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SUMMARY

Apple cultivars differ in their resistance to the fungal pathogen Venturia inaequalis, the causal agent of
apple scab. Mixed cultivar orchards, where the cultivars present have differing resistance to V. inaequalis,
have been shown to reduce the levels of scab compared to monoculture. To maximise the mixture effect
of reducing scab development, cultivars need to be selected with maximum differences in their scab re-
sistance. One indirect, yet efficient, method of selecting such cultivars is to quantify population differ-
ences of scab from different cultivars, which are expected to largely reflect the differences in the re-
sistance to the pathogen.

We sampled early season scab lesions from different cultivars in two mixed cider cultivar orchards in the
Southwest of England and from various desert and cider cultivars in an orchard in the Southeast of Eng-
land. Using Simple Sequence Repeat (SSR) markers we compared the scab populations sampled from the
different cultivars.

Scab populations from different cultivars differed significantly, depending on specific pairs of cultivars;
however, larger differences appear to be among fungal populations from different sites. The results
demonstrate that certain cultivars likely share much of their genetic resistance factors to V. inaequalis.
For dessert apple the scab populations on Cox, Gala, Bramley and Fiesta were not different and therefore
it is not advisable to plant these cultivars in the same orchard with a view to reduce scab development.
On the other hand, a reduction in scab would be more likely if one of the above cultivars is planted to-
gether with Golden Delicious, Red Falstaff or Spartan.

There was a very large difference in the scab population from cv. Three Counties and populations from all
other cider cultivars. This was particularly surprising given the shared parentage (Dabinett x James Grieve)
between Three Counties and all but one of the other cider cultivars sampled, suggesting considerable
differences in the resistance to V. inaequalis between the two parents. It also indicates that selection of
cultivars for inclusion in mixed orchards cannot be reliably made based on pedigree information alone.

Key words: apple scab, cultivar mixtures, population comparison, resistance
INTRODUCTION

Apple scab is one of the most important diseases economically to the apple industry world-
wide. Caused by the ascomycete Venturia inaequalis, annual epidemics lead to large losses of
marketable fruit due to the unsightly lesions not accepted by retailers and consumers. Left
uncontrolled the disease can lead to poor tree health and reduced yields. Current control is
predominantly through a programme of fungicide sprays aided by forecasting models
(Beresford and Manktelow, 1994; Berrie and Xu, 2003). Emergence of resistance to fungicides
from the pathogen, the demand from consumers and policy makers to reduce levels of pesti-
cide use and the cost of chemical control of scab make the need for alternatives a necessity.

The natural resistance of a host is often used to control disease development. The only R-gene
that has been bred into new commercial cultivars of apple (Malus x domestica) is the Rvi6 (Vf)
gene from M. Floribunda. However this resistance has been overcome (Parisi et al., 1993;
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Roberts and Crute, 1994) and is only an option for newly bred cultivars not for popular current
cultivars. However it is known that scab isolates from one cultivar cannot necessarily infect
another cultivar (Sierotzki et al., 1994; Koch et al., 2000; Barbara et al., 2008). This indicates
that susceptible apple cultivars may have differing resistance factors to certain strains of scab.
Incorporating cultivars in an orchard with these differences in resistance factors can reduce
the incidence of scab. Mixing cultivars to reduce levels of scab has been shown to work in an
orchard with a susceptible cultivar and a cultivar carrying the Rvié R-gene reducing leaf scab
incidence in the range of 7.3 to 22.5% (depending on year and orchard design) compared to
monoculture, improved further when a spray programme was applied (14.8 to 75.1% reduc-
tion) (Didelot et al. 2007). Similarly, this can lead to reduced incidence of fruit scab, further
improved when coupled with sanitation (Parisi et al. 2013).

The design of a mixed orchard is important to achieve disease reduction compared to mono-
culture. Mixing within rows is more effective than alternate rows of cultivars, which in turn is
more effective than blocks (Blaise and Gessler, 1994; Didelot et al., 2007). This is due to the
Genotype Unit Area (GUA) where the larger the area of host with the same genotype the
smaller the disease reduction (Mundt, 2002). Therefore the closer the trees of the same cul-
tivar are together the larger the GUA and the higher chance of autoinfection. Within row mix-
tures are not likely to be introduced into a commercial setting as increased management costs
would be too high compared to other types of mixture, let alone monoculture.

One necessary requirement for using mixture to manage diseases is that the cultivars to be
used in a mixture must differ in their resistance factors to the target pathogen(s). In this study
we compared scab populations on different cultivars within an orchard and used that
knowledge to infer which cultivars have differential resistance to scab (hence can be used
together in a mixture orchard). Fungal population differences were determined at the molec-
ular level (using Simple Sequence Repeat (SSR) markers). Leaf scab lesions were sampled from
several popular desert cultivars and cider cultivars.

MATERIALS AND METHODS
Sampling

Orchard WM132 at NIAB EMR (Kent, UK) has blocks of three rows of Malus x domestica cv.
Cox and three rows of Malus x domestica cv. Fiesta separated by a block of three rows of
Malus x domestica cv. Royal Gala (Gala); each row has 12 trees. This orchard (ca. 15 years old)
has had no fungicide programmes applied since planting, but has received minimal orchard
husbandry (pruning, mowing). Scabbed leaves were sampled from the trees in late spring
2012. In 2013 potted trees of each of the three cultivars were placed in the orchard within
their own cultivar. At the same time, potted trees of Malus x domestica cv. Bramley, Malus x
domestica cv. Golden Delicious, Malus x domestica cv. Red Falstaff, Malus x domestica cv.
Rosette and Malus x domestica cv. Spartan were placed in this orchard, two trees within each
of Cox and Gala orchard trees and one within Fiesta. These potted trees were put in the same
orchard again in 2014, this time one tree in each of Cox and Gala, and three within Fiesta. In
addition, two potted trees of each of three cider cultivars, Malus x domestica cv. Angela, Ma-
lus x domestica cv. Dabinett and Malus x domestica cv. Somerset Redstreak were placed within
each of the three cultivars in 2014 (six trees in total). All potted trees used were placed into
the orchard at bud burst (approximately 1 m from the orchard tree). They were moved back
to a polytunnel after 3-4 weeks and lesions sampled from these trees after a further three
weeks.
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Two commercially managed cider orchards in Southwest England were also sampled. First, an
experimental orchard planted in 2008 in Staunton-on-Wye, Herefordshire was sampled at the
end of spring 2012. This orchard was designed as a complete randomised block. The orchard
contained the cultivars Angela, Dabinett, Malus x domestica cv. Katja (known as Katy in the
UK and in this study), Malus x domestica cv. Lizzy and Malus x domestica cv. Tina on six differ-
ent rootstock/interstock combinations. We sampled scab lesions from two plots (two different
rootstocks) of each cultivar within one block, where all trees sampled were all in an area ap-
prox. 12 m x 70 m. Second, St Monica’s Orchard, planted in 2009 in Sandford, Somerset, was
sampled at the end of spring 2014. This is a mixed orchard of 24 new cider cultivars (colloqui-
ally known as “The Girls”), one row (approx. 120 m) of each between rows of Katy. Seven of
the 24 cultivars had been identified in a previous scab survey as susceptible to scab, however
only Malus x domestica cv. Gilly, Malus x domestica cv. Three Counties, Tina and Malus x do-
mestica cv. Vicky had enough scab to sample in 2014. Infected leaves from Katy were also
sampled.

For sampling of all sites, leaves with freshly sporulating, discrete scab lesions, were selected
and placed into paper bags, no more than one leaf per shoot. For all leaves collected, a single
discrete lesion per leaf was cut out with a 5 mm cork borer, placed in a 2 ml micro tube, left
to air dry at room temperature, 2x 4 mm ball bearings added to the tube and then transferred
to a -20 °C freezer.

DNA extraction and screening

DNA was extracted directly from the lesion on the leaf disc. The leaf disc was disrupted in a
MM2 oscillating mill (Retsch, Haan, Germany) and DNA was extracted using a DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) as per manufacturer’s instructions with all optional steps.
DNA was eluted with 100 pl elution buffer into a 1.5mI micro tube. DNA was quantified using
a Nanodrop 1000 spectrophotometer (Thermo Scientific, Wilmington, USA) and stored at -20
°C.

The SSR primers used (Table 1), PCR and thermal cycle conditions, as well as the procedure for
genotyping followed published protocols (Passey et al. 2016).

Table 1 Simple Sequence Repeat primer pairs (5’ to 3’) used for screening apple scab isolates and the
range of the alleles in present study

SSR Fluorescent label-Forward primer  Reverse Primer Allele range
EMVi0292 HEX-ACGAGTCCCAGGTCTCACAG TGTTGACGGTCACGGTGTAT  164-248
Vica9/Xo FAM-TCGCGCATCACTATCTACAC  AGACAGGAATGTGGTGGAAG  219-247
Vica10/154>  HEX-CCTCCTTCCTATTACTCTCG  CTGAAGCGAACCTATGTCC 102-190
Vicacg8/42®  FAM-TGTCAGCCACGCTAGAAG CACCGGACGAATCATGC 194-242
Vict1/1300 FAM-GATTGGTGACGCATGTGT GCTGGAGATTGCGTAGAC 142-164
Vitc1/820 HEX-ACTGTCTCTAGGCGAAAG ACTTGGAAGCTCGCTAAG 225-243
Vitc2/16° FAM-ACATTGACGAAGACGAGC TACAATTGAGGCGTGTCC 153-169
Vitg9/1290 FAM-CTAATTCAACTCGCTGCGTC  TTTCAGCCAGCTAACCTAGG  277-293

AXU ETAL. (2009)

BGUERIN ET AL. (2004)

Determination of parentage

The parentage and family pedigree for each cultivar was assessed based on the National Fruit
Collection database (DEFRA, 2010). It was not possible to assess Rosette as it was not in the
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database. The database also did not include new cider cultivars Angela, Gilly, Lizzy, Three
Counties, Tina and Vicky, which derived from a cross between Dabinett or Michelin with James
Grieve or Worcester Pearmain (Liz Copas — personal communication). To confirm their parent-
age, we fingerprinted these new cultivars using the same SSR markers and methods as used
for fingerprinting the National Fruit Collection (DEFRA, 2010) and comparing the allele sizes to
those of the four possible parents from the collection.

Statistical analysis

Allele frequencies for an orchard were calculated using Powermarker software (Liu and Muse,
2005). Rare alleles < 0.01 of the population of an orchard were recorded as missing values. If
there were two alleles at a locus it was assumed that the lesion had resulted from infection
by two different strains - only one was randomly selected for inclusion in analysis. If a sample
had multiple loci with more than one allele then the sample was discarded. Null alleles occur
when a mutation in the flanking region of the sequence repeat stops the annealing of the
primer and therefore no amplification during PCR. In this study we included null alleles as a
single allele for that marker although it is possible that the sequences in these samples dif-
fered.

To assess if scab populations on different cultivars within an orchard differ from each other,
pairwise Fst values were calculated and significance testing based on 1023 permutations using
Arlequin version 3.5 (Excoffier and Lischer, 2010). Data from all sites, along with 2012 sample
data from Ash Farm, Worcestershire, UK (a mixed orchard of Bramley, Cox and Worcester)
(Passey et al. 2016), were then combined to calculate Fsr values, which were subjected to
cluster analysis based on the UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
algorithm using the software Mega (Tamura et al., 2013).

RESULTS
Determination of Parentage

There is generally little known shared parentage among the cultivars sampled (potted and
orchard trees) in the WM132 orchard (results not shown). Fiesta and Gala both have Cox in
their genealogy; however most of the other cultivars are older, resulting from chance/raised
seedlings. Of the cider cultivars in the Southwest of England Dabinett is from a chance seedling
while Katy is from a Swedish cross between James Grieve and Worcester. Fingerprinting of
“The Girls” showed that all six susceptible cultivars shared James Grieve as a common parent;
Angela and Lizzy were from a cross between James Grieve and Michelin and the other four
(Gilly, Three Counties, Tina and Vicky) from a cross of James Grieve with Dabinett.

General results

The numbers of isolates sampled varied greatly between cultivar and between sites due to
differing scab severity (Tables 2 and 3). The difference between the number of isolates used
in statistical analysis and the number of isolates with DNA extracted is due to the fact that a
few samples failed to amplify or that a few samples had multiple alleles at more than one
locus. Only one lesion was found on Dabinett in the Staunton-on-Wye orchard and therefore
omitted from statistical analysis. There was no scab on the potted trees of Rosette in WM132
in 2013, or on the Dabinett trees placed in the same orchard in 2014.
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Table 2 Number of apple scab isolates successfully screened with SSR markers from trees within WM132
orchard, Kent

Cultivar 20130 2014v
Apple type sampled 20120 Cox Fiesta Gala Total Cox Fiesta Gala Total
Cox 31(36) 25(27) - 25(27) - -
Fiesta 36(36) -- 35(35) -- 35(35) -
Gala 28(36) --- 35(36) 35(36) - -
Dessert Golden Delicious - 10(12) 9 14 35(37) 10 16 10 36
Red Falstaff - 14 9 14 37 8(9) 14(15) 6 28(30)
Rosette - 0 0 0 0 1 9(10) 2 12(13)
Spartan - 13 5 17 35 10 11(13) 10 31(33)
Culinary Bramley - 14 8 14 36 4(5) 6(10) 9(10) 19(25)
Angela 3 5 7 15
Cider Dabinett 0 0 0 0
Somerset Redstreak - - 8 8 7 23

Number in the brackets is the number of isolates from which DNA was extracted; otherwise, all isolates
with DNA extracted were used in statistical analysis. 22012 samples collected from orchard trees; ®22013
and 2014 sampling from potted trees placed within the blocks of Cox, Fiesta or Gala orchard trees

Table 3 Number of apple scab isolates genotyped with SSR markers from commercial cider orchards in
Southwest England

Staunton-on-Wye Sandford

Angela 10 Gilly 8
Dabinett 0(1) Katy 6
Katy 29(36)  Three Counties 10
Lizzy 7(14)  Tina 26
Tina 20(35)  Vicky 26

Number in the brackets is the number of isolates from which DNA was extracted; otherwise, all isolates
with DNA extracted were used in statistical analysis

Population pairwise comparisons

Pairwise Fst values between populations from Fiesta and Gala in WM132 showed that the two
populations differed significantly (p = 0.03) in 2012; however, this was not the case for the
lesions from potted trees in 2013 (p = 0.8). The population from Cox was not different to that
from either Gala or Fiesta in both years (p > 0.05).

Pairwise comparisons of the populations from Golden Delicious, Red Falstaff and Spartan
showed they were significantly different in both 2013 and 2014 (p < 0.05; Table 4). The scab
population from Golden Delicious did not differ from populations from the other cultivars. The
scab population from Red Falstaff was different to that of Somerset Redstreak in 2014 (p =
0.04) and Bramley in 2013 (p < 0.001) and 2014 (p = 0.01). Although the scab population from
Bramley in 2013 differed from that from either Golden Delicious or Spartan, there were no
significant differences between these populations in 2014; nor between the Bramley popula-
tion and any other cultivar’s population (other than the aforementioned Red Falstaff). The
only other cultivar that Spartan’s scab population was different to was Angela’s (p < 0.001).
The population from Angela was not significantly different to that of any other cultivar, nor
was that of the other cider cultivar Somerset Redstreak (other than that previously stated with
Red Falstaff). The Rosette scab population showed no significant difference to any of the other
cultivars.
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Pairwise Fsr values between populations in the cider orchards are shown in Table 5. The only
common cultivar comparison in the two commercial orchards in Southwest England was be-
tween the populations of Katy and Tina, which showed no significant difference in either or-
chard (p > 0.1). In the Staunton-on-Wye orchard, the population on Angela was significantly
different to that of Lizzy (p = 0.04) and Tina (p = 0.01) and close to significance with the popu-
lation from Katy (p = 0.06). There were no other significant pairwise differences. The scab
population on Three Counties differed (p < 0.001) from the other four cultivars sampled in the
Sandford orchard. The population on Gilly was close to being significantly different to that of
Vicky (p = 0.07) and differed from that of Tina (p = 0.01).

A UPGMA tree (Figure 1) illustrates the differences between all populations in this study, in-
cluding those 2012 samples from another mixed orchard as reported in Passey et al. (2016).
The result indicates a general geographical difference between scab populations in the sam-
pled orchards and a greater difference between populations on cider cultivars than on desert
cultivars.

Table 4 Estimated pairwise Fsr values from AMOVA between scab isolates sampled from potted trees of
different cultivars placed within the WM132 mixed cultivar orchard: upper diagonal - 2013 samples; lower
diagonal - 2014 samples

An- Bram-  Golden De- RedFal- Ro- Somerset Spar-

gela ley licious staff sette Redstreak tan
Angela
Bramley 0.00 0.08** 0.07** 0.03
Golden Delicious 0.01 0.00 0.07** 0.04*
Red Falstaff 0.01 0.04* 0.03* 0.03*
Rosette 0.00 0.00 0.00 0.02
Somerset Redstreak  0.01 0.00 0.01 0.03* 0.00
Spartan 0.07***  0.01 0.03* 0.05** 0.00 0.02

* Significant at 0.05; ** Significant at 0.01; *** Significant at 0.001

Table 5 Estimated pairwise Fsr values from AMOVA of scab isolates sampled from different cultivars in
mixed cider cultivar orchards in Southwest England: upper diagonal Staunton-on-Wye - 2012 samples;
lower diagonal Sandford - 2014 samples

Angela  Gilly Katy Lizzy Three Counties Tina  Vicky

Angela 0.05 0.13* - 0.11*
Gilly
Katy 0.00 003 - 0.02
Lizzy 0.04
Three Counties - 047 048 -
Tina 0.09* 0.03 0.39***

Vicky 0.04 0.00 0.36*** 0.00

* Significant at 0.05; ** Significant at 0.01; *** Significant at 0.001
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Wh132 13 Fiesta
Wh13214 RedF alstaff
W132 13 Cox

W132 13 Gala

Wi132 12 Gala

Wi 132 12 Cox

Ash 12 Cox

Wh132 13 Bramley
Wh132 14 GoldenDelicious
WM132 14 Angela

W132 14 Bramley
Wh132 14 Rosette
Wh132 14 SomersetRedstreak
— WM132 13 Spartan

—— W132 14 Spartan
Wh132 12 Fiesta

Ash 12 Bramley

Wh1132 13 GoldenDelicious
Wi132 13 RedF alstaff
SoW 12 Angela

Sandford 14 Gilly

Sandford 14 Katy

Sandford 14 Tina

Sandford 14 Vicky

SoW 12 Lizzy

SoW 12 Katy

SoW 12 Tina

Ash 12 Worcester
Sandford 14 ThreeCounties

L0

015 010 0.05 0.00
Figure 1 A UPGMA (Unweighted Pair Group Method with Arithmetic Mean) tree generated from pairwise
Fst values of scab isolates sampled from different cultivars in three mixed orchards in three years; Popu-
lation nomenclature: Orchard (SoW = Staunton-on-Wye), Sampling year, Cultivar

DISCUSSION

In this study we have shown that there are significant differences between some scab popu-
lations from different cultivars in the same orchard. However, it should be noted that popula-
tion differences between orchards were much greater than between cultivars in the same
orchard.

A number of populations from different cultivars were not different, suggesting that these
cultivars probably share similar genetic factors of resistance (and therefore susceptibility) to
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V. inaequalis and would therefore not make desirable candidates for use in a mixture for scab
management. Thus, in desert apple it would not be advisable to plant Cox, Fiesta or Gala in
the same orchard if the aim is to reduce scab development. On the other hand, Golden Deli-
cious, Red Falstaff or Spartan are good candidates for such a purpose.

For the cider cultivars there were no significant differences in the scab populations from Katy,
Tina and Vicky, but there was a large difference in the population from Three Counties with
the populations of all other cider cultivars. This is surprising given that Gilly, Tina, Vicky and
Three Counties all come from the same cross (Dabinett x James Grieve). In fact, of the 24 “The
Girls” cultivars in the Sandford orchard we found a sufficient amount of scab for sampling on
only four. All “The Girls” cultivars are from four possible crosses indicating that there is likely
to be considerable differences in genetic control of the response to scab within the parents,
leading to segregation of this character in the progeny. There were no scab lesions on potted
trees of Dabinett in the WM132 orchard and only one lesion in the Staunton-on-Wye orchard;
however, four of the six “The Girls” cultivars sampled had Dabinett as a parent. Worcester is
likely to have at least three resistance factors (Barbara et al., 2008) and the population on
Worcester is quite different to the other populations presented. These results indicate that
selection of cultivars for inclusion in mixture cannot be reliably made based solely on pedigree
information.

The greater differences between scab populations on cider cultivars compared to the differ-
ences between desert cultivars suggest that there is less variability in resistance factors among
the desert cultivars in the present study. Breeding for improved dessert cultivars has been
much more extensive than cider apples, which may have reduced genetic variability among
commercial desert cultivars for scab resistance. It would be advantageous to expand the ge-
netic base from which desert cultivars are bred to increase the pool of resistance factors to V.
inaequalis and potentially other pathogens.

The use of SSR markers is a good way to initially assess how similar populations of scab are
from different cultivars and therefore discount those susceptible cultivars which show no dif-
ferences as being incompatible for a successful mixed orchard for disease management. Of
course, at this stage those cultivars that showed limited scab development remain viable can-
didates for mixture. It is possible to select potential mixture components based only on the
SSR results when scab populations from those cultivars are different. Nevertheless, some con-
trolled cross inoculation with isolates from these candidates may be advisable. Of course, any
susceptible cultivar can be mixed with resistant cultivars.

The selection of cultivars for mixture is not decided on scab resistance alone, other traits have
to be considered in order to maximise profitability. For example, Red Falstaff flowers almost
two weeks before Golden Delicious and Spartan, which may impose extra cost in orchard man-
agement, e.g. pest and disease control. There is also some evidence that mixed cultivar apple
orchards might reduce levels of powdery mildew and rosy apple aphid (Parisi et al., 2013) and
therefore comparing and selecting cultivars with differing resistance to other pests and dis-
eases will further increase the benefit of mixture.

The cider industry remains the most obvious area of apple production for implementation of
mixed cultivar orchards. Not only is fruit quality not as stringent as for desert apples, much
mass produced cider includes a blend of apple cultivars and therefore requires different culti-
vars to be grown, as opposed to desert growers who are often more restricted in which culti-
vars they grow for the mass market. As we have shown in this study cider growers also seem
to have the advantage of a more diverse genetic background in cultivars for reduction in scab.
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