 (49%) 1.18 4.14

31 July 2014 104 (4%) 913 (38%) 0.90 2.16

14 Aug. 2014 91 (4%) 1391 (58%) 1.47 6.66

28 Aug. 2014 54 (2%) 1851 (77%) 2.12 12.07

25 Sep. 2014 19 (1%) 2144 (89%) 2.81 18.80

9 Oct. 2014 28 (1%) 1504 (63%) 1.63 9.18

20 Nov. 2014 82 (3%) 1932 (81%) 2.45 21.50

a Percentage of total fascicles (2400) per treatment shown in brackets
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water controls would have the added benefit of essentially
doubling screening capacity per experiment. Furthermore, sig-
nificant experiment effects and insignificant ramet effects sug-
gest greater value in reducing the number of ramets tested per
clone in favour of increasing the total number of clones per
experiment. Replicate screening runs could then address the
need for replication within clones and address experimental
effects.

Heritability

Of the two traits measured in this study, lesion length
proved more useful with a greater ability to resolve differ-
ences between clones, ranging from 0 to 434 (total
millimetres per fascicle) in the inoculated treatments, while
lesion counts had a range from 0 to 40 (total per fascicle).
Clonal heritability was moderate for lesion length (H2 =
0.387 ± 0.02), indicating that the genetic variation of toler-
ance to RNC can be detected using this trait in a detached
needle assay. For lesion counts, clonal heritability was
lower (H2 = 0.239 ± 0.02), rendering this trait potentially
less useful for breeding or deployment selections. As the
correlations between lesion length and lesion count are
high (0.89), it may be possible to assess only the trait of
higher broad-sense (clonal) heritability without losing im-
portant information on RNC tolerance in this population.

Our observations for clonal heritability are comparable to
those previously reported for RNC in radiata pine. Dungey et
al. (2014) showed narrow-sense heritability of RNC-
associated needle loss in the field to be between 0.21 and
0.31 and broad-sense heritability between 0.23 and 0.59.
Expression of other diseases on radiata pine in New Zealand
show similar or slightly higher heritability estimates:
dothistroma needle blight between 0.17 and 0.69 (Carson
and Carson 1989; Ivković et al. 2010; Wilcox 1982), and
cyclaneusma needle cast between 0.32 and 0.68 (Beets et al.
1997; King and Burdon 1991). However, estimates for these
diseases have varied widely between trials, and are most con-
sistently observed in the range of 0.1–0.4 (Dungey et al.
2006), which corresponds to the range we are reporting. In
addition, heritability of disease resistance or tolerance is re-
portedly lower when assessed across sites (h2 = 0.07–0.11,
H2 = 0.07–0.11) when compared to within-site estimates
(h2 = 0.40–0.47, H2 = 0.40–0.55) (Kumar et al. 2008). The
vast majority of studies in which tree species have been
screened for resistance or tolerance to Phytophthora have
shown clonal responses (Table 5), but many have not tracked
or reported the heritability of this trait across a defined popu-
lation. These studies have also focused primarily on root-
infecting species of Phytophthora, with limited screening for
resistance or tolerance to aerial Phytophthora species that
would be directly comparable to needle infection of radiata
pine with P. pluvialis. In the few studies which have reported

Fig. 3 BLUP-based ranking of clones across all experiments for lesion counts

Fig. 4 BLUP-based ranking of clones across all experiments for lesion lengths
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heritability, estimates for Phytophthora resistance/tolerance
have tended to be higher for shoot, stem, and root assays,
and lower in studies that measured leaf lesions, but this de-
pends greatly on the underlying mechanisms and genetics of
resistance.

Experimental noise

In this study, we also noted a significant interaction between
experiment and clone, which was likely to have biological
origins that were not experimentally controlled, and was there-
fore treated as noise. This interaction was found to be incon-
sistent between clones, which is further supported by the var-
iations in BLUP estimates for those clones that were tested in
multiple experiments (Fig. 5). Some clones were more stable
in their response to inoculation, regardless of the experiment
in which they were tested, whereas some clones varied widely,
more so towards the susceptible end of the rankings. Leaf age
can affect disease susceptibility (Franich et al. 1986; Harris
and Webber 2016); therefore, care was taken to select fully
formed needles that best represent those observed to be the
most affected in the field. Due to the time interval in screening
all 392 clones, however, the age of the material and progres-
sive crowding of plants in the nursery beds differed from the
first to the final experiment. In addition, seasonal effects could
be further affecting host physiology and culture attenuation of
the pathogen, as has been reported in other Phytophthora
studies (Dodd et al. 2005; Harris and Webber 2016). This
issue of isolate attenuation was addressed where possible by
using composite inoculum suspensions of a range of seasonal
isolates in each inoculation run. The availability of fresh iso-
lates was thus swayed by the natural expression of disease in

the field, and inability to recover isolates consistently across
the year. Prolonged culturing in non-host-based axenic media
can result in attenuation of isolate aggressiveness, as has been
shown in P. infestans (Caten 1971; Langcake 1974). Periodic
passaging through radiata pine needles did mitigate this (data
not shown), but the availability of fresh strains from naturally
occurring infections in late winter/early spring coincided with
notable improvements in infection levels, giving support to
the importance of using fresh field isolates (Fig. 7).

Limitations of detached assays

Although detached leaf and needle assays have been used
broadly in host testing with Phytophthora species (Hüberli
et al. 2008), their application must take into account the
senescence of the plant material having been removed from
the plant. With such removal of plant material, many key
metabolic and defence responses normally present in the
plant are likely to be compromised. In addition, the detach-
ment of the needle provides a wound point through which
infection may be initiated. This was not observed to be
significant in this study or other studies, with most of the
infections focussed along the needle shaft and at the me-
niscus point of the inoculum rather than via the wound
point, due to gravitaxis and chemotaxis (Burgess et al.
1998; Häder 1999).

All methods have inherent advantages and disadvantages
that should be considered when choosing a method for screen-
ing for disease resistance/tolerance. If the goal is the identifi-
cation of resistant/tolerant trees for breeding programmes,
then the inoculation method must ensure that all trees are
exposed, so that a susceptible tree is not accidentally identified
as resistant/tolerant. Conditions that favour the development
of disease, i.e., availability of susceptible tissue, consistent
inoculum density, and favourable incubation conditions, min-
imise the potential for disease escape of susceptible clones
(Schmidt 1972). The use of detached needle assays allows
for such controlled inoculations, with high inoculum pressure
and incubation conditions which favour the development of
lesions. The ability to detect a quantitative range of responses
to infection, as shown across the 13 experiments presented

Fig. 5 BLUP estimates from
lesion length data from three
separate experiments with the
same 48 clones, with clones
ranked on the x-axis by their
across-experiment BLUP
estimates (low to high)

Table 4 Estimated variance components (σ̂2
ct: random effect of tray

within clone, σ̂2
u: clonal random effect, σ̂2

e : random residual effect) and

clonal heritability (Ĥ 2) for average lesion length and lesion count across
all experiments

Trait σ̂2
ct σ̂2

u σ̂2e Ĥ 2

Lesion length 0.008 0.012 0.010 0.387 ± 0.02

Lesion count 0.425 0.298 0.522 0.239 ± 0.02
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here, demonstrates the utility of the assay in identifying clones
with greater relative tolerance. However, we recognise that the
assay conditions could result in overestimation of susceptibil-
ity. This is supported by some preliminary work (unpublished
data), comparing parallel results from live plant and detached
needle inoculations. Similar outcomes have been observed
when comparing artificial inoculation systems for other pine
diseases (Schmidt 1972). The detached needle assay may be
less useful at differentiating more subtle differences in suscep-
tibility between clones, such as those arising from multigenic
effects. This could partially explain why we are observing
heritabilities in this study that are at the lower end of those
previously reported from field observations (Dungey et al.

2014). However, the detached needle assay remains useful
for primary screening of a broad range of material not yet
exposed to RNC in the field and identification of tolerant
candidates for further investigation. In addition, it remains
quite possible that, in spite of observing a broad range of
tolerance in this study, we have not yet captured the full range
of responses possible for radiata pine as the clones tested
represent only a portion of the entire breeding programme.
In other pine species, detecting resistant/tolerant phenotypes
often requires the screening of thousands of individuals
(Sniezko et al. 2014). The clones screened in this study have
now been established by the RPBC in regional clonal trials
across New Zealand, including some RNC-prone sites, which

Fig. 7 Average lesion length per fascicle in the four Pinus radiata
reference clones in each experiment across a year, indicating the date of
inoculation for each of the 13 experiments. Water control (upper panel),
Phytophthora pluvialis infected needles (lower panel). Different lower

case letters within an experiment indicate statistically significant
differences at α = 0.05 (multiple comparison procedure using Tukey
contrasts)

Fig. 6 BLUPs for each of the four reference clones across multiple experiments with 95% asymptotic confidence intervals for lesion lengths
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will hopefully present opportunities to validate the results in
this study with field-based observations of resistance.

Implications for field tolerance

Further work is still needed to better understand the actual
mechanisms that contribute to tolerance in the field. This
study measured lesion length and number, which reflect the
early stages of infection and disease, but it is unclear how this
will correlate to field tolerance where the end stage of disease,
i.e. casting of needles, is what is measured, and is ultimately
the phenotype that industry are interested in due to the impact
on productivity. Lesions may reflect secondary host responses
rather than indicate the extent of infection, and other measures

of pathogen growth and establishment within the host could
potentially be more informative (Harris and Webber 2016).
Non-systematic microscopy observations made throughout
this study (data not shown) indicate that the level of sporangia
production varies considerably across host genotypes.
Preliminary results contrasting more tolerant and more sus-
ceptible clones identified in this study have indicated that
pathogen spore production within the host could be a key
factor in susceptibility, with more sporangia observed in high-
ly susceptible clones. Sporulating hosts are also likely to be
drivers of disease in natural outbreaks, as they contribute to
the build-up of inoculum in the forest and impact the spread of
disease (Carson et al. 1991; Harris and Webber 2016). The
potential for utilising sporulation as a trait in breeding value

Table 5 Genetic variation associated with tree species which have shown segregation in susceptibility to infection by Phytophthora pathogens
(adapted from Dungey et al. (2014))

Host common name Latin name Phytophthora species Reference Inoculation target Heritability estimate

Black alder Alnus glutinosa P. × alni Chandelier et al. (2016) Stems and roots H2 = 0.6–0.8

Common walnut Juglans regia P. cinnamomi Díaz and Fernández-López
(2005)

Roots hi
2 = 0.76

hf
2 = 0.85

European chestnut Castanea sativa P. cambivora Robin et al. (2006) Shoots and roots Heritability not provided

Chestnut (Castanea)
hybrids

C. sativa × C. crenata
and C. sativa ×
C. mollissima

P. cinnamomi Santos et al. (2015) Shoots and roots h2 = 0.34–0.9

Cocoa tree Theobroma cacao P. megakarya (Nyassé et al. 2002) Leaves and fruit Leaf assay H2 = 0.905

Fruit rot H2 = 0.153–0.195

Port Orford Cedar Chamaecyparis
lawsoniana

P. lateralis Hansen et al. (1989) Stems and roots Heritability not provided*

P. cinnamomi McWilliams (2000) h2 = 0.61–0.98

Green et al. (2013) Heritability not provideda

Robin et al. (2014) Heritability not provideda

Shortleaf pine Pinus echinata P. cinnamomi Bryan (1965) Roots Heritability not provided*

Jarrah Eucalyptus marginata P. cinnamomi Stukely and Crane (1994) Roots and stems hi
2 = 0.43 ± 0.18

hf
2 = 0.74–0.85

Apple Malus domestica P. cactorum Utkhede and Quamme
(1988)

Shoots Heritability not provideda

Avocado Persea americana P. cinnamomi (Douhan et al. 2011) Roots Heritability not provideda

Ploetz et al. (2002) H2 = 0.45

Radiata pine Pinus radiata P. cinnamomi Butcher et al. (1984) Roots h2 = 0.86–0.90

P. pluvialis Dungey et al. (2014) Needles h2 = 0.21–0.31

Fraser fir Abies fraseri P. cactorum (Hoover and Bates 2013) Roots Heritability not provideda

Canaan fir Abies balsamea var.
phanerolepis

P. drechsleri

Nordmann fir Abies nordmanniana

Trojan fir Abies equi-trojani P. cinnamomi Frampton et al. (2013) Roots hi
2 = 0.62 ± 0.162

Turkish fir Abies bornmuelleriana hf
2 = 0.97 ± 0.011

hi
2 = 0.50 ± 0.102

hf
2 = 0.96 ± 0.01

Tanoak Notholithocarpus
densiflorus

P. ramorum Hayden (2010) Leaves h2 = 0.15

Coast live oak Quercus agrifolia P. ramorum Dodd et al. (2005) Stems Heritability not
provideda

a Clonal variation observed in screening and selection trials but no heritability reported
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assessments for RNC susceptibility is currently under
investigation.

This is the first demonstration of a genetic and thus herita-
ble basis for RNC tolerance using direct inoculation of P.
pluvialis on detached needles with quantification of infection.
This tolerance shows evidence of consistency in differentiat-
ing genotype performance between experiments, and future
work will seek to account for seasonality and other environ-
mental variables where possible. Broad-sense heritability es-
timates from this study support previous work in understand-
ing the genetics of RNC tolerance in radiata pine (Dungey et
al. 2014) and shows that breeding has the potential to improve
tree health in relation to RNC.
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