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1 SUMMARY

1.1 Aim and industry challenges
This research sets out to identify:

i) how and when early field generations of potato become contaminated and
subsequently infected by Pectobacterium atrosepticum (Pba) and potentially
other Pectobacterium spp., and the environmental conditions responsible;

i) how to use this information to modify current control strategies to minimise
contamination of machinery and storage materials and ultimately to reduce
infection, thereby ensuring that subsequent field generations do not succumb to
the pathogen,;

iii) the effectiveness of sulphuric acid compared with current standard haulm
desiccation programmes and their relative impact on Pba spread and
contamination of progeny tubers.

From 2007-2012 there was a steady increase in seed area downgraded or rejected
within the Scottish Seed Classification Scheme as a result of blackleg, with levels in
2011 and 2012 similar to that of 20 years ago. This increase could potentially be linked
to changes in the pathogen, management practices or the environment. Certainly, the
increase in blackleg has coincided with a series of wet growing seasons and with the
switch from sulphuric acid to other methods of haulm destruction.

1.2 Methodology

To investigate the entry route of Pba contamination into high grade seed stocks, SRUC
carried out intensive monitoring of two PB1 cv. Desiree crops through a 3 year
multiplication cycle with active grower participation. SRUC also used field trials to
compare the effectiveness of sulphuric acid with current standard haulm desiccation
programmes to determine their relative impact on Pba spread and contamination of
progeny tubers. JHI and SASA used experimental plots to study the routes of
contamination and spread of Pba from infected to healthy plants and to investigate the
routes by which daughter tubers become infected once Pba is present in or on a plant.
SASA analysed potential population differences between historic blackleg samples
and current samples to determine whether the population of Pba and other
Pectobacterium spp. have changed over time. JHI also studied the movement of Pba
from contamination on the plant to systemic infection within the plant through
glasshouse trials on different cultivars (Marfona, Desiree and Osprey). Finally, JHI
undertook modelling work across the whole the Scottish seed production system to
investigate whether blackleg was a random event, in terms of years and geography,
or showed patterns / clusters.

1.3 Key findings

* There is no evidence that new strains of Pectobacterium are responsible for the
increased levels of blackleg seen in Scotland over recent years. In Scotland
95% of blackleg is attributed to Pba.
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From the testing carried out in three years of monitoring, mini-tubers of the
cultivar Desiree were found to be free from any pectolytic bacteria. Routine
testing by SASA of a number of mini-tuber stocks each year supports this
finding. This suggests that the likelihood of blackleg bacteria initiating from Pba
contaminated mini-tubers is low.

Contaminated mother tubers are not the only source of blackleg disease. In
trials contamination from the environment was observed to result in blackleg in
the same season.

Sampling individual plants from a commercial seed crop badly affected by
blackleg, then determining the diversity of Pba strains recovered, showed that
four different strain types were present. All four strain types were also found in
surrounding crops of a different variety and grade. This preliminary finding
supports similar findings from project R491/454 and suggests that
local/environmental sources of infection are an important source of blackleg
development as well as contaminated seed.

In field trials, in some years (2013-14) contamination of growing plants arose
predominantly from naturally occurring Pectobacterium, while in other years
(2015) spread of the pathogen from blackleg plants in the infector zones of the
trials were mainly responsible. The reason(s) for this are not clear but may be
due to the amount of precipitation during critical periods of the growing season
(June/July/August).

The occurrence of blackleg in plants within the trials appeared to be worse in
irrigated compared to the unirrigated plots.

Pathogen numbers continue to increase particularly on below-ground parts of
a potato plant towards the end of the growing season, where they are more
likely to spread to progeny tubers and/or lead directly to blackleg disease
(especially in wet conditions). The longer tubers are left in the ground, therefore,
the higher the likelihood of tuber contamination and disease occurring.

Tuber testing showed that stolon contamination occurred almost as often as
lenticel contamination, which suggests that testing for both could improve
diagnostics and help to relate detection to subsequent blackleg disease.

Progeny tubers were harvested from the plants outside the central infector zone
of the trials and were tested for Pectobacterium. Between 20 to 70% of
harvested plants had contaminated tubers, depending on the variety or year of
sampling. The majority of contaminated tubers were harvested from symptom-
free plants.

A sample of the harvested tubers (from both symptomatic and symptom-free
plants) were replanted the following year. Disease levels in the progeny plants
were very low regardless of whether the mother plant was symptomatic or not.

When comparing the level of Pba contamination on tubers and other plant parts,
and the level of blackleg disease, there was no significant difference observed
between disturbed versus undisturbed plots.
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* Glasshouse experiments were used to study internalisation and movement of
Pba from leaves or roots to other parts of the plant. Following inoculation of
leaves or roots, the bacteria were often found inside the plant suggesting entry
and subsequent colonisation. Marfona showed most entry and movement and
Osprey the least, particularly following inoculation of intact leaves, suggesting
that internalisation and subsequent blackleg disease may be cultivar
dependant. It may also be a factor in cultivar propensity for blackleg
development.

* There is some evidence that use of sulphuric acid reduces the contamination
of progeny tubers.

+ Blackleg is not a random event but is clustered geographically, with high and
low spots that change from year to year. This suggests that blackleg problems
are not farm or local area associated across years but when problems do occur
they are often accompanied by other blackleg problems in that area. The
reason(s) for this is so far unclear, although localised weather conditions are
expected to play a role.

* Hand pulling of PB1 haulm may help to reduce progeny tuber contamination.

Some related conclusions from Projects 491/454:

* A new variable number tandem repeat (VNTR) DNA typing scheme was
developed which distinguishes at least 18 identifiable strains of Pba. This has
been used to further investigate sources and pathways of latent infections
during the first year field generation of mini-tuber to PB-1 seed crops produced
in both Scotland and England.

« Contamination of progeny tubers often occurs during the first field generation
from mini-tubers with Pba isolates originating from the local environment.

« Sources of contamination during the first generation from mini-tubers most
likely include blackleg plants from crops of lower grade growing in the vicinity.

* Pba contamination levels on seed tuber stocks increase with subsequent field
generations.

« Additional sources of contamination, especially for field generations 2 and
above, include the contaminated seed stock and contaminated machinery
(including harvesters).

« A simplified method of testing potato tubers that includes sampling stolon end
cores, rather than lenticellular contamination alone, could improve testing and
prediction of future blackleg incidence.

* A simple in vitro test showed that commercial haulm desiccant formulations of
sulphuric acid and diquat were equally toxic to Pba, whereas carfentrazone was
non-toxic, even when exposed to the undiluted formulation.
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1.4 Potential areas for commercial focus coming from the project

e Wherever the bacteria come from, build-up of Pba numbers towards the end of
the growing season and into haulm destruction is a critical factor in the onset of
blackleg.

e As the season is extended these numbers are likely to increase.

e Controlling bacterial numbers and their movement at haulm destruction
therefore appears to be important in reducing the onset of blackleg and progeny
tuber contamination.

e Rapid burn-down and haulm killing under dry conditions, and the thoroughness
of that killing, may reduce levels of subsequent blackleg.

e Hand pulling and discard of the haulm outside of the field may help to reduce
blackleg in high grade stocks thus improving bacterial health in the following
crop.

e Sulphuric acid does appear to reduce Pectobacterium numbers on progeny
tubers compared to standard applications of diquat and carfentrazone (but
recent commercial data suggests that these other treatments may be improved
in their effectiveness if used optimally).

e Pectobacterium appears to contaminate plant roots and in some cases can
cause blackleg directly, i.e. without developing from the infected seed tuber.

e In some cases the planting of clean tubers may still therefore result in blackleg
developing (as experienced in this project when non-infected mini-tubers were
planted in experimental plots with artificially inoculated plants with high blackleg
incidence and under irrigated conditions conducive for disease development).

e Differences in the ability of bacteria to get into the canopy of different varieties
could lead to more aerial stem rot in some varieties than others.

e Canopy damage appears to increase susceptibility of varieties to aerial stem
rot.

e Measuring the numbers of bacteria present in the stolon as well as in the skin
(lenticels), may increase the accuracy of diagnostics for predicting disease.

e Pectobacterium appears to move from seed potato stocks showing high
incidence of blackleg to neighbouring stocks in the same field, suggesting that
growing high grade seed apart from other potato crops may help to reduce the
spread of blackleg and build-up of bacteria in subsequent seed generations.

e Each year blackleg incidence appears to form clusters across Scotland but
these clusters are in different locations each year. Whether this is due to
prevailing weather conditions or to management practices is yet to be
determined but it does suggest that specific areas of potato production within
Scotland do not act as ‘hot spots’ for blackleg incidence.
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1.5 Control measures confirmed or suggested by the project

e Astherisk of contamination would seem to be higher today than when sulphuric
acid was used for desiccation, it is even more important to focus on managing
that increased risk. This includes paying even more attention to sustaining a
high level of hygiene throughout multiplication. Whilst hygiene is expensive,
time consuming and sometimes difficult in practice, it can remove or reduce
some sources of infection.

e As far as possible, machinery should be cleaned before use and used on the
highest grades first, progressing through successively lower grades. This is
especially important when grading prior to planting.

e Where practicable, grow mini-tubers in fields separate from all other PB
generations lower seed grades and ware potatoes. There is evidence that early
generation PB crops acquire infection from their local environment so
separation of these crops from older generation material is likely to derive
benefits.

e Carrying out field operations when conditions are dry reduces the risk of
contamination substantially.

e Destroy haulm and lift PB crops as early as possible to avoid late season
contamination and development of blackleg disease. Early haulm destruction
and harvesting, after sufficient time to allow skin set, is likely to reduce the
impact of blackleg on subsequent generations.

e As far as possible, avoid grading PB1 and PBs stocks but, where this does
occur, machinery should be cleaned before use and used on the highest grades
first, progressing through successively lower grades.

1.6 Suggested areas for further work

e I|dentification of major routes to initial contamination of high-grade tubers,
including isolation distances required to minimise initial contamination from
nearby crops. This could include looking at the benefits of establishing a
specific FG 1 & 2 growing area to reduce potential infection from ‘older’ seed
and ware crops.

e Varietal factors affecting disease susceptibility including ability to establish on,
spread through and colonise the plant, skin thickness, growth habit, tuber
content etc. and relating this to tuber testing.

e Further modelling and subsequent practical evaluation to determine reasons
for disease clustering and hot/cold spots, including factors such as correlation
of such clustering to weather (specifically rainfall) and changes to scale of
farming practices.
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Further development of strain typing methods to enable movement of strains to
be more accurately tracked, both within and between seed stocks.

Assessment of the role of graders in spread to Pectobacterium spp. to tubers
pre-planting.

Assessment of handling and storage post-grading (including duration in
polypropylene bags, impact of transport and handling post transport) on
development of blackleg in a subsequent crop.

Further work to assess the effect and timing of haulm pulling, covering crops
and increased biosecurity to control infection of high value crops. This could
include tracking stocks from mini-tubers through various haulm treatments over
several generations to measure their performance, in terms of bacterial
numbers and subsequent blackleg disease, and suitability for further
multiplication and; any effects of haulm destruction on fungal pathogens and
their subsequent involvement in pit rots and opportunistic bacterial infections.

An evaluation of the effects of roguing on progeny tuber contamination is
required.

Establishment of best practice during storage of tubers to achieve a proactive
reduction of bacterial loadings, e.g. through the use of appropriate ventilation,
handling, grading and storage environments, biological, chemical control, etc.

Assessment of the value of including post-harvest testing for PB stocks to filter
out heavily contaminated stocks from further multiplication within the scheme
thereby reducing potential for cross contamination to other stocks.

Assess the effect of high or low calcium soils on Pba infection.

© Agriculture and Horticulture Development Board 2016
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2 INTRODUCTION

Currently control of blackleg, considered to be caused mainly by Pectobacterium
atrosepticum (Pba) in Scotland and in >75% of cases in England and Wales, is carried
out through a multi-faceted approach comprising high-quality disease free planting
material, industry good practice and targeted legislation (seed certification). Healthy
planting material arises from disease-tested micro-plants, which are multiplied through
mini-tuber production under controlled conditions. Field grown potatoes are multiplied
initially as pre-basic (PB) seed and a zero-tolerance for a number of faults and
diseases, which include blackleg, is applied (of the approximately 630Ha of GB PB
seed crops each year, 600Ha are grown in Scotland). Crop inspections during every
year of field multiplication serve to further limit/remove heavily diseased crops from
the production chain. In terms of good practice, growers make informed decisions
about varieties, field choice, agronomy inputs such as fertiliser, planting/harvesting
dates, haulm destruction, drying prior to storage and storage conditions etc.;
ameliorating the risks of contamination and multiplication of the pathogen, and limiting
spread. Limiting the number of field generations to prevent the build-up of the disease
has become standard industry practice and is a major feature of the seed certification
scheme.

Although bacterial contamination and blackleg has occurred in the past in early seed
generations, in recent years (from 2007 - 2012) there was a steady increase in seed
area downgraded or rejected within the Scottish Seed Classification Scheme as a
result of blackleg. In each of the last 6 years it is initially found in PB2 (most commonly
field generation 2 (FG2)) stocks, which in turn generally results in increased incidence
in subsequent generations. There are also instances where rotting tubers have been
found in harvested PB1 stocks and blackleg has been observed in PB1 (FG1) crops
in England, produced from Scottish mini-tubers, during 2009.

Until 2007, despite wet seasons, current control measures seemed to be working well
and although present, blackleg was widely considered to be under control. It is
therefore concerning that these control measures appear to be less effective. Some
growers recognise that something has changed either to the pathogen, the host
physiology, management practices or the environment. Certainly, the increase in
blackleg has coincided with a series of wet growing seasons and with the switch from
sulphuric acid to other methods of haulm destruction. There are also reports from
Europe and elsewhere that other Pectobacterium species are becoming more
prevalent in causing blackleg disease.

This project involved a thorough examination of the problem within a commercial
setting while also testing hypotheses through a limited number of targeted field
experiments. It relied heavily on the pivotal position that SASA occupies in terms of
overseeing seed production in Scotland and exploited the extensive database
(SPUDS) of crops and their field inspection reports going back a number of years. The
project examined how contamination of PB crops is initiated in order to identify what
factors have changed or that now have undue influence. The principal aim of this
work, therefore, was to identify how early field generations become infected, to
understand more about the mechanisms of spread and contamination, and to
prevent/delay this event to ensure that subsequent field generations do not
succumb to Pba.

© Agriculture and Horticulture Development Board 2016

11



There is already a large body of evidence that describes possible sources of tuber
contamination by Pectobacterium species in the field (Fig. 1) (Perombelon and
Salmond 1995). However, the relative importance of each source in contaminating
seed stocks, and the subsequent spread of this contamination within the field and
on/through individual plants, remains to be quantified. Indeed, it has not previously
been possible to correlate the presence of Pectobacterium isolates found in the
environment with contamination of high grade seed stocks.

Ecc

ca

Harvesters
Graders

Figufé 1. Sources and pathways of contamination by soft rot bacteria of potato (from
Perombelon and Salmond 1995).

Rather than focussing our efforts on revisiting work that looks to correlate the presence
of Pectobacterium isolates in the environment with contamination of high grade seed
stocks, the consortium examined the growing plants of PB1/2 crops to identify which
plant parts are first contaminated, when this contamination occurs, and the progress
of contamination systemically vs. non-systemically around the plant.

In conjunction with this approach, targeted experiments based on field plots were used
to study how Pba, once it has entered a crop, multiplies within it and increases with
each generation. Related to this work, the SPUDS database was used to determine,
at a national level, if proximity to diseased crops increases incidence of blackleg in PB
crops and their subsequent generations. A more detailed glasshouse trial examined
the spread of the pathogen on and within the plant to help in explaining the distribution
of the pathogen in both the lenticels and vascular tissue of harvested seed tubers.
Finally, the effectiveness of sulphuric acid was compared with current standard haulm

© Agriculture and Horticulture Development Board 2016
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desiccation programmes to determine their relative impact on Pba spread and
contamination of progeny tubers.

Objectives:

a) Monitor pre-basic crops from planting as mini-tubers during and across seasons to
identify when Pectobacterium spp., particularly Pba, contaminates and infects haulm,
roots and tubers.

b) Using experimental plots, track the movement of Pba from infected to healthy plants
by monitoring the canopy and tubers during the growing season and testing for
systemic/surface contamination of the tubers at harvest.

c) Determine the route(s) by which daughter tubers become contaminated once the
pathogen is present on the plant, and determine the relative importance of vascular
versus external movement of the pathogen in this process and its relationship to
cultivar susceptibility.

d) Determine whether the population of Pba has changed/is changing over time and/or
whether it is possible to relate particular populations to sources of inoculum as a vital
step towards long-term and more effective control of the pathogen. Also determine
whether other Pectobacterium spp. have any significance as a cause of blackleg in
GB.

e) Using SPUDS and across-landscapes modelling, identify PB crops grown in close
proximity to other seed and ware crops. ldentify which PB crops are in the vicinity of
crops exhibiting blackleg symptoms. Assess historically and going forward daughter
crops to identify whether this increases the risk of blackleg in subsequent generations.

f) Compare the effectiveness of sulphuric acid in comparison with current standard
haulm desiccation programmes, and determine their relative impact on Pba spread
and contamination of progeny tubers.

3 MATERIALS AND METHODS

3.1 Monitoring of pre-basic seed stocks 2013 to 2015

Objective A: Monitor pre-basic crops from planting as mini-tubers during and across
seasons to identify when Pectobacterium spp., particularly Pba, contaminate and
infect haulm, roots and tubers.

Stocks of the cultivar Desiree grown by two pre-basic growers in Aberdeenshire were
monitored over three years, 2013 to 2015. Their pre-basic farms are referred to as
Central Aberdeenshire (CA) and North Aberdeenshire (NA).

In each of the three years, mini-tubers were planted, grown and certified as PB1 at
each farm and monitored throughout the growing season, harvest and storage. In
each year, the mini-tubers planted on each farm were grown by different mini-tuber

© Agriculture and Horticulture Development Board 2016
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producers. In 2014, the PB1 certified Desiree stocks from 2013 were also monitored
as they were grown for certification as PB2. In 2015, both the PB1 certified Desiree
in 2014 and PB2 certified Desiree in 2014 were monitored during the growing season
and harvest. Details of the Desiree stock monitored are summarised in Table 1.

Table 1. Summary of Desiree stocks monitored on two pre-basic farms.

Farm ID Year Mini-tuber Certification grade and date of planting
source PB1 PB2 PB3

North Aberdeenshire 2013 B v 9/5

2014 B v 19/4 v 19/4

2015 B v 16/5 v 15/5 v 2214
Central Aberdeenshire 2013 A v 13/5

2014 A v 13/5 v 8/5

2015 A v 8/5 v 19/4 v 18/4

In all three years, for all monitored stocks, all handling, planting, growing, harvesting
and storage of the progeny were carried out by the host farmer. On both farms, all
stocks of Desiree monitored reached the certification standard they were entered for
(PB1, 2 or 3).

On the CA farm, in 2013 the mini-tubers were planted in a field in which stocks of PB1
and PB2 seed of other varieties were planted. In 2014, the mini-tuber and PB1 Desiree
stocks were planted in different fields only containing other varieties of the same
grade. In 2015, Desiree stocks of mini-tubers, PB1 and PB2 were planted in fields
with other varieties of the same grade.

On the NA farm, in 2013 and 2015, monitored stocks of Desiree were planted in
separate fields which contained only seed of the same grade. However, in 2014, the
mini-tubers and PB1 stocks were planted in the same field as other varieties of mini-
tubers and PB1.

In 2015, in addition to the monitoring described above, the stocks of Desiree were
examined for presence of blackleg on a weekly basis by walking all the area of the
mini-tuber planted stocks, around 50% of the area of PB1 planted stocks and 10% of
area of the PB2 planted stocks. The presence of blackleg was recorded and converted
to a number per unit area of crop.

3.11 Sampling in monitored stocks
In each year, except for the CA stock in 2013, each stock of Desiree mini-tubers used
at each farm was sampled before planting and tested for the presence of pectolytic
Pectobacterium bacteria. The method used is described below and used Crystal
Violet Pectate (CVP) agar (Perombelon & Burnett, 1991) to determine presence of
pectolytic bacteria.

In 2013, each stock of Desiree mini-tubers planted was arbitrarily divided into four
blocks. In 2014, each stock of Desiree mini-tubers planted was treated as a single
block. The PB1 planted Desiree was arbitrarily divided into three blocks. In 2015,
each of the mini-tuber, PB1 and PB3 planted Desiree stocks was treated as a single
block.

© Agriculture and Horticulture Development Board 2016
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Sampling of blocks in 2013 and 2014 was made by removing plants and tubers as
described in Table 2. Plants removed during the growing season were substituted by
a coloured cane so that SGRPID inspectors were aware that the sampling was carried
out by SRUC. All progeny tubers produced in each stock were harvested as a bulk by
the host grower and post-harvest tuber samples were drawn from the bulk. In 2015,
sampling was made only 8-9 weeks after emergence, one week after the second
haulm destruction treatment and at harvest.

Table 2. Sampling schedule for each block sampled during monitoring.

Sampling times What sampled? Sample numbers
A Before planting Mini-tubers and 2 x 25 and
PB1 or PB2 seed 1x 100
tubers
B 3 weeks after emergence Whole plants 20!
C 6 weeks after emergence Whole plants 20!
D 9 weeks after emergence Whole plants 20!
E 1 week after second Whole plants 20!
haulm destruction treatment
F Harvest? Tubers 253
G During storage (c. Jan/Feb) Tubers 100

1 Sampled as 5 plants selected randomly per block

2 Sampled just before grower harvested the crop, from at least 5 locations per block ensuring
a total of 25 tubers per block

3 Tested as 25 tubers from each block

To avoid cross contamination, hygiene was practiced during sampling. For sampling
plant tissue and progeny tubers, a new pair of sterile disposable gloves was worn for
sampling each block. When sampling in the field, leggings were worn and sprayed
with disinfectant (fresh 1% Jet 5 solution) before entering the crop on each occasion.
Forks (or other digging implements) were cleaned before use and disinfected (fresh
1% Jet 5 solution) before sampling and between blocks.

In the growing crop, plants were cut at soil level and above ground tissue from all 5
plants in a block placed in a new, labelled, plastic bag. Below ground parts of each
plant were carefully dug to retain roots, stolons and tubers. Soil was shaken off the
sample carefully and individual plants placed in separate bags. All five below ground
samples from a block were combined into a larger new, labelled, plastic bag. When
sampled alone, tubers were placed in new, labelled, paper sacks. Samples were
taken immediately to SRUC Aberdeen and stored in the cold room until bacterial
testing was carried out.

3.1.2 Laboratory testing for detection of pectolytic bacteria
Mini-tubers
Tuber tissue for detection of pectolytic bacteria was prepared as described below.
Tissue was taken from the tuber peel to assess surface and lenticel contamination and
from the stolon end vascular tissue to determine whether bacterial contamination was
systemic.

Lenticel contamination: From each mini-tuber, a sterilised hand-held vegetable peeler
was used to remove a 2mm thick peel strip from around the circumference of each
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tuber, which included the heel and rose ends. Peel was pooled for each batch of
tubers and weighed before placing in a Bioreba Long Universal Extraction bag. The
peeler was washed with 1M NaOH followed by 70% ethanol and rinsed with sterile
water to prevent cross-contamination between samples.

Systemic contamination: Peeled tubers were rinsed with tap water, dried with tissue
paper and a 1 cm deep sample from the stolon end of each tuber (in the absence of
peel) removed using a sterile cork-bore (0.5 cm diameter). All stolon ends were
pooled, weighed, placed in a Bioreba Long Universal Extraction bag.

Progeny tubers

The procedure for extracting pectolytic bacteria from harvested tubers was the same
as for mini-tubers except that before peeling tubers were rinsed under tap water to
remove any excess soil and dried with tissue paper. The number of tubers tested per
block was at least 25. When tubers were small, whole tubers were peeled to secure
sufficient peel and stolon end samples were not taken.

Above and below ground plant samples
Each sample consisted of tissue combined from each of the five plants sampled from
within a block.

The lowest two green leaves (or, where present, the lowest green leaf and a dying or
dead leaf) from at least 1 stem of each plant were combined to form the leaf sample.
The below ground parts were washed under running water to remove as much soil as
possible. The tissue was divided into stems, roots, stolons and tubers. From each
plant in a block, a small quantity of root or stolon tissue was taken. One stem from
each plant was selected at random. The top one cm was removed using a sterile knife
and a five cm section of stem below that removed for processing.

Sample processing

To each extraction bag containing a sample, 10ml sterile PBS buffer containing the
antioxidant, dithiothreitol (final concentration at 0.075%) was added, and samples
macerated using a Homex 6 (BIOREBA AG, Reinach, Switzerland). After allowing the
debris to settle, duplicate 1 ml aliquots of solution were placed in separate sterile
tubes.

Each sample extract was serially diluted to 10! and 102 in sterile distilled water.
Duplicate 100yl aliquots of undiluted and 101 & 102 dilutions were plated on CVP and
incubated for 48h at 27°C (a temperature optimal for Pba). Any resulting colonies
showing pectolytic activity (pits in the agar) were counted. When pits were found, a
small sample of bacteria from each pit was removed using a sterile scalpel and placed
in one cell of a 96 well PCR plate for characterization using PCR. For each sample
tested a separate plate was used. Where there were many pits, a representative
sample was selected for placing into 96 well plates. If a CVP plate was swamped with
bacteria, isolates were not taken from that dilution. Plates were labelled and frozen
prior to testing at the James Hutton Institute (JHI) or Fera.

3.1.3 Testing machinery and fabric for contamination by pectolytic bacteria
Using sterile swabs (SV18108CST Sterilin Amies Transport Swab, Sterilin Ltd UK),
machinery was swabbed to detect contamination by pectolytic bacteria.
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Before swabbing, each tube containing the swab was labelled with sampler name,
date, location and part sampled. An area of 4 to 8 cm? of machinery part was swabbed
on each occasion. The machinery/fabric sampled is listed in the Appendix.

The cotton wool tip of the sterile swab was first placed into the sterile agar medium in
the tube before rubbing over the test machinery/fabric surface. The swab was then
replaced in the tube so that the tip was immersed in the agar medium.

Swabs were delivered to SRUC Aberdeen as soon as possible after the machinery
was tested and stored in the cold room until bacterial testing is carried out.

The tip of the cotton wool swab was removed from the agar in the tube and streaked
out over a CVP agar plate. The plastic Sterilin tube was then cut just above the level
of the medium and the medium liquidised with 5 ml of potato broth. The broth
suspension was incubated for 48h at 27°C before 100 ul was streaked out on CVP
agar. CVP plates were incubated for 48h at 27°C before being assessed for pits.
Where pits occurred samples were placed in 96 well plates as described above for
further characterisation.

3.14 Other in-field monitoring
A Delta T weather station was sited in one pre-basic field on each farm where
monitoring took place in all three years. Where possible the weather station was sited
to the east of the crop as the main wind direction was westerly.

At the CA site a battery operated Burkhart cyclone spore trap was run continuously
from emergence to harvest alongside the weather station in fields where mini-tubers
were planted in each year. The spore trap was located at the field margin to the east
of the PB1 planted crop, and the intake orifice set at the height of the top of the crop
canopy. The trap was sampled on a weekly basis. The medium used to capture air-
borne bacteria was 0.25 strength Ringers solution. When sampled, the medium was
transferred to a sterile Universal tube. Samples were delivered to SRUC Aberdeen
immediately after being taken. The samples were labelled and frozen at -20°C until
sampling was completed. The samples were tested for the presence of Pba using a
real-time PCR assay developed at Fera in a previous AHDB Potatoes funded project
(R253).

The DNA was extracted from the sample by defrosting at room temperature and
placing 20 pl of the sample in a 2ml Eppendorf in a driblock to boil the cells at 100 °C
for 5 minutes. Two replicate sub-samples were run in duplicate on the PCR plate.

The primers and probes used for the real time PCR were:

ECA-F1 5 CGGCATCATAAAAACACGCC &

ECA-R1 5 CCTGTGTAATATCCGAAAGGTGG &

ECA Probe 5’ (FAM)-ACATTCAGGCTGATATTCCCCCTGCC-(TAMARA) 3’

The Mastermix for each reaction was as follows:

Water (8ul), Taq universal mix no amperase (12.5ul), ECA R1lat 5 pmol (1.5 ul), ECA
F1 at 5 pmol (1.5 ul), ECA Probe at 5 pmol (0.5 pl). 24 pl of mastermix and 1 pl of
template was place in each well.
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Cycling conditions were 95 °C for 10 minutes followed by 40 cycles of 95 °C for 15
seconds and 60°C for 60 seconds.

3.2 Evaluation of novel approaches to reducing contamination by pectolytic
bacteria

321 Haulm pulling

In 2015, evaluations were carried out within the Desiree stocks monitored at the CA
and NA sites of haulm pulling. Just prior to haulm destruction in each stock, all haulm
in an area 2 drills wide by 5m was hand pulled. The pulling removed all stem tissue,
most of the stolons and some root tissue. All haulm removed by pulling was taken
away to the field margin. Prior to harvest of the stocks, 100 tubers were dug at random
from the haulm pulled area and tested for presence of pectolytic bacteria as described
in section 1.1.2.

3.2.2 Using protection to limit environmental contamination

In 2015, a single stock of mini-tubers of the cultivar Morene was grown under
commercial field conditions in two locations in Northern Scotland, Elgin and Nairn by
two different pre-basic growers. At the Elgin location a sample of mini-tubers was also
grown in peat based compost within a polytunnel, at a distance from the field. At the
second location, a polythene canopy was constructed over 1 bed by 10m of the field
crop to protect from the atmosphere. Watering was provided by gravity fed pipes to
the plants under protection.

Just before harvest, samples of 50 progeny tubers were taken from randomly selected
plants from the protected and unprotected plants at both locations. The tubers were
tested for presence of pectolytic bacteria as described in section 1.1.2.

3.3 Experimental Field Trials 2013 — 2015

Objective B: Using experimental plots, track the movement of Pba from infected to
healthy plants by monitoring the canopy, roots, shoots and tubers during the growing
season and testing for systemic/surface contamination of the tubers at harvest.

The spread of Pba from a point source (infector plants) located at the centre of plots
of cultivars was monitored through each season to determine the extent of
contamination of Pba free plants from Pba infected plants under field conditions.
Cultivar Atlantic is reported to have a lesser propensity for blackleg than cvs Marfona
and Desiree. Propensity describes whether symptoms observed within a variety are
above or below the average across the whole Scottish seed crop. It is derived from
growing crop inspection reports and calculating the percentage of seed crops which
were observed to have blackleg during the inspection process. Varieties which show
proportionately higher levels of blackleg (numbers of crops exhibiting blackleg) when
compared against the national average are deemed to have a higher propensity for
blackleg, whilst the varieties which show lower levels have a lesser propensity. The
calculation is only made on varieties with more than 100 crops entered for
classification, as it was considered that poorly represented varieties may give
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potentially misleading results. However, it is not yet known how amounts of
contamination in different cultivars relate to differences in propensity for blackleg.

Each plot consisted of 16 drills with 25 mini-tubers planted at 45cm spacing giving a
total of 400 plants in each. In order to ensure adequate monitoring/tracking of the
pathogen in the field and to avoid confusion with any naturally occurring (termed
‘natural’ throughout the remainder of the report) Pba strains, a spontaneous
streptomycin resistant mutant from JHI (Pba SCRI1039 strepR [Pba 1039 strepR]):
Barnard et al., 2010; Toth et al. 2003) was used to create a point source of inoculum
at the centre of plots. The twenty infector plants (4 rows x 5 plants) at the centre of
each plot were planted at the same time as the main plot and were generated by
infiltrating mini-tubers of each cultivar with a suspension of 106 CFU/mI of Pba 1039
strepR using an Island Scientific infiltrator. The tubers were air dried overnight at room
temperature before planting. In all inoculated plots every year the infector plants were
given an additional stem inoculation. A droplet of inoculum (108 CFU/ml of Pba 1039
strepR) was injected using a needle and syringe at the stem base (1-10cm from soil
surface) into one stem per plant. The plants were irrigated later in the day to prevent
the inoculum drying out.

To ensure that mini-tuber seed was free of contamination prior to planting, and to
confirm contamination of infiltrated tubers, peel was removed from 25 tubers of both
un-infiltrated and infiltrated tubers and processed using the method described below.

3.3.1 Plot sampling during growing season

Plots were sampled on four occasions during the season; 3, 6, 9 and 12 weeks post
emergence, with plants being selected for sampling as shown in Figure 2. On each
occasion, plants were sampled from within three zones of increasing distance from the
central infector zone, and in four directions from the central zone; above, below, right
and left. A single stem was taken from each sampled plant and at the 9 and 12 week
harvest a sample of the progeny tubers was also taken. Each stem was subdivided
into 3 parts — leaves, stems and roots and placed into labelled Bioreba bags
(Lynchwood Diagnostics).

Tubers were washed to remove excess soil and then using a hand held potato peeler
one peel strip was removed from each tuber in the sample, to include both the heel
and rose ends. The peel was placed into labelled Bioreba bags. Between each
sample, the hand held peelers were disinfected using bleach and ethanol and
thoroughly rinsed in water.

On each sampling occasion, in addition to samples marked on the protocol, a stem
was also removed from one of the infector plants in each sampled plot. Stem leaf and
root samples varied in size according to their relative biomass. Scissors were used to
cut samples from the plant, and these were cleaned with Mikrozid between each
sample, and gloves changed after each sample. The samples were processed the
same day or placed into cold storage until processing the following day. Plants were
sampled from but were left in place within the plots for blackleg assessment at the end
of the growing season.
3.3.2 Sample processing

To each Bioreba bag containing a plant sample, 10-15ml of 0.25 strength Ringers
buffer (with DTT antioxidant for tuber peel) was added and the sample pulverised
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using a Homex 6 grinder (BIOREBA AG.) at JHI and with a rubber mallet at SASA.
Two x 1ml aliquots of the homogenate were taken and added to 200ul of 100% sterile
glycerol and stored in the freezer at -80°C until required.

Stored samples were defrosted and serially diluted to 103 in 0.25 strength Ringer’s
buffer, then plated on crystal violet pectate (CVP) medium and incubated at 27°C for
2 days. Colonies producing characteristic cavities on the CVP medium were streaked
onto Luria-Bertani (LB) agar plates with 100ug/ml streptomycin. Colonies that grew on
the selective media were picked off the plates, suspended in sterile distilled water and
boiled for 5 minutes. Suspensions were then used as a template for PCR amplification
using Pba specific primers (DeBoer and Ward, 1995).

Cavity forming colonies that grew on LB+strep media and tested positive using Pba-
specific PCR primers (De Boer and Ward, 1995) are described as Pba 1039 strepR,
pectolytic colonies that did not grow on LB+strep but tested positive as Pba by PCR
are classified as natural Pectobacterium atrosepticum not resulting from infector
plants. While pectolytic colonies that did not grow on LB+strep media and tested
negative as Pba by PCR are classified as natural Pectobacterium. Natural
Pectobacterium is most likely to be P. carotovorum (Pcc) or P. wasabiae. In addition,
to ensure that the ‘natural’ Pba isolates were not Pba 1039 strepR which had lost their
streptomycin resistance, genotyping of strains was carried out. Samples are classed
as contaminated if any of the above pathogens were detected.

3.33 Yearly modifications

3.3.3.1 Field plots 2013

In 2013 the trial consisted of two blocks, each containing 1 plot of 3 cultivars; Atlantic,
Marfona and Desiree. Trials were planted at both JHI and SASA with some
modifications between the two as detailed. At JHI the cultivar plots were randomised
within the two blocks (Figure 3). Initially the plan was to irrigate both blocks to the
industry standard. However, as the spring/summer of 2013 was unseasonably dry, it
was decided in mid-July to increase the level of irrigation in both blocks to a more
regular basis. Irrigation was supplied using a 'Wright Rain’ stand pipe sprinkler
irrigation system. Plots within block 1 were not sampled but left relatively undisturbed
until final harvest. Plots within block 2 were sampled on each occasion. From the 9
and 12 week sample, progeny tubers were also collected and tested for lenticel
contamination as described under section 3.3.1. and processed as described under
section 3.3.2.

At SASA, one of the blocks was irrigated using an overhead boom irrigator the other
had no additional water supplied. Irrigated plots were watered twice a week to a level
of 2.5cm per week. Due to the use of an overhead boom irrigation system, these plots
had a gap of 4 un-planted drills in the centre (see figures in the Appendix). Samples
were taken from plots within both blocks, non-irrigated and irrigated

3.3.3.2Field plots 2014

In 2014 only Marfona and Desiree were compared and the trial was planted at JHI
only. The trial consisted of two blocks, each containing 2 plots of the 2 cultivars,
Desiree and Marfona. Block 1 contained 4 plots with an infected central zone (2 of
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each variety) and block 2 contained 2 plots (I of each variety) with no infected central
zone and 2 plots (I of each variety) with an infected central zone. Plots within block 1
were sampled during the season while plots in block 2 were relatively undisturbed until
final harvest. The cultivar plots were irrigated 3 times a week for 30 minutes using a
'Wright Rain’ stand pipe sprinkler irrigation system. Initial processing of all samples
was carried out at JHI, while subsequent diluting and plating of the samples was split
randomly by plot at each harvest between SASA and JHI.

3.3.3.3Field plots 2015

In 2015 the trial conducted at the JHI site only consisted of two blocks, each containing
2 plots of the 2 cultivars, Desiree and Marfona. Block 1 contained 2 plots of each
variety with a central infected zone while one plot of each variety in block 2 contained
tubers infiltrated with 108 CFU/mI of Pba 1039 strepR rather than 108 CFU/ml (referred
to as high inoculum) and the other 2 plots (I of each variety) had no infected central
zone. The cultivar plots were irrigated 3 times a week for 45 minutes using a "Wright
Rain’ stand pipe sprinkler irrigation system. In 2015 the plots were not sampled during
the growing season and instead only symptomatic blackleg plants were sampled
immediately prior to final harvest.

3.34 Blackleg disease in experimental plots 2013-2015
Every year the plants in all plots were scored for blackleg the day before haulm
destruction and, where noted below, a small piece of stem approximately 5-10 cm in
length, including the margin of infection where possible, was taken from plants
showing blackleg symptoms. Samples were processed as described in section 3.3.2.

3.3.4.1 Blackleg in field plots 2013
Samples were taken as described in section 3.3.4 from the blackleg plants in the trial
at SASA, but not from the JHI trial.

3.3.4.2 Blackleg in field plots 2014

Samples were taken from blackleg plants in all plots as described in section 3.3.4. In
addition, all colonies that did not test positive as Pba using PCR were also tested using
P. wasabiae specific primers (Kim et al., 2012).

3.3.4.3 Blackleg in field plots 2015

The blackleg area of stem, the roots and peel and stolon end of the daughter tubers
were sampled from all diseased plants as described in 3.3.1. Samples were processed
as described in section 3.3.2. and in addition all colonies that did not test positive as
Pba using PCR were also tested using P. wasabiae (Pwa) specific primers (Kim et al.,
2012).
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Figure 2. Plot layout and sampling design: 16 drills (A to P) with 25 plants, each box
representing a single plant. Plants designated for sampling at 3, 6, 9 and 12 weeks after
emergence are marked. The red squares represent the infected central zone. Yellow
represents tubers sampled after haulm destruction at final harvest.

3.3.5 Final harvest of experimental plots in 2013 and 2014

Objective C: Determine the route(s) by which daughter tubers become contaminated
once the pathogen is present on the plant, and determine the relative importance of
vascular versus external movement of the pathogen in this process and its relationship
to cultivar susceptibility.

3.3.6 Detection of pectolytic bacteria in progeny tubers in 2013 and 2014
At the final harvest, the tubers designated to be sampled for assessment of
contamination were hand dug from all plots (Figure 2). Tubers from each plant were
kept separately and placed into cold storage until they could be processed. Tubers
from other plants (as detailed in Figure 3) were hand dug and kept for replanting in the
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following season. All remaining progeny were machine lifted and discarded. Tubers
were tested using the method described below to determine whether Pba
contamination is systemic (found in the vascular tissue of the stolon end) or
lenticellular in tuber peel.

Tubers were washed to remove excess soil and then using a hand held potato peeler
one peel strip was removed from each tuber in the sample, to include both the heel
(stolon) and rose ends. The tubers were rinsed again and then, using a different hand
held peeler, a small plug of tissue was removed from the stolon end of each tuber in
the sample (about 1cm deep and wide) making sure not to take any peel. Between
each sample, the hand held peelers were disinfected using bleach and ethanol and
thoroughly rinsed in water. The peel and stolon ends were weighed separately and
then placed into Bioreba bags. The volume of 0.25 strength ringers buffer (with DTT
antioxidant) added to each bag was noted (between 10-15ml) and the sample
pulverised using a Homex 6 grinder (BIOREBA AG.) at JHI and with a rubber mallet
at SASA. Two x 1ml aliquots of the homogenate were taken and added to 200ul of
100% sterile glycerol and stored in the freezer until further processing.

Stored samples were defrosted, diluted and plated as described under section 3.3.2.

3.3.7 Replanting of tubers from final harvest

At the final harvest of the trials in 2013 and 2014, the tubers designated to be kept for
replanting were hand dug from plots at both sites (Figure 3). Tubers from an individual
plant were bulked, and tubers from each plant kept separately and placed into cold
storage until they were replanted in the following year. In the following year the plots
of replanted tubers were checked regularly for blackleg development and a small piece
of stem approximately 5-10 cm in length, including the margin of infection where
possible, was taken from plants showing blackleg symptoms. Samples were
processed as described under section 3.3.2. and in addition all colonies were tested
using P. wasabiae specific PCR primers (Kim et al., 2012).

3.3.7.1 Replanting of tubers from 2013

In 2013, the majority of tubers for replanting were harvested from plants that were
symptom free, with only 7% of tubers coming from symptomatic plants. All field plots
of tubers harvested in 2013 and replanted in 2014 were located at SASA. Due to the
lack of contamination in the non-irrigated plots at SASA in 2013, only tubers from the
irrigated plots were replanted in 2014. In addition, the tubers from the Atlantic plots at
both sites were not re-planted. The 2013 harvested tuber samples for replanting from
the irrigated Marfona and Desiree plots at SASA were divided into four plots of replants
for each cultivar, 9 drills wide and each drill planted with a maximum of 10 progeny
tubers from one plant (Figure 4). The Marfona and Desiree progeny tuber samples for
replanting from both the sampled and untouched plots at JHI were divided into two
plots of replants, 8 drills wide and each drill planted with a maximum of 10 progeny
tubers from one plant (Figure 4). Plots were irrigated in the same way as the
experimental plots, twice a week to a level of 2.5cm per week using an overhead boom
irrigator. Due to the use of an overhead boom irrigation system, these plots had a gap
of 4 un-planted drills in the centre (Figure 4).
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3.3.7.2Replanting of tubers from 2014

At the final harvest of the 2014 JHI trial the tubers designated to be kept for replanting
were hand dug from all four plots in block 1 (Figure 3) . Around 5% of tubers were
harvested from symptomatic plants (7 plants out of 144) with the majority harvested
from plants that were symptom free. All plots of replanted tubers were located at JHI.
The Marfona and Desiree progeny tuber samples for replanting were divided into four
plots of replants, 18 drills wide and each drill planted with 5 tubers from 2 plants giving
10 progeny tubers in 1 drill (Figure 5). Plots were irrigated 3 times a week for 30
minutes using a 'Wright Rain’ stand pipe sprinkler irrigation system.

Quadrant 1 Quadrant 2

25
24
23
22| X X
21
20
19 X X
18 X X
17
16, X X
15
14
13]
12
11
10, X X

BN WD U N
E3
B3

A B C D E F G H J K L M N [0} P

Quadrant 4 Quadrant 3
Figure 3. Plot layout and sampling of tubers for replanting (JHI and SASA).The yellow
squares with an X represent tubers from the JHI 2013 plots kept for replanting the following
year. The blue squares represent tubers from the SASA 2013 and JHI 2014 plots kept for
replanting in the following years.
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Figure 4. Plot layout of tubers harvested in 2013 and replanted in 2014 at (A) SASA and (B)
JHI: each row is planted with the progeny tubers from one parent plant as identified by ‘X’ in
Figure 3 (maximum of 10 tubers) with each box representing a single tuber. ‘X’ represents no
tuber planted as less than 10 progeny tubers produced. ' represents non-emergence. ‘A’
represents unknown samples from a mixture of plants. ‘e’ represents unknown samples from
the same plant. ‘0’ represents a mixture of tubers from 14E and L10. Shaded boxes means
there were no tubers from that plant. The location within the plot of the mother-plant from
which the re-planted tubers originated in 2013 is given for each row of replanted tubers.
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E11l | E13 | E15 | F9 | F13 | F17 | G17 | H10 | H17 117 | J17 | K12 | K14 | L10 | L12 | L14 | L16
E1l | E13 | E15 | FO | F13 | F17 | G17 | H10 [ H17 | 110 | 117 | J17 [ K12 | K14 | L10 | L12 [ L14 | L16

117 | J17 [ K12 | K14 | L10 | L12 | L14 [*
117 [ J17 | K12 | K14 | L10 [ L12 | L14 | L16

X | X | X [X

E10 | E12 | E14 | E16 | F12 | F14 | G9 H9 | H16 (X X J9 X X K17 [ L11 |x L15
E10 [ E12 | E14 | E16 | F12 [ F14 | G9 H9 | H16 19 116 J9 |X X K17 { L11 | L13 | L15
E10 | E12 | E14 | E16 | F12 [ F14 | G9 H9 | H16 19 116 J9 |X X K17 { L11 | L13 | L15
E10 | E12 | E14 | E16 | F12 [ F14 | G9 H9 | H16 19 116 J9 |X K13 [ K17 | L11 | L13 | L15

6.5m | E10 | E12 | E14 | E16 | F12 [ F14 | G9 H9 | H16 19 116 J9 K9 | K13 | K17 [ L11 | L13 | L15

Plot 1 - Marfona Infected 2014 rep 1

45m | E11 E15 |X F13 | F17 [ G17 | H10 | H17 | 110 117 [X K12 | K14 | L10 | L12 X
E11 E15 | F9 | F13 | F17 [ G17 | H10 | H17 | 110 117 [X K12 | K14 | L10 | L12 X
E11l E15 | F9 | F13 | F17 [ G17 | H10 | H17 | 110 117 [ J17 | K12 | K14 | L10 | L12 | L14
E1l | E15 | F9 | F13 | F17 [ G17 | H10 | H17 | 110 117 | J17 [ K12 | K14 | L10 | L12 | L14
E11 | E15 | F9 | F13 | F17 | G17 | H10 | H17 | 110 117 | J17 | K12 | K14 | L10 | L12 | L14 }ii:
X E16 | F12 | F14 | G9 H9 | H16 (X 116 J9 K9 | K13 [ i L13 [X
E10 E14 | E16 | F12 | F14 [ G9 H9 | H16 (X 116 J9 K9 | K13 L13 [X
E10 E14 | E16 | F12 | F14 [ G9 H9 | H16 19 116 J9 K9 | K13 L13 | L15
E10 E14 | E16 | F12 | F14 [ G9 H9 | H16 19 116 J9 K9 | K13 L13 | L15
om E10 E14 | E16 | F12 | F14 [ G9 H9 | H16 19 116 J9 K9 | K13 [: L13 | L15

Drill 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15- 16 17 18
Elevation 21m

Figure 5. Plot layout of tubers harvested in 2014 and replanted in 2015 at JHI: 18 drills with
a maximum of 10 tubers (5 tubers from 2 plants), each box representing a single tuber. ‘X’
represents no tuber planted as less than 5 progeny tubers produced. “’represents non-
emergence. Shaded boxes means there were no progeny tubers from that plant. Each row is
planted with the progeny tubers from two parent plants.

3.4 Glasshouse movement of Pba from leaves / roots to other parts of plant

Experiments were carried out in the glasshouse to determine differences in the
movement and location of Pba within the vascular tissue of susceptible and resistant
potato plants. Plants of Marfona, Desiree and Osprey (reported to have a low
propensity to blackleg) were grown in pots of compost in the glasshouse until
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approximately 27 to 29 cm high. The plants were then inoculated with Pba SCR11043
(Pba 1043) expressing GFP (pACYCgyrA-GFP+) using a modified version of the root
soak method of Czajkowski et al., 2010 and a canopy soak.

34.1 Root soak

Plants were left unwatered for 24 hours then removed from their pots while avoiding
disturbing the plant. Just prior to inoculation, 30% of the roots from half of the plants
were removed aseptically with a sterile scalpel. The lower part of the roots of plants
with damaged and undamaged root systems was immersed overnight in 108 CFU ml~
1 Pba 1043+GFP or sterile distilled water. The plants were then carefully placed back
in their pots and left unwatered for 24 hours. The pots were then placed into trays and
the trays filled with water until just covering the bottom of the pots. There were 3
replicate damaged and undamaged plants of each variety and 3 damaged and
undamaged control plants.

3.4.2 Canopy soak

Just prior to inoculation the tops of all pots were covered with Clingfilm to prevent drip
of the inoculum onto the root system and then the petioles of half of the plants were
snapped. The plants with damaged and undamaged canopies were then soaked with
108 CFU ml~* Pba 1043+GFP or sterile distilled water. There were 3 replicate
damaged and undamaged plants of each variety and 3 damaged and undamaged
control plants. The plants were watered by placing the pots into trays and the trays
filled with water until just covering the bottom of the pots.

3.4.3 Glasshouse harvest

Plants were sampled 30 days post inoculation (dpi). Roots were washed with water
to remove soil and then all plants were sterilized in 70% ethanol for 1 min, washed
three times with water for 1 min, incubated in 1% sodium hypochlorite for 4 min and
finally washed three times with water for 4 min. Each plant was subdivided into 6 parts
— leaves, stems (top 10cm and bottom 10 cm), roots, stolons and progeny tubers and
placed into labelled Bioreba bags. The samples were processed as described in
section 3.3.2 and 3.4.1. To check the sterilization of the plants, 3 x 500ml of the last
wash water was collected, centrifuged at 8,000 rpm for 15 min and the pellet
resuspended in 2 ml of 0.25 strength ringers buffer. Two x100 ul was plated on CVP
plates containing 20ug/ml of chloramphenicol (antibiotic selection for pACYCgyrA-
GFP+ plasmid). In addition before grinding an imprint of all plant sections were taken
by pressing the plant part onto CVP plates + chloramphenicol. All plates were
incubated at 28°C for 2 days. Plates were then checked for cavity forming colonies
expressing GFP using a blue lightbox.

Just prior to final harvest, whole leaf samples and sections from the base of the stem
were taken from cultivars Marfona and Osprey for confocal microscopy. Leaves were
attached via their lower surface to microscope slides using double sided tape to allow
imaging of the upper leaf surface. The stem was cut into sections using a scalpel and
also attached to microscope slides using double sided tape to allow imaging of any
internalised bacteria. Images were collected using a Nikon A1R confocal laser
scanning microscope mounted on a NiE upright microscope fitted with an NIR Apo 40x
0.80W DIC N2 water dipping lens. GFP expressed by the bacteria was detected by
excitation at 488nm with emission collected at 500-530nm (green) with the
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autofluorescence from chlorophyll (blue) being simultaneously detected at emission
663-738nm.

Objective D: Determine whether the population of Pba has changed/is changing over
time and/or whether it is possible to relate particular populations to sources of
inoculum as a vital step towards long-term and more effective control of the pathogen.
Also determine whether other Pectobacterium spp. have any significance as a cause
of blackleg in GB.

3.5 Strain Typing
351 MLST Analysis of Pba Strains
3.5.2 Strain Collection

A collection of 200 Pba strains has been collated from stems exhibiting blackleg
symptoms collected during the 2007-15 growing seasons (stored as frozen sap
samples), historical strains of world-wide origin held in SASA’s culture collection (some
of which were originally isolated in 1950s), strains from tubers imported into Scotland,
reference strains, and representative strains from the 17 Pba VNTR groups identified
by John Elphinstone, Fera (Appendix, Tables 37-44).

3.5.3 Strain Characterisation by MLST
The MLST target genes and primer sequences are shown in Table 3 as well as
anticipated fragment lengths. The PCR components for each reaction are given in
Table 4 and the cycling conditions for dnaN, gapA, gyrB, purA and recN (Table 5), for
recA and icdA (Table 6) and dnaJ (Table 7).

Table 3. Primers sequences and fragment lengths for Pectobacterium characterisation.

Gene | Forward Reverse Size
dnaJ* | GATTTACGCTACAMCATGGA TTCACGCCRTCRAARAARY 672
dnaN | GGTACCGATCTGGAAATGGAGA TCTTCCTGCTCTGGGTTGTT 767
gapA | AAGTTAAAGATGGCCACCTGGT CGATCAGATCCAGAACCTTGTT 884
gyrB TAAGTTCGACGATAACTCGTATAAAGT | CCCCTTCCACCAGGTACAGTTC 974
icdAtT | GGTGGTATCCGTTCTCTGAACG TAGTCGCCGTTCAGGTTCATACA 520
purA AGAACGTCGTCGTACTGGGCA GGTAGAGTAGGCTTTAACGATACC 809
recAt | GGTAAAGGGTCTATCATGCG CCTTCACCATACATAATTTGGA 730
recN ATGCCACTTTCGCCAGAGTC TGCTTATGCCGATGAACC 854

All primer sequences designed as part of this project except where stated.
* Marrero et al. (2013). 1, Ma et al., (2007). £, Waleron et al. (2002).

Table 4. Conventional PCR reaction mix for fragment amplification.
Component Volume per reaction (pl)

Sigma Jumpstart ReadyMix 10

Forward primer (10pmol/pul) 1

Reversed primer(10pmol/ul) 1

Sigma water 7
DNA 1
Total 20
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Table 5. PCR cycling conditions (dnaN, gapA, gyrB, purA and recN).

Temperature Time
94°C 5 min
94°C 30 sec 35 cycles
60°C 30 sec
5 cycles
72°C 1 min
72°C 10 min
15°C Cons.
Table 6. PCR cycling conditions recA and icdA
Temperature Time
94°C 5 min
94°C 30 sec 35 cycles
47°C 30 sec
5 cycles
72°C 1 min
72°C 7 min
15°C Cons.
Table 7. PCR cycling conditions dnaJ
Temperature Time
94°C 3 min
94°C 30 sec 35 cycles
56°C 30 sec
5 cycles
72°C 1 min
72°C 10 min
15°C Cons.

Amplification products were cleaned up using the ExoSAP-IT For PCR Product Cleanup Kit
(Affymetrix). Details of the sequencing reactions are given in Table 8 and the cycling
conditions in Table 9. Sequencing was conducted on either 3130xl or 3500xI Genetic
Analyzers (Applied Biosystems) with sequences aligned and analysed using the programmes

SegMan Pro and MEGA.

Table 8. Details of sequencing reaction mastermix.

Component Volume/reaction pl
Big Dye 3.1 reaction mix 0.5

Big Dye 5x buffer 1.75

Primer 10 uM (Forward OR reverse) 0.5

RNase Free Water 6.25

PCR product 1

Final Volume 10

30
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Table 9. PCR cycling conditions for DNA sequencing reactions.

Temperature Time

96°C 60 sec

96°C 10 secC 25 Cycles
50°C 5 sec

5 cycles
60°C 4 min
4°C Cons.
354 Characterisation of StrepR and natural Pba strains recovered from plots

Single-stem samples were taken from a number of blackleg affected plants, those not
originally inoculated with Pba 1039 strepR, in the experimental field trials conducted at
SASA in 2014. Symptomatic stem portions were placed in Bioreba bags (Lynchwood
Diagnostics) and 10-15ml of 74 strength Ringer’s solution added. Samples were then
pulverised using a rubber mallet, the resultant sap was diluted to 102 in % strength
Ringer’s, plated out onto crystal violet pectate (CVP) medium and incubated at 25°C
for 2 days. Colonies producing characteristic cavities on the CVP medium were
streaked out onto Nutrient Agar, then further streaked out onto Luria-Bertani (LB) agar
plates with 130ug/ml streptomycin. A selection of strains, 16 StrepR strains and 14
StrepS strains were picked off the original NA plates, suspended in sterile distilled
water and boiled for 5 minutes. Confirmation of suspect colonies was by PCR using
the method as described by Humphris et al. (2015). All strains confirmed as Pba were
characterised by MLST as described above to determine whether the strepS were
revertants of the Pba 1039 strep® mutant or environmental isolates (wild types).

355 Analysis of blackleg causing organisms in Scotland

3.5.5.1 Stem Survey

Random samples of plants expressing blackleg or wilting symptoms were taken at
growing crop inspection (GCI); 1 or 2 plants per field. Stem pieces (10-15cm in length)
were excised from the plant and dispatched to SASA.

Testing was performed on extracts prepared from symptomatic stem tissue, samples
were either stored at 4°C or processed on day of receipt. The initial isolation was
performed by plating extracts onto CVP medium, semi-selective for pectolytic bacteria
and incubating at 36°C for 48-72 hours. Confirmation of suspect colonies was by PCR
using the method as described by Humpbhris et al. (2015).

3.5.5.2 Pre-Basic tuber survey

Samples from PB crops were taken from a range of stocks, ideally samples of 200
tubers where tested but in samples where there was limited availability (i.e. PB1) fewer
tubers were studied.

Prior to testing, tubers were visually inspected and cut transversely close to the stolon
end, cut surfaces were examined for symptoms, any tubers showing soft rot or



vascular symptoms were to be tested separately. No symptomatic or rotted tubers
were observed in this study.

Testing was performed on extracts prepared from heel end cores and the tuber
skin/peel. The initial screening test was by direct plating of the potato extracts onto
CVP medium, semi-selective for pectolytic bacteria and incubating at 24°C and 36°C
for 48-72 hours. Confirmation of suspect colonies was by PCR using the method as
described by Humphris et al. (2015).

3.5.6 Analysis of Pba diversity within in a single field
Thirty plants exhibiting blackleg symptoms were sampled from a SE crop of cv. Sagitta
grown in a 2.1Ha field in Perthshire. In addition samples were also taken from seed
crops of cv. Hermes immediately adjacent to the field (Hermes Crop 1, 3.5Ha; Hermes
crop 2, 5.1 Ha; Hermes crop 3, 3.5 Ha) and a related crop of cv. Hermes (Hermes crop
4; 2Ha) grown 2 miles away. All four cv. Hermes crops shared the same input stock.

Random samples of plants expressing blackleg or wilting symptoms were taken. Stem
pieces (10-15cm in length) were excised from the plant and dispatched to SASA.
Testing was performed on extracts prepared from symptomatic stem tissue, samples
were either stored at 4°C or processed on day of receipt. The initial isolation was
performed by plating extracts onto CVPM medium, semi-selective for pectolytic
bacteria and incubating at 25°C for 48-72 hours. Confirmation of suspect colonies
was by PCR using the method as described by Humphris et al. (2015).

Objective E: Using SPUDS database and across-landscapes modelling, identify PB
crops grown in close proximity to other seed and ware crops. Identify which PB crops
are in the vicinity of crops exhibiting blackleg symptoms. Assess historically and going
forward daughter crops to identify whether this increases the risk of blackleg in
subsequent generations.

3.6 Epidemiological Modelling

Spatial point pattern analysis was applied to the SPUDS data for blackleg for the
period of 2010 to 2013 to assess whether the distribution of disease was random,
regular, or aggregated, and the spatial scales at which these patterns occurred. The
main objective was to determine whether there was statistical evidence for disease
spread among seed crops, and if so, at what spatial scale? Thus, only blackleg-
affected crops (years 2010 to 2013) derived from blackleg-free mother stock (years
2009 to 2012) were included in the statistical analyses in order to minimise the
confounding factor of seed to daughter tuber transmission.

Data defining the coordinates, area, blackleg incidence, and disease severity in seed
potato crops in Scotland were derived from SPUDS (25,178 seed crop locations in
total). The pair-correlation function (PCF) and the Getis-Ord (Gi*) statistic were used
to assess global and local spatial autocorrelation, respectively. The PCF was used to
determine whether blackleg-affected crops at a given spatial scale were closer to each
other than expected, and thus might support the hypothesis that blackleg spread from
infected seed potato crops to neighbouring ones resulting in disease development by
the end of the inspection period (end of July). The Gi* statistic was used to identify
statistically significant local concentrations of high values (hot-spots) and low values
(cold-spots) of disease. The analysis did not take into account the occurrence of
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ware crops in relation to presence of disease as the incidence of blackleg in
ware crops is not known, therefore their possible impact on seed crops close
by could not be determined.

Objective F: To compare effectiveness of sulphuric acid in comparison with current
standard haulm desiccation programmes to determine their relative impact on Pba
spread and contamination of progeny tubers.

3.7 Comparison of the effectiveness of sulphuric acid in comparison with
current standard haulm desiccation programmes

In each of two years, mini-tubers of the cultivar Desiree were planted in a field trial in
Aberdeenshire (31 May 2013 & 20 May 2014). Each trial consisted of three haulm
destruction treatments (as described in Table 10) fully randomised within three
replicate blocks. The plot size was 4 drills by 15 tubers at 20cm spacing. The middle
two drills were mini-tubers, the outer two guard rows were planted with SE1 Desiree
25x35mm. The agronomy applied to the trial was that applied to an adjacent crop.
Nine days (20 August 2013) or seven days (18 August 2014) before the intended date
of haulm destruction, each trial was sprayed with a suspension (104 cfu/ml) of Pba
1039 strepR at the rate of 200 litres suspension /ha.

Table 10. Haulm destruction treatments applied.

No. | Firsttiming Second timing Code
(29 Aug 2013) (4 Sept 2013)
(25 Aug 2014) (1 Sept 2014)
1 Diquat (as Reglone) 1.5 I/ha Diguat (as Reglone) 2.5 I/ha DD
2 Diquat (as Reglone) 1.5 I/ha Carfentrazone (as Spotlight Plus) 1.0 | DC
I/ha
3 Sulphuric acid (330 I/ha)! Sulphuric acid (220 I/ha)! AA

177% solution of clean ‘sulphur burnt’ sulphuric acid which was used commercially before
withdrawal.
Diquat and carfentrazone were applied in 200 I/ha water.

Provision was made for irrigating the trial if the weather was dry on and following the
day of inoculating the trial, but each year sufficient rain fell to sustain the colonisation
of the crop with the applied bacteria. Efficacy of leaf and stem kill was assessed
visually on a weekly basis after haulm destruction treatments were applied. Sampling
(as described in section 1.1.1) to evaluate contamination of plant tissue by Pba 1039
strepR was carried out just prior to haulm destruction timing (29 August 2013, 25
August 2014) and 1 and 4 weeks after the second haulm destruction treatment (4
September 2013, 1 September 2014). Levels of contamination by Pba 1039 strepR
on foliage, stems, stolons, roots and tubers (lenticel and vascular contamination) were
assessed as described in section 1.1.2, except that the CVP agar had Streptomycin
(Iml of 5% solution per litre) incorporated into it.
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4 RESULTS

4.1 Monitoring of pre-basic seed stocks
41.1 Laboratory testing for detection of pectolytic bacteria
Mini-tubers
No pectolytic bacteria were detected on the mini-tubers planted at the CA and NA sites
in any season.

2013

Pectolytic bacteria were not detected until the sample taken one week after haulm
destruction at both the NA and CA sites (Tables 11 & 12). Post-haulm destruction,
pectolytic bacteria were found only on below ground tissues (above ground tissues
remained present on the field surface). They were detected on the stem base tissue
at both sites. At the NA site pectolytic bacteria were also found in the tuber periderm
(lenticel contamination) and tuber stolon end tissue (systemic contamination) of tubers
but only in very low numbers (Table 12). At the CA site, pectolytic bacteria were found
on the stolon tissue and the stolon end tissue of the tuber (systemic contamination)
but not in the tuber periderm (Table 12).

No pectolytic bacteria were found on tubers when samples were taken at harvest or
during storage (Tables 11 & 12).

A selection of 103 pectolytic bacteria from across the monitoring in 2013 were first
sent to JHI. They confirmed that none of the isolates were Pba. A sub-set of the
isolates were sent on to Fera who, within resources available, used PCR techniques
to determine identification of 10 isolates. Of these 10, five were identified as Pcc and
the remainder were pectolytic Pseudomonas spp. However, whether these Pcc
isolates were responsible for causing blackleg or where present as saprophytes or
secondary invaders is not clear. There was no consistent link to tissue from which
isolates were taken or date of isolation.

2014

Except for a very small number of isolates found on PB1 Desiree at the CA site in
week 3, pectolytic bacteria were not detected until the sample taken one week after
haulm destruction at both the NA and CA sites (Tables 13 & 14). Post-haulm
destruction, pectolytic bacteria were found only on below ground tissues (above
ground haulm tissues remained present on the field surface). They were detected on
the stem base tissue at both sites. At the NA site pectolytic bacteria were also found
in the peel (lenticel contamination) and tuber stolon (systemic contamination) of tubers
but only in very low numbers (Table 13). At the CA site, pectolytic bacteria were found
on the stolon tissue and in the core of the tuber (systemic contamination) but not in
the peel (Table 14).

No pectolytic bacteria were found on tubers when samples were taken at harvest or
at the end of the storage period (Tables 13 & 14) except on the PB2 certified stock at
the CA site where levels of contamination had increased substantially after storage.
This stock had been graded between harvest and sampling.

Representative samples of pectolytic bacteria from both sites were sent to JHI for
identification using species specific PCR. None of the isolates were identified as Pba
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or Pwa but a few samples of the stolon, tuber and root from the CA site tested positive
as Pcc.

Table 11. Pectolytic bacteria (Pb) detected at the North Aberdeenshire monitoring site 2013.
Mini-tubers planted.

Plant part Weeks after emergence HD + 1 | Harvest Stor-
week age
3 6 8

1 Jul 22 Jul 6 Aug 16 Aug 4 Oct
No./  Pb/ No./ Pb/ No./ Pb/ No./ Pb/ No./ Pb/ Pb/
41 gw?2 4 gfw 4 gfw 4 gfw 4 Gfw  gfw
Leaf 0 - 0 - 0 - 0 - nt nt nt
Stem 0 - 0 - 0 - 1 48 nt nt nt
base
Stolon 0 - 0 - 0 - 0 0 nt nt nt
Root 0 - 0 - 0 - 0 - nt nt nt
Tuber 0 - 0 - 0 - 1 8 0 - 0
periderm
Tuber 0 - 0 - 0 - 1 2 0 - 0
stolon

! Number of blocks in which pectolytic bacteria were detected
2 Number of pectolytic bacteria per gram fresh weight (gfw)
nt = Not tested

Table 12. Pectolytic bacteria (Pb) detected at the Central Aberdeenshire monitoring site 2013.
Mini-tubers planted.

Plant part Weeks after emergence HD + 1 | Harvest Stor-
week age
3 6 9

24 Jun 15 Jul 6 Aug 15 Aug 13 Sep
No./  Pb/ No./  Pb/ No./  Pb/ No./  Pb/ No./  Pb/ Pb/
41 gfwz 4 gw 4 gfw 4 ow 4 giw  gfw
Leaf 0 - 0 - 0 - 0 - nt nt nt
Stem 0 - 0 - 0 - 1 267 nt nt nt
base
Stolon 0 - 0 - 0 - 1 112 nt nt nt
Root 0 - 0 - 0 - 0 - nt nt nt
Tuber 0 - 0 - 0 - 0 - 0 - nt
periderm
Tuber 0 - 0 - 0 - 1 24 0 - nt
stolon

! Number of blocks in which pectolytic bacteria were detected
2 Number of pectolytic bacteria per gram fresh weight. nt = Not tested
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Table 13. Pectolytic bacteria detected at the North Aberdeenshire monitoring site 2014
Mini-tuber planted Desiree (1 block).

Plant part Weeks after emergence HD + 1 | Harvest Storage
week
3 6 9

23 Jun 14 Jul 31 Jul 5 Aug 27 Aug
Pb/gfw? Pb/gfw Pb/gfw Pb/gfw Pb/gfw Pb
No./
tuber
Leaf 0 0 0 0 nt
Stembase O 0 0 76.4 nt
Stolon 0 0 0 0 nt
Root 0 0 0 0 nt
Tuber peel 0 0 0 10.7 0 nt
Tuber core - 0 0 1.6 0 nt

PB1 planted Desiree (3 blocks).

Plant part Weeks after emergence HD + 1 week

3 6 9

23 Jun 14 Jul 31 Jul 5 Aug 27 Aug

No Pb/ No Pb/ No Pb/ No Pb/ No Pb/ Pb/
/3% gw? /3 gw /3 gw /3 gfw /3 gfw No./

tuber
Leaf 0 0 0 0 0 0 0 0 0 0
Stem base 0 0 0 0 0 0 0 0 0 0
Stolon 0 0 0 0 0 0 1 24.1 0 0
Root 0 0 0 0 0 0 0 0 0 0
Tuber peel 0 0 0 0 0 0 0 0 1 0.3 0
Tuber core  nt nt 0 0 0 0 0 0 0 0 0

1 Number of blocks in which pectolytic bacteria were detected
2 Number of pectolytic bacteria per gram fresh weight (gfw)
nt= not tested
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Table 14. Pectolytic bacteria (Pb) detected at the Central Aberdeenshire monitoring site 2014.

Mini-tuber planted Desiree (1 block)

Plant part Weeks after emergence HD + 1 | Harvest Storage
week
3 6 9

17 Jun 8 Jul 23 Jul 5 Aug 27 Aug 30 Sep
Pb/gfw? Pb/gfw Pb/gfw Pb/gfw Pb/gfw Pb
No./
tuber
Leaf 0 0 0 0
Stembase O 0 0 0
Stolon 0 0 0 0
Root 0 0 0 0
Tuber peel - 0 0 0 0.12 -
Tuber core - - 0 0 0 =

PB1 planted Desiree (3 blocks)

Plant part Weeks after emergence HD + 1 | Harvest Storage
week
3 6 9

17 Jun 8 Jul 23 Jul 5 Aug

No Pb/g No Pb/ No Pb/ No Pb/ No/ Pb/ Pb

/31 fw?2 /3 of /3 of 13 of 3 of No./

W w w w tuber
Leaf 0 0 0 0 0 0 nt nt nt nt
Stem base 0 0 0 0 0 0 nt nt nt nt
Stolon 1 1.8 0 0 0 0 nt nt nt nt
Root 1 44.8 0 0 0 0 nt nt nt nt
Tuber peel 2 4.5 0 0 0 0 0 0 0 0 Logl1042
+/-0.58

Tuber core nt nt 0 0 0 0 0 0 0 0 -

1 Number of blocks in which pectolytic bacteria were detected

2 Number of pectolytic bacteria per gram fresh weight

nt=not tested

2015

The weather in the 2015 growing season was cool until early July. Emergence and
early growth was slow. Unlike the previous two seasons, more rain fell during the
harvest period. Despite the generally cooler and wetter conditions during 2015, on no

37
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sampling occasion at the NA site were pectolytic bacteria detected on any plant or
tuber part at any time of sampling on any field generation (Table 15).

Table 15. Pectolytic bacteria (Pb) detected at the North Aberdeenshire monitoring site 2015.

Plant part

Leaf

Stem base
Stolon
Root

Tuber
periderm

Tuber stolon

Plant part

Leaf

Stem base
Stolon
Root

Tuber
periderm

Tuber stolon

Mini-tuber planted Desiree (1 block)

PB1 planted Desiree (1 block)

1 week after HD

31 July 19 Aug
Not haulm Haulm
pulled pulled
Pb/g fw Pb/g fw Pb/g fw
0
0
0
0
0 0 0
Nt 0 0

1 week after HD

31 July 19 Aug
Not haulm  Haulm
pulled pulled
Pb/g fw Pb/g fw Pb/g fw
0
0
0
0
0 0 0
Nt 0 0

38

Harvest

30 Sept

Not haulm Haulm Harvester
pulled pulled

Pb/g fw Pb/g fw Pb/g fw

0 0 0

0 0 0

Harvest

1 Oct

Not haulm Haulm Harvester
pulled pulled

Pb/g fw Pb/g fw Pb/g fw

0 0 0

0 0 0
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Plant part

Leaf

Stem base
Stolon
Root

Tuber
periderm

Tuber stolon
nt=not tested

PB2 planted Desiree (1 block)

31 July

Pblg fw

o O o o

1 week after HD

19 Aug

Not haulm Haulm
pulled pulled

Pb/g fw Pb/g fw

0 0

0 0

Harvest

24 Sept

Not haulm Haulm
pulled pulled

Pb/g fw Pb/g fw

0 0

0 0

Harvester

Pblg fw

At the CA site, no pectolytic bacteria were detected on any plant part at any time of
sampling on the mini-tuber planted or PB1 stocks (Table 16). However, on the PB2
planted stock, pectolytic bacteria were detected 1 week after haulm destruction and at
harvest on the periderm and in the stolon tissue of tubers, albeit at relatively low
concentrations. Where haulm pulling was carried out no pectolytic bacteria were

detected

Table 16. Pectolytic bacteria (Pb) detected at the Central Aberdeenshire monitoring site 2015.

Plant part

Leaf

Stem base
Stolon
Root

Tuber
periderm

Tuber stolon

Mini-tuber planted Desiree (1 block)

31 July

Pbl/g fw

o O O o

1 week after HD

19 Aug

Not haulm  Haulm
pulled pulled

Pb/g fw Pb/g fw

0 0

0 0

Harvest

5 Oct

Not haulm Haulm
pulled pulled

Pb/g fw Pb/g fw

0 0

0 0

Harvester

Pblg fw



PB1 planted Desiree (1 block)
Plant part 1 week after HD

Harvest

31 July 19 Aug 6 Oct
Not haulm Haulm Not haulm Haulm Harvester
pulled pulled pulled pulled

Pb/g fw Pb/g fw Pb/g fw  Pb/g fw Pb/g fw Pb/g fw
Leaf 0
Stem base 0
Stolon 0
Root 0
Tuber 0 0 0 0 0 0

periderm

Tuber stolon Nt 0 0 0 0 0

PB2 planted Desiree (1 block)
Plant part 1 week after HD Harvest

31 July 19 Aug 2 Oct
Not haulm Haulm Not haulm Haulm Harvester
pulled pulled pulled pulled

Pb/g fw Pb/g fw Pb/g fw  Pb/g fw Pb/g fw Pb/g fw
Leaf 0
Stem base 0
Stolon 0
Root 0
Tuber 0 0.76 0 0.6 0 0.21

periderm

Tuber stolon Nt 002 0 0.05 0 8.57

A selection of pectolytic bacteria isolated from tubers in the PB2 planted Desiree at
the CA site at the harvest assessment were tested to determine species present at
JHI. Of 22 isolates, 5 were confirmed as Pba and none were Pcc.

Regular crop walking of the stocks of Desiree for presence of blackleg at the NA site
failed to identify any blackleg development in the mini-tuber planted or PB1 planted
stocks (certified as PB1 and PB2 respectively). Inthe PB2 planted stocks (certified as
PB3), very low levels of blackleg developed at the end of the growing period, two
weeks after the final field inspection (Figure 6).
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At the CA site, blackleg developed in the PB1 and PB2 planted stocks between first
and second crop inspections. However, after second inspection levels of blackleg
rose substantially in both stocks (Figure 6). No blackleg was observed in the mini-

tuber planted stock (certified as PB1) at this site.
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Figure 6. Development of blackleg in two monitoring sites on three stocks of Desiree in 2015
which were certified as PB1, 2 or 3. Stars indicate date on which first blackleg was observed.
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During regular crop walking of the fields in which Desiree stocks were grown, samples
of blackleg symptomatic plants were taken and tested for Pba. At the NA site, the
cause of symptoms in PB2 planted Desiree was confirmed as Pba. The only other
variety in the field in which PB1 planted Desiree was grown observed to exhibit
blackleg was Maris Peer. Isolates from symptomatic plants were again confirmed to
that of Pba.

Similarly, at the CA site, isolates taken from plants exhibiting blackleg in the monitored
Desiree PB1 and PB2 plant stocks were confirmed as Pba. Other varieties in the
same fields which exhibited blackleg included Hermes, Maris Bard, Kerrs Pink and
Estima. Pba was confirmed as the pathogen in each variety.

4.1.2 Testing machinery for contamination by pectolytic bacteria

In 2013 and 2015, on no occasion were pectolytic bacteria detected on swabs from
machinery, boxes or store. In 2014, pectolytic bacteria were not detected on any piece
of machinery except for the inside surface of rear sprayer tyres at the CA site. Overall,
the weather and stores were dry when samples were taken from machinery or the
fabric of stores.

4.1.3 Other in-field monitoring
4.1.3.1 Weather data
Weather data at each farm are shown in the Appendix.
4.1.3.2 Spore trapping

The spore trap ran continuously from emergence to after haulm destruction at the CA
site in each season and samples were drawn on a weekly basis. The spore trap drew
air in at 16.5 I/minute, and trap samples were tested with a Pba specific PCR assay.
Throughout the three seasons of trapping, no Pba was detected in any sample.

4.2 Evaluation of novel approaches to reducing contamination by pectolytic
bacteria

The results for haulm pulling have been described as part of the 2015 monitoring
above.

At the first sampling occasion on 8 September 2015 no pectolytic bacteria were
detected at either location whether uncovered or covered (Table 18). By 25
September pectolytic bacteria were only present at trace levels at the Nairn site. At
the Elgin site there was a low level but similar colonisation of the stolon tissue in both
covered and uncovered situations. However, there was substantial colonisation of
tuber periderm tissue in the covered, polytunnel situation (Table 17). No colonisation
of the tuber periderm was detected in the uncovered field situation at Elgin.
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Determination of Pectobacterium spp. for a single isolate from Nairn and 13 isolates
from the covered situation at Elgin was carried out. No isolate was confirmed as Pba
or Pcc.

Table 17. Pectolytic bacteria detected on progeny tubers forming from mini-tubers of the
cultivar Morene when grown uncovered in the field or covered to protect from the atmosphere
at two locations.

Pectolytic bacteria/g tissue

Elgin Nairn
Covered/ Tuber tissue 8 Sept 24 Sept 8 Sept 24 Sept
uncovered 2015 2015 2015 2015
Covered Tuber stolon tissue 0.0 0.13 0.0 0.0
Tuber periderm 0.0 3.69 0.0 0.0
Uncovered Tuber stolon tissue 0.0 0.20 0.0 0.0
Tuber periderm 0.0 0.00 0.0 0.01

4.3 Experimental Field Trials in 2013 - 2015

43.1 Infector plants
A peel test of the un-infiltrated mini-tubers in each year confirmed that they were free
of natural Pba contamination. On infiltrated infector mini-tubers, the peel test
confirmed levels of infiltration between 2 x 10* CFU/ml and 2 x 10> CFU/ml of Pba
1039 strepR each year.

4.3.2 Detection of Pba during the growing season in 2013 and 2014
In 2013 and 2014 (but not 2015), isolations were made from symptomless plants
according to figure 2. Pectolytic colonies recovered from the CVP plates were tested
for streptomycin resistance or susceptibility and all colonies were then further
characterised by PCR using Pba specific primers to determine the identity of the
species present (see section 3.3.2. sample processing).

Contamination of Pba free plants by Pba from the central infector zone and from
natural Pectobacterium strains was monitored in 2013 and 2014. Three weeks after
emergence none of the plant tissues sampled, including leaves, stems or roots, tested
positive for Pba 1039 strepR or natural Pectobacterium contamination (natural Pba and
other Pectobacterium species). At the 6 week harvest, one or two plant samples were
found to be contaminated by either natural Pectobacterium or Pba 1039 strepR but the
majority of plants sampled were free from Pectobacterium contamination. No Pba
1039 strepR was detected in the stems of the infector plants sampled at the 6 week
occasion, indicating that at this stage it had either not spread from the inoculated
tubers to above ground plant tissue or the extent of any infection was insufficient to
cause blackleg disease. It was at this stage that additional stem inoculations were
made to the infector plants.

Nine weeks after emergence Pba 1039 strepR was detected in the majority of plots
sampled in both years. In 2013, Atlantic had the largest number of plants contaminated
with Pba 1039 strepR and Desiree the fewest. Atlantic was not planted in 2014 and in
this year Marfona had slightly more plants parts contaminated with Pba 1039 strepR
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than Desiree, in total 16 plant parts contaminated versus 13 in Desiree. Neither the
distance nor direction from the infector zone had any effect on the distribution of Pba
1039 strepR detection on plants within the plots. In both years the main source of
contamination came not from the central infected zone but from natural
Pectobacterium strains (Pba and other Pectobacterium species), with over 55% of
contamination in JHI 2013 plots, over 70% in SASA 2013 plots and over 80% in 2014
coming from natural sources. When comparing all contamination (Pba 1039 strepR,
natural Pba and natural Pectobacterium) Marfona had the largest number of plant
parts contaminated with stems and roots being the most commonly contaminated plant
parts for all cultivars over the 2 years. Nearly all contamination occurred later in the
season (at the 9 and 12 week sampling) and contamination increased with irrigation
(Figures 7-9 and Appendix).

James Hutton Institute trial 2013

M Leaves

B Stem

Roots

W Tubers

Positive samples (out of 12)
o = N w H (6] D ~ [ole]

Pba Ntl | Pba Ntl | Pba Ntl | Pba Ntl | Pba Ntl | Pba Ntl
1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto

Atlantic | Marfona | Desiree | Atlantic | Marfona | Desiree |

9 Weeks | 12 Weeks |

Figure 7. The number (out of a total of 12) of stem, leaf, root and tuber samples in which Pba

1039 strepR and natural Pectobacterium (Ntl) were detected at the 9 and 12 week sampling at
JHI 2013.
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A. SASA trial: Irrigated plots 2013

M Leaves

B Stem

Positive samples (out of 12)

M Roots

Pba Ntl Pba Ntl Pba Ntl Pba Ntl Pba Ntl
1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto

Atlantic Desiree Atlantic Marfona Desiree

12 Weeks

B. SASA trial: Non- irrigated plots 2013

M Leaves

B Stem

M Roots

Positive samples (out of 12)
w

1 _] I]
0 -
Pba Ntl Pba Ntl Pba Ntl Pba Ntl Pba Ntl Pba Ntl

1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto| 1039 Pecto

Atlantic Marfona Desiree Atlantic Marfona Desiree

9 Weeks 12 Weeks

Figure 8. The number out of a total of 12 of stem, leaf and root samples in which Pba 1039
strepR and natural Pectobacterium were detected at the 9 and 12 week sampling from A.

Irrigated plots at SASA and B. Non-irrigated plots at SASA in 2013. Nb. Tubers were not
sampled at SASA.
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Detection of Pbal039 strepR, natural Pba and natural
Pectobacterium at 9 weeks

14
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g ¥ Roots
=
@ B Tubers
o]
a
Pba 1039 NtlPba NtlPecto|Pba1039 NtlPba NtlPecto|Pba1039 NtlPba NtlPecto|Pba1039 NtlPba Ntl Pecto
Marfona - plot 1 Desiree - plot 2 Desiree - plot 3 Marfona - plot 4
9 Weeks
Detection of Pbal039 strepX, natural Pba and natural
Pectobacterium at 12 weeks
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Pba 1039 Ntl Pba Ntl Pecto |Pba 1039 NtlPba Ntl Pecto Pba 1039 NtlPba Ntl Pecto|Pba1039 NtlPba Ntl Pecto
Marfona - plot 1 Desiree - plot 2 Desiree - plot 3 Marfona - plot 4
12 Weeks

Figure 9. The number (out of a total of 12) of stem, leaf, root and tuber samples in which Pba
1039 strepR, natural Pba (Ntl Pba) and natural Pectobacterium (Ntl pecto) were detected at
the 9 (A) and 12 (B) week sampling in the JHI trial in 2014.

4.3.3 Weather monitoring 2013 - 2015
Met data was collected at the JHI and this showed that while the air temperature was similar

over the 3 years, 2014 and 2015 had much higher rainfall than 2013 with over 200mm more
precipitation (Figure 10).
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Figure 10. Met data collected at JHI showing the air temperature (A) and sum precipitation
(B) from planting to haulm destruction during the 3 years of the trial.

4.3.4

Blackleg development in experimental plots

Isolations were made from symptomatic plants at the end of the growing season and
pectolytic colonies recovered from the CVP plates. In 2013 and 2014 samples were
only removed from diseased stems. However, in 2015 samples were taken from the
stem, roots and peel and stolon end of the daughter tubers of diseased plants.
Colonies were tested for streptomycin resistance or susceptibility and all colonies were
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then further characterised by PCR using Pba (all 3 years) and P.wasabiae (in year
2014 and 2015) specific primers to determine the identity of the species present.

In all years the majority of plots, including plots with no central infected zone and no
irrigation went on to develop symptomatic plants (Appendix, Tables 18-20). The
incidence of disease was similar irrespective of whether plots had an infected central
zone or not, indicating that the expected contamination from the infected tubers to
those immediately surrounding them did not occur to any significant extent.

The incidence of blackleg was higher in cultivars Marfona and Atlantic compared with
Desiree, contradicting propensity data, which suggests that Atlantic has a lesser
propensity for blackleg than cvs Marfona and Desiree. Across all cultivars, the
percentage of plants that developed blackleg was 3.45% in 2013, 2.6% in 2014 and
2.2% in 2015. There was no significant effect of distance from the infector zone on
the occurrence of blackleg (Appendix).

The majority of disease in symptomatic plants was caused by natural Pectobacterium
(including both natural Pba and Pwa) in both 2013 and 2014 (55% and 88%,
respectively). However, in 2015 the majority of disease was caused by Pba 1039
strepR with very little disease caused by natural Pectobacterium (Table 21). In 2015,
the most commonly contaminated plant parts were stems and roots (Figure 11) with
tubers showing very little contamination (only stems were sampled in 2013 and 2014).
Increased spread of contamination from the infector zone in 2015 could be due to the
relatively high rainfall in 2015 along with the increased irrigation meaning that more
Pba 1039 strepR was spread along the drills of plots earlier in the season before tuber
formation which allowed entry through the roots into the stems. However, this does
not explain the lack of natural Pectobacterium contamination on tubers detected during
the growing season in 2013 and 2014.

Of the 174 plants that tested positive for either Pba 1039 strep® or natural
Pectobacterium contamination during the growing season of 2013 and 2014
(Appendix), only 7 of these plants went on to develop blackleg symptoms (Table 22),
indicating that contaminated plants do not necessarily lead to disease. In addition, of
these 7 plants the contaminating pathogen was not always the pathogen responsible
for blackleg symptoms.
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Table 18. Number of plants that developed blackleg in the trial at JHI 2013 (Diseased stems
were not tested for pathogen present)

Cultivar/Year ToFaI no. plants
(plot) Treatment with blackleg
(%)
Infected central
Atlantic JHI zone
2013 (6) Sampled 16 (4)
Irrigated
Infected central
Marfona JHI zone 9(2)
2013 (5) Sampled
Irrigated
Infected central
Desiree JHI zone 5 (1)
2013 (4) Sampled
Irrigated
Infected central
Atlantic JHI zone
2013 (2) Undisturbed 12(3)
Irrigated
Infected central
Marfona JHI zone
2013 (3) Undisturbed 3309
Irrigated
Infected central
Desiree JHI zone 4(1)
2013 (1) Undisturbed
Irrigated
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Table 19. Number of plants that developed blackleg in the trial at SASA in 2013 and pathogen

responsible for disease

. Pectobacterium | Total no. plants
Cultivar Pba strep Pba natural .
Treatment . . . natural with blackleg
(plot) resistant infection . .
infection (%)
Infected
Atlantic SASA | central zone
12 14 9 359
2013 Sampled ©)
Irrigated
Infected
Marfona SASA | central zone
12 2 1 15 (4
2013 Sampled @
Irrigated
Infected
Desiree SASA | central zone
6 2 0 8 (2
2013 Sampled @)
Irrigated
Infected
Atlantic SASA | central zone
1 1 1 3@
2013 Sampled v
Non - Irrigated
Infected
Marfona SASA | central zone
0 4 9 13 (3
2013 Sampled o
Non - Irrigated
Infected
Desiree SASA | central zone
4 0 0 411
2013 Sampled v
Non - Irrigated
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Table 20. Number of plants that developed blackleg in 2014 trial and pathogen responsible

for disease.
. Pect teri Total . plant
Cultivar/Year Pba strep Pba natural Pwa natural ectobacterium o.a no. plants
Treatment ) . . . . natural with blackleg
(plot) resistant infection infection . .
infection (%)
Infected central
Marfona JHI zone
2014 (1) Sampled 2 2 13 5 22(6)
Irrigated
Infected central
Marfona JHI zone
2 4 1 2 18*
2014 (4) Sampled 0 870
Irrigated
Infected central
Desiree JHI zone
2 0 0 2 4(1
2014 (2) Sampled )
Irrigated
Infected central
Desiree JHI zone
2014 (3) Sampled 0 1 0 2 @)
Irrigated
No infected
Marfona JHI | central zone
2014 (6) Undisturbed 0 ! 0 1 12(3)
Irrigated
No infected
Desiree JHI central zone
. 1 4(1
2014 (5) Undisturbed 0 0 3 @)
Irrigated
Infected central
Marfona 2014 zone
. 2 4 0 11 17 (4
@) Undistrubed @)
Irrigated
Infected central
Desiree JHI zone
2014 (8) Undistrubed 0 0 0 0 0
Irrigated
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Table 21. Number of plants that developed blackleg in 2015 trial and pathogen responsible
for disease. In 2015 there were no infected central zone undisturbed plots. Instead 2 plots
were infected with a higher inoculum than used in all years in all other plots to see what affect
this had on blackleg development.

i . Total no. pl
Cultivar/Year Pba strep Pba natural Pwa natural |Pectobacterium oFa no. plants
Treatment ) . . . . . . with blackleg
(plot) resistant infection infection  |natural infection )
0
Infected central
Marfona JHI zone
2015 (2) Sampled 2 1 0 0 3(1)
Irrigated
Infected central
Marfona JHI zone
2015 (4) Sampled 19 2 0 1 22 (6)
Irrigated
Infected central
Desiree JHI zone
2015 (1) Sampled 0 0 0 0 0
Irrigated
Infected central
Desiree JHI zone
2015 (3) Sampled 5 0 0 0 5 (1)
Irrigated
Infected central
Marfona JHI zone
2015 (5) Sampled 0 0 0 0 0
Irrigated
Infected central
Desiree JHI zone
2015 (6) Sampled 9 2 0 3 14 (4)
Irrigated
Infected central
zone
Marfona JHI -, cow i ocuium 17 7 0 0 24 (6)
2015 (7)
Sampled
Irrigated
Infected central
. zone
Dg(s)llrge(é])Hl High inoculum 0 0 0 0 0
Sampled
Irrigated
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Figure 11. Distribution of blackleg plants (recorded at the end of growing season in 2015 just
prior to haulm destruction) in all. Red squares represent location of infector plants within the
plot. L = leaf, S= stem, R=root, P=peel (lenticel contamination) and C=core (systemic
contamination) represent from which plant part successful isolations were made. The
pathogen isolated from the symptomatic plants is indicated by; red, Pba 1039 strepR; orange,
natural Pba; brown and yellow, natural Pectobacterium infection.
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Table 22. Symptomatic plants in 2013 and 2014 trials that also tested positive for
contamination during growing season.

. Contamination | Symptomatic
Cultivar/Year . . .
(plot) Treatment Location during growing | plant at end of
P season growing season
Infected central Pb R and
Altanic JHI zone 112 a Stl:lelp an Blackleg
2013 Sampled Pectob t teri (not tested)
Irrigated ectobacterium
Infected central
Marfona JHI zone Blackleg
H2 Ntl P
2013 Sampled 1 Pba (not tested)
Irrigated
Infected central
Altanic SASA zone Nl
L12 R .
2013 Sampled Pba strep Pectobacterium
Irrigated
Infected central Nl
Marfona JHI zone L12 Nd Pectobacterium
2014 (4) Sampled Pectobacterium
X (Pwa)
Irrigated
Infected central
Marfona JHI zone R R
2014 (4) Sampled 19 Pba strep Pba strep
Irrigated
Infected central Nl
Marfona JHI zone Ntl .
2014 (4) Sampled Ald Pectobacterium Pectobacterium
mp (Ntl Pba/Pwa)
Irrigated
Infected central Nt
Marfona JHI zone L13 Nd Pectobacterium
2014 (1) Sampled Pectobacterium
. (Pwa)
Irrigated

435 Final harvest of experimental plots in 2013 and 2014

4.3.6 Detection of pectolytic bacteriain progeny tubers in 2013 and 2014
Plots were harvested according to Figure 7 (all yellow squares), and pectolytic
colonies recovered from the CVP plates were tested for streptomycin resistance or
susceptibility and all colonies were then further characterised by PCR using Pba
specific primers to determine the identity of the species present. In addition, a small
number of samples produced characteristic pit-forming colonies on CVP media but
could not be isolated for species determination.

Although the majority of plots in both 2013 and 2014 had tubers contaminated by Pba
1039 strepR the incidence of contamination was low (Appendix, Table 23). However,
there was a much higher incidence of contamination by natural Pectobacterium (both
natural Pba and other natural Pectobacterium species) in all plots in both years.
Overall, cultivars Marfona and Atlantic had higher incidences of contamination than
Desiree, which was also true for the symptomatic blackleg plants (Table 23). When
comparing the distribution of Pectobacterium spp. in the peel (lenticel contamination)
and core (systemic contamination) of tubers across all plots and years, the incidence
of contamination was greater in peel than core samples (Table 24).
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Over both 2013 and 2014 only around 4% of the contaminated tubers (not including
SASA 2013 non-irrigated which had very little disease) were harvested from
symptomatic plants with the majority coming from symptom free plants.

Contaminated tubers did not necessarily come from symptomatic plants and
symptomatic blackleg plants did not necessarily lead to contaminated tubers
(Appendix). In addition, where both the plant was symptomatic and the tubers were
contaminated, the pathogen responsible for disease in the symptomatic plant was not
always the pathogen detected on the progeny tubers (Appendix)

A number of samples were found that were strepR but gave a negative result for Pba
by PCR.

Table 23. Summary of the percentage of harvested plants with contaminated tubers in the
2013 and 2014 plots (not carried out in 2015). The percentage represents a summary of all
plots and all contaminating pathogens in each year.

Percentage (%) of plants with contaminated tubers

Trial and Year Desiree Marfona Atlantic

SASA irrigated plots 2013 35% 55% 71%

JHI plots 2013 26% 20% 22%

JHI plots 2014 40% 61% Not planted in
2014

Mean across all plots and 34% 50% 43%

years
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Table 24. Distribution of Pectobacterium spp. between the peel (external) versus the core
(systemic) of the tubers at final harvest of 2013 and 2014 JHI and SASA plots. Numbers
represent pooled tubers from individual plants.

Ntl Ntl Ntl
R Ntl Pba Total
Pba 1039 strep Pectobacterium |Pba/Pectobacterium| Pectobacterium
Culté\élegt/;(ear Treatment Peel Core Peel Core Peel Core Peel Core Peel Core Peel Core
Infected central
Atlantic JHI zone
2013 (6) Sampled ! 1 1 1 1 1 0 0 0 0 3 3
Irrigated
Infected central
Marfona JHI zone
2013 (5) sampled 1 0 4 1 1 2 0 0 0 1 6 4
Irrigated
Infected central
Desiree JHI zone
2013 (4) Sampled 1 0 3 2 2 0 0 0 0 0 6 2
Irrigated
Infected central
Atlantic JHI zone
2013(2) | Undisturbed | > ! 8 7 2 1 0 0 0 0 13 9
Irrigated
Infected central
Marfona JHI zone
X 2 1 2 1 1 4
2013 (3) Undisturbed 3 0 0 0 0 6
Irrigated
Infected central
Desiree JHI zone
2013(1) | Undisturbed | ° 0 10 6 5 4 0 0 0 0 18 10
Irrigated
Infected central
Atlantic SASA zone
2013 Sampled 5 8 4 1 v 12 5 1 1 2 32 19
Irrigated
Infected central
Marfona SASA zone
2013 Sampled 6 5 3 4 12 7 6 2 0 0 37 18
Irrigated
Infected central
Desiree SASA zone
2013 Sampled ! 1 1 0 9 6 4 2 1 0 16 9
Irrigated
Infected central
Atlantic SASA zone
2013 |Sampled Non-| © 0 1 0 2 1 2 1 0 0 5 2
Irrigated
Infected central
Marfona SASA zone
2013 |Sampled Non-| © 0 0 0 4 2 0 0 0 0 4 2
Irrigated
Infected central
Desiree SASA zone
1 1 1 1
2013 Sampled Non - 0 0 0 0 0 0 0 0
Irrigated
Infected central
Marfona JHI zone
2014 (1) Sampled 0 0 0 1 21 17 0 0 5 3 26 21
Irrigated
Infected central
Marfona JHI zone
2014 (4) Sampled 1 2 0 0 25 24 0 0 0 0 26 26
Irrigated
Infected central
Desiree JHI zone
2014 (2) Sampled 0 0 0 0 8 19 0 0 2 1 10 20
Irrigated
Infected central
Desiree JHI zone
2014 (3) Sampled 0 1 0 0 12 12 0 0 2 1 14 14
Irrigated
Total over all plots in both years 25 16 37 26 122 108 17 6 12 8 223 164




4.3.7 Blackleg development in plots of replanted tubers

The tubers kept for replanting from the 2013 (year 1) experimental plots at SASA and
JHI were both planted in plots at SASA in 2014. Each row within a plot was planted
with the progeny tubers (up to a maximum of 10) from a single parent plant. Progeny
tubers from the 2014 experimental plots were re-planted in plots at JHI in 2015. In this
trial, each row within a plot was planted with the progeny tubers from 2 parent plants
harvested from the 2014 trial. Plots in each year were checked regularly during the
growing season for blackleg symptoms and isolations were made from symptomatic
plants, and colonies recovered from the CVP plates were then further characterised
by PCR to determine the identity of the species present. All pectolytic colonies were
PCR tested using Pba and Pwa specific primers.

The incidence of blackleg symptoms within replanted plots was low: 2.4% in the 2013
replants and 2.1% in the 2014 replants (Figure 12). Overall plots of Marfona had more
symptomatic plants than Desiree (23 in Marfona versus 14 in Desiree). Over both
years only around 6% of the total number of harvested tubers sampled came from
symptomatic plants.

In both years there was no apparent relationship between the distance from the central
zone that the original plant grew, and the incidence of disease in replanted rows.
Additionally, pathogen isolation from those plants which did develop blackleg indicated
the presence of natural Pba and to a lesser extent natural Pectobacterium but not Pba
1039 strepR (Tables 25 and 26). By comparing plots which had originally been sampled
from and were therefore disturbed, to those which had been left untouched, the
expectation was that disturbance would increase spread of contamination and thereby
increase incidence of disease in the replants. However, a slight increase in disease
incidence in the rows of replants originating from the untouched plots compared to the
sampled plots was found.
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Table 25. The number of plants with blackleg and the pathogen isolated from symptomatic
stems, in the plots planted with tubers harvested at JHI and SASA in 2013. The mother plant
location identifies which plant the tubers were harvested from in 2013.

Blackleg of replant
Cultivar/Year Mother plant Blackleg of Pba strep Pba Pectobacterium
Treatment . Mother . natural . .
(plot) location resistant | . ) nautral infection
Plant infection
Infected
Marfona JHI |central zone
4 N 1
2013 (5) Sampled G ° 0 0
Irrigated
Infected
Marfona JHI |central zone
1 N 1
2013 (5) Sampled 18 ° 0 0
Irrigated
Infected
Marfona JHI | central zone
2013(3) | undisturbed F16 No 0 8 0
Irrigated
Infected
Marfona JHI | central zone
2013(3) | undisturbed G4 No 0 1 0
Irrigated
Infected
Marfona JHI | central zone
2013 (3) undisturbed 8 No 0 0 1
Irrigated
Infected
Marfona JHI |central zone
2013 (3) undisturbed J18 No 0 ! 0
Irrigated
Infected
Marfona JHI cent.ral zone N7 Yes 0 0 1
2013 (3) undisturbed (not tested)
Irrigated
Infected
Desiree JHI |central zone Yes
F16 0 1 0
2013 (4) Sampled (not tested)
Irrigated
. Infected
Dgzgge(i])Hl central zone F10 No 0 2 0
undisturbed
Infected
Desiree JHI |central zone
2013 (1) undisturbed J22 No 0 0 1
Irrigated
Infected
Marfona SASA|central zone Yes
H9 0 2 0
2013 Sampled (1039 strep®)
Irrigated
Infected
Desiree SASA | central zone
2013 Sampled F14 No 0 ! 0
Irrigated
Infected
Desiree SASA | central zone
2013 Sampled 9 No 0 ! 0
Irrigated
Infected
Desiree SASA | central zone
2013 Sampled K17 No 0 1 0
Irrigated
Infected
Desiree SASA | central zone
2013 Sampled Unknown No 0 6 0
Irrigated

Unknown samples are mixture of L14, L11, L15, L16, L12 and/or L10.



Table 26. The number of plants with blackleg and the pathogen isolated from symptomatic
stems in the plots planted with tubers harvested at JHI in 2014. The mother plant location
identifies which plant the tubers were harvested from in 2014.

Blackleg of replant in 2015
. Blackl f Pb .
Cultivar/Year Mother plant ackieg o Pba strep a Pectobacterium
Treatment . Mother ) natural . )
(plot) location resistant | . . nautral infection
Plant infection
Infected
Marfona JHI | central zone
2014 (1) Sampled El2 No 1
Irrigated
Infected
Marfona JHI | central zone
2014 (1) | Sampled o No 1
Irrigated
Infected
Marfona JHI | central zone
2014 (1) | Sampled 6 ves (Pwa) 1
Irrigated
Infected
Marfona JHI | central zone
2014 (4) Sampled E15 No 2
Irrigated
Infected
Marfona JHI | central zone
2014 (4) Sampled F13 No !
Irrigated
Infected
Marfona JHI | central zone
2014 (4) | Sampled K17 No 2
Irrigated
Infected
Marfona JHI | central zone
2014 (4) Sampled L10 No 1
Irrigated
Infected
Marfona 2014 | central zone
L11 N 1
4) Sampled °
Irrigated
Infected
Marfona JHI | central zone
2014 (4) | Sampled L13 No 1
Irrigated
Infected
Marfona JHI | central zone
2014 (4) | Sampled LIS No 1
Irrigated
Infected
Desiree JHI |central zone
L1 N 1
2014 (2) Sampled 0 0
Irrigated
Infected
Desiree JHI |central zone
L10 N 1
2014 (2) Sampled ©
Irrigated
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~

Blackleg
24/1000 (2.4%)
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13/655 (2.1%)
Pba PCR

Generation 2 Generation 2

Figure 12. Summary of work over all years showing percentage of blackleg.

4.4 Glasshouse movement of Pba from leaves / roots to other parts of plant

44.1 Canopy and Root Soak

Colonisation of the plants by Pba 1043 expressing GFP was determined by CVP
plating and identification of GFP-positive cavity forming bacteria (Figure 13). For plants
inoculated using the canopy soak method, a greater number of bacteria were able to
colonise plants with a damaged canopy compared to intact plants, with no GFP-
positive Pba detected in the intact Desiree and Osprey cultivars (Table 27). GFP
positive Pba was detected in the stolons of both the damaged Marfona and Desiree
cultivars. Cultivar Osprey appears to be more resistant to aerial contamination with no
GFP-positive Pba samples detected below the stem.

For the plants inoculated using the root soak method, movement of Pba was detected
in the stem base of all cultivars irrespective of whether the roots were damaged or
intact. The sterilisation check plants showed that although no GFP colonies were
detected in the final wash water, there were a small number of GFP colonies detected
on some of the imprints of the plant samples before processing. Although the numbers
of GFP colonies were always higher in the processed samples, suggesting that
movement had taken place internally, this would require further investigation. Progeny
tubers were small and had not fully formed so, although the entire tuber was
processed, very few tubers were contaminated with GFP-positive Pba.
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Figure 13. CVP plates showing Pba 1043 colonies expressing GFP recovered from plants 30
days post infection (dpi). (A) Colonies from the stolon of a Marfona plant which had been
damaged and then inoculated using the root soak method. (B) Colonies from the base of the
stem of the cultivar Osprey which had been damaged and then inoculated using the canopy
soak method.

Table 27. Plant samples that tested positive for Pba expressing GFP from plants inoculated
using a canopy soak (A) or root soak (B). Half of the plants were damaged before inoculation
and the other half were left intact. ‘v’ means GFP expressing colonies were detected in that
rep for that plant sample; ‘X’ means no GFP expressing colonies were detected; *’ means no
sample available.

Damaged Intact
Marfona Desiree Osprey Marfona |Desiree |Osprey
Canopy Soak [Leaf vy 244 xv' v xxv’ XXX XXX
Stem Top v XX v'Vx v XX xxv’ XXX XXX
Stem Bottom 244 244 vy vvvy XXX XXX
Roots XXX XXX XXX XXX XXX XXX
Stolon xxv’ v'Vx XXX xxv’ XXX XXX
Progeny Tubers XXX XXX XXX xxv’ XXX XXX
A
Damaged Intact
Marfona Desiree Osprey Marfona [Desiree |Osprey
Root Soak Leaf XXX XXX XXX XXX XXX XXX
Stem Top XXX XXX XXX XXX XXX XXX
Stem Bottom xv'v 244 vy v XX Xv'x Xv'x
Roots vvv vvv vvv vvv v v v'V'x
Stolon vvv V'V v V* vvv v XX v’ V'x
Progeny Tubers v XX Xv'x xx* v XX XXX XXX
B

Confocal images were taken of leaf and stem samples taken from cultivars Marfona
and Osprey. However, due to the high levels of autofluorescence it was not possible
to image the stem sections. Large spreading colonies were detected in Marfona leaves
with bacteria concentrated over the walls of adjoining epidermal cells (Figure 14). In
contrast, only small colonies were detected in Osprey leaves in this case around an
individual epidermal cell. This mirrors the results from the CVP plating with Osprey
appearing to be more resistant to an aerial infection.
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Marfona Marfona Osprey

Figure 14. Maximum intensity projections of images taken through cells showing colonies of
GFP-expressing Pba (green) on the upper surface of leaves of either Marfona or Osprey
approx. 30 days after canopy soak inoculation. The autofluorescence emitted by chlorophyll
is represented in blue.

4.5 Strain Typing of recent isolates and Pba reference strains
45.1 MLST Analysis of Pba Strains

Two hundred Pba strains, which include recent isolates, historic strains and
representatives of the VNTR groups (as identified by John Elphinstone, Fera), were
sequenced using 8 housekeeping genes (dnaJ, dnaN, gapA, gyrB, icdA, purA, recA
and recN). Sequence data was concatenated and the resulting tree is shown in Figure
15. The strains were recovered in eight major clades (A - H). The break-down of
strains assigned to each clade is shown in the Appendix Tables 37-44.

Clade A is the largest (Appendix. Table 37) comprising 63 strains, with strains isolated
during the 1950s identical (within the confines of the method’s accuracy) to those
recovered in 2015. Most strains were isolated in Scotland but there are also isolates
from Cambridge and the USA contained within this group. In all, isolates from 29
different cultivars are recovered in clade A from a wide distribution across Scotland. It
is interesting to note that clade A contains a reference strain from the VNTR group 1,
as defined by John Elphinstone (2016; Final Report: R491/R454), which was identified
as the most numerous isolate-type recovered from his survey of blackleg incidence in
early generation PB crops.

Clades D and G were the next biggest groupings, comprising 44 and 39 isolates
respectively. Clade D (Appendix Table 40) contains NCPPB 549, the type strain for
Pectobacterium atrosepticum which was isolated in 1957 from Israeli grown cv.
Majestic. Isolates from South Africa and USA are also recovered in this clade with the
bulk of isolates of Scottish origin. As with clade A, isolates from 30 different cultivars
are contained within this group and are widely distributed across Scotland. This clade
also contains SCRI1039 strepR, which was used in the field trials at JHI and SASA and
described elsewhere in this report. As SCRI1039 was assigned to VNTR group 1 at
Fera, itis clear that VNTR groupings do not overlap with the MLST clades as members
of VNTR group 1 have been recovered in both Clades A and D as part of this analysis.
In many respects this is not surprising as the MLST approach measures phylogenetic

© Agriculture and Horticulture Development Board 2016

62



similarity whereas VNTR identifies mutations that occur more randomly and more
frequently and have no phylogenetic significance but can still be useful markers to
identify different populations of closely related organisms. Clade G (Appendix, Table
43), comprises isolates from the 1950s up to the present day recovered from Israel,
England and Scotland. As with clade A & D, isolates from 23 different cultivars are
contained within this group, all widely distributed across Scotland. No VNTR groups
were represented in this clade.

It is interesting to note that 10 of 17 VNTR groups identified at Fera (VNTR 3, 4, 6, 9,
10, 11, 13, 15, 16 & 17), clustered with a minority of the strains studied here in Clade
H . Certainly as some of these strains were only rarely encountered in the Fera study,
with VNTR 13 & 16 specifically only ever found at individual sites, it is possible that
they represent the span rather than the frequency of Pba diversity which exists within
GB.

From these results it can be concluded that a degree of phylogenetic diversity exists
between Pba strains. However, there is little evidence that new centres of diversity are
responsible for the increase in blackleg between 2007-2012, as recent isolates were
found to be identical (on the basis of the approach used here) to those isolated 50
years previously.

45.2 Characterisation of StrepR and natural Pba strains recovered from plots

A representative number of strepR and natural Pba strains recovered specifically from
plots in the 2013-2015 experimental field trials were characterised by MLST. With the
exception of recN all genes were unable to distinguish between strepR and natural Pba
strains. Figure 16 shows the resultant tree from the recN analysis, which clearly shows
that strains were recovered in two groups. Within each group no variation in sequence
was observed between strains; they were 100% homologous. Although the bulk of
the natural Pba strains were found to be identical to the Pba 1039 strepR strain used
to inoculate plants in the central zone (9/14), 5 natural Pba strains grouped together
and were clearly different (WT 8, 11, 12, 14 & 34). Whilst it is impossible on the basis
of these results to rule out the chance that the strepR strain has reverted to the wild
type over the course of the experiment, in at least some cases, it is clear that a sizable
minority of the blackleg causing strains in this experiment were of
environmental/natural origins.

In addition to the sequence analysis presented, a smaller subset of strepR and natural
Pba strains were studied at Fera using VNTRs. VNTRs show that the Pba 1039 strepR
and natural (or potentially strepR revertant [WT]) strains are indistinguishable (Figure
17). Indeed no differences were observed between any of the strains studied here,
and all strains were assigned to VNTR Group 1. It is interesting to note that WT 8, 11,
12 and 14 were all included in this analysis and although were found to be distinct
from the bulk of the strains by recN sequencing were found to be identical at the other
6 MLST and the five VNTR loci analysed.

In conclusion, although there is broad agreement between the MLST and VNTR
analysis for the majority of strains studied, in that they were all found to be identical
regardless of their resistance to streptomycin, at least some of the natural Pba strains
recovered here may be of environmental origins on the basis of recN sequencing data.
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In addition, the evidence presented here is not able to rule out the possibility that at
least some of these strains may have arisen as a result of reversion from the strepR
form, but this will only be confirmed or discounted with a more detailed analysis of
these strains. A further conclusion is that the MLST and VNTR methods are not, in
their current form, sufficient to distinguish between isolates in general and in particular
the revertants in question, and further improvements and/or new more accurate

methods are required.
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StrepR4
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Figure 16. Phylogenetic tree of natural / strep® revertants (WT) and Pba 1039 strepR
recovered from plants exhibiting blackleg, based on sequencing recN.
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Sample TR2 TR4 TRS8 TR10 TR12 VNTR profile

SCRI1039_Strep_res. 298 275 264 278 242 1
SCRI1039_WT 298 275 264 278 242 1
StrepR10 298 275 264 278 242 1
StrepR11 298 275 264 278 242 1
StrepR12 298 275 264 278 242 1
StrepR16 298 275 264 278 242 1
StrepR22 298 275 264 278 242 1
StrepR23 298 275 264 278 242 1
StrepR24 298 275 264 278 242 1
StrepR2 298 275 264 278 242 1
WT10 298 275 264 278 242 1
WT11 298 275 264 278 242 1
WwWT12 298 275 264 278 242 1
wWT14 298 275 264 278 242 1
WT16 298 275 264 278 242 1
wT4 298 275 264 278 242 1
WT6 298 275 264 278 242 1
wWT8 298 275 264 278 242 1
Positive control (SCRI 1043) 307 275 291 319 249 4

Figure 17. VNTR profiling of natural / revertant (WT) and Pba 1039 strep® strains recovered
from plants exhibiting blackleg.

45.3 Analysis of blackleg causing organisms in Scotland
4.5.3.1 Stem Survey

All Scottish seed crops were targeted and inspected twice as part of the Growing Crop
Inspection (GCI) during the growing seasons of 2013-2015 and the percentage
incidence of blackleg nationally is shown (Table 33). A breakdown of the causative
organisms was determined from the national Dickeya survey, which is designed to
target crops that hold the greatest risk of carrying or contracting Dickeya infections,
specifically crops produced from non-Scottish origin seed. Non-indigenous seed
amounts to roughly 10% of the total number of crops sampled, with the remaining 90%
of crops made up from a random selection of blackleg expressing plants drawn from
across Scotland, representing all grades of seed. In 2013 this comprised 534 crops,
of which 56 were of non-Scottish origin. The figures for 2014 and 2015 were similar
with 509 and 548 crops studied, respectively, and of these 53 crops were of non-
Scottish origin in each year.

The returns from the GCI show that the incidence of blackleg fluctuates from year to
year, with 2014 being the worst year affected, with blackleg incidence in Scottish seed
crops recorded at 42.3% (Table 28). In general, blackleg is more of an issue in
Scotland than in England and Wales, where the incidence did not exceed 24% in each
of the three years of the study (Elphinstone, 2016; Final Report: R491/R454). Itis clear
from analysis of blackleg causing organisms that the percentage of crops in Scotland
infected by Pba remains relatively constant throughout, with approximately 95% of
blackleg caused by this bacterium. The remaining 5% of disease symptoms were
caused by P. wasabiae and P. carotovorum subsp. carotovorum. To date there have
been no findings of P. carotovorum subsp. brasiliensis in any Scottish seed crops.
These figures are broadly in line with those from England and Wales where Pba is
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also the predominant cause of blackleg. P. wasabiae and P. carotovorum subsp.
carotovorum are found in higher numbers than would be the case for Scotland and P.
carotovorum subsp. brasiliensis, D. solani and D. dianthicola are also found albeit at
low numbers and always in association with non-UK seed.

Table 28. Summary of blackleg findings in seed crops in Scotland 2013-2015.

2013 2014 2015
% seed stocks with 32.3 42.3 29.3
blackleg
% blackleg caused 0 0 0
by D. solani
% blackleg caused 0 0 0
by D. dianthicola
% blackleg caused 96.4 96.8 95.2
by P. atrosepticum
% blackleg caused 3.6 3.2 4.8
by other
Pectobacterium
spp.*

* P. carotovorum subsp. carotovorum and P. wasabiae.

4.5.3.2 Pre-Basic tuber survey

Samples from PB crops were taken from a range of stocks, ideally samples of 200
tubers where tested but in samples where there was limited availability (i.e. PB1)
generally only 50-100 tubers were studied. The number of stocks tested was 75 in
2013, 86 in 2014 and 90 in 2015. Table 29 show the percentage of stocks found to be
infected with Pba in each year, with similar trends observed throughout. In each year
a sizeable minority of PB1 stocks were found to be infected with Pba and this
percentage increased with each subsequent generation. It should be noted that the
2015 season saw a change in the classification scheme rules resulting in a major drop
off in the number of PB4 crops available for testing.

Table 29. Percentage of PB stocks from Scotland infected with Pba 2013-2015.

Grade 2013/14 2014/15 2015/16
PB1 14 (57)* 2 (50) 20 (54)
PB2 50 (6) 33(9) 33(18)
PB3 44 (9) 60 (20) 65 (17)
PB4 100 (3) 100 (7) 0 (1)

*, Numbers in brackets represent the total number of stocks tested

454 Analysis of Pba diversity within in a single field

Thirty plants exhibiting blackleg symptoms were sampled from a SE crop of cv. Sagitta
grown in a 2.1Ha field in Perthshire. In addition samples were also taken from seed
crops of cv. Hermes immediately adjacent to the field (Hermes Crop 1, 3.5Ha; Hermes
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crop 2, 5.1 Ha; Hermes crop 3, 3.5 Ha) and a related crop of cv. Hermes (Hermes crop
4; 2Ha) grown 2 miles away. All four cv. Hermes crops shared the same input stock.
Figure 18 shows the distribution of blackleg plants sampled from the crop of cv. Sagitta
and three of the adjacent cv. Hermes crops.

Pectolytic colonies recovered from symptomatic plants were identified by PCR and
characterized by MLST, using the method described previously. The resultant tree is
shown in Figure 19. Strains isolated from diseased plants recovered from the cv.
Sagitta crop were represented in the four clades identified here. A similar distribution
of strains was also found in the cv. Hermes crops both growing immediately adjacent
to the crop of cv. Sagitta and more distant from it. On isolate recovered from Hermes
crop 4 was identical to representatives of VNTR group 16 and 17 on the basis of this
analysis.

It is clear from these results that either crops are infected multiple times during their
multiplication and passed on through mother tubers or that environmental isolates
have significantly more impact on the development of blackleg than had been
previously thought with locations possessing a mixed population capable of infecting
and causing disease in a single season. However, evidence of mixed populations in
the 2013-2015 field trials suggests that the latter is more likely to be the case.

Figure 18. Distribution of plants exhibiting blackleg symptoms in a crop of cv. Sagitta (marked
‘S’) and three adjacent crops of cv. Hermes (H1-H3).
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Figure 19. MLST analysis. Concatenated tree of 44 strains of Pectobacterium atrosepticum,
using primers targeted to eight genes: dnaN, gapA, gyrB, purA and recN, recA, icdA and dnaJ.
Strains were recovered from a crop of cv. Sagitta and 4 adjacent crops of cv. Hermes
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4.6 Epidemiological Modelling

Spatial autocorrelation is the notion that all things are related, and near things are
more related than those further apart. Positive spatial autocorrelation exists when
nearby events are similar. Negative spatial autocorrelation exists when nearby events
are dissimilar. Measures of spatial autocorrelation may be either global or local. Global
measures characterise the nature of spatial autocorrelation for the entire study area
using one value that summarises average trends. Local measures reveal statistically
significant patterns of high (hot-spots) or low (cold-spots) values within the study area
which may be masked by global measures. In this study the pair-correlation function
(PCF) and the Getis-Ord (Gi*) statistic were used to assess global and local spatial
autocorrelation, respectively.

The PCF showed that the spatial distribution of blackleg-affected seed potato crops
deviated strongly from randomness (Figure 20). There was evidence of significant
spatial clustering (P < 0.05) of blackleg-affected crops in 14, 15, 15, and 13 of the 20
distance intervals (spatial scales) tested in 2010 to 2013, respectivel