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ABSTRACT

OPTIMIZING TRELLISED CANOPY ARCHITECTURE FOR SWEET CHERRY: TREE
ESTABLISHMENT AND PROTECTION FROM BACTERIAL CANKER INFECTION

By

Tiffany Lillrose Law
Sweet cherries (Prunus avium L.) are typically grown as self-supported central or multiple leader
trees. The new trellised “Upright Fruiting Offshoots” (UFO) training system for sweet cherry
provides a narrow planar canopy to maximize light and spray distribution and increase orchard
labor efficiency. Research determined training techniques at plant establishment that optimize
early canopy development and yield potential. Bacterial canker (caused by Pseudomonas
syringae pv. syringae) can reduce yields, cause loss of limbs, and even tree death, especially of
young trees. Trellis wire and pruning wounds create opportunities for bacterial canker infection
during tree establishment. Research to reduce such potential infections is critical to the adoption
of new trellised training systems. Testing of possible control products for canker often yield
variable results in the field and reliable testing protocols are needed. Experiments that focus on
the effects of temperature, inoculum load, and plant wounding were conducted under controlled
conditions to assess their impact on infection incidence. Infection potential due to trellis wire
abrasion also was evaluated to determine the suitability of different wire types for cherry trellis
systems. These studies contribute to the evolving development of systematic canker management
recommendations for growers considering adoption of new cherry training systems. Successful
canker management likely will be based on integrating environmental factors, plant susceptibility

factors, timing of orchard tasks, and potential spray products.
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CHAPTER 1: RECENT DEVELOPMENTS IN SWEET CHERRY ROOTSTOCKS AND
TRAINING SYSTEMS

INTRODUCTION

Sweet cherry (Prunus avium L.) production has increased significantly in the past 20
years. However, reliable production can be difficult because cropping can be decimated by rain-
induced cracking (Sekse, 1995), spring frost, birds, hail, and a myriad of insect and microbial
pests. Sweet cherry orchards have traditionally featured large, vigorous trees that take many
years to fill their orchard space and bear fruit. Developments in rootstock breeding over the past
35 years have provided precocious fruiting and dwarfism (Lang, 2000), and allowed high density
training systems to be developed (Lang, 2005; Robinson, 2005). Smaller trees in high density
orchards enable better protection of fruit by nets or covers, and better coverage of applied
pesticides. High density training systems also help facilitate mechanization of harvest and
pruning. By understanding the characteristics of new rootstocks and their interactions with high
density training systems, combinations can be selected to maximize early yields of high quality

fruit.

ROOTSTOCKS

Many new rootstocks have been developed that provide the traits necessary for high
density sweet cherry production. Rootstock can influence traits such as vigor control, precocious
fruiting, scion productivity, disease resistance, tolerance to adverse climatic or soil conditions,
and scion compatibility. Each of these traits contributes to the overall success or failure of a

rootstock in an orchard site.



Vigor control is essential for high density sweet cherry orchards because it can reduce
pruning, reduce tree size for easier harvest, allow better spray and light distribution, and facilitate
the use of covering structures to protect from birds, rain, or hail. Amount of vigor reduction can
vary widely for a particular rootstock depending on soil characteristics, environmental

conditions, scion, and orchard management (Long and Kaiser, 2010).

Precocious fruiting is promoted by some rootstocks and causes scions to come into
production earlier than on traditional seedling rootstocks. Some trees on such rootstocks begin
flowering in the third leaf (Lang, 2000), and full production is possible within 5-6, while trees on
‘Mazzard’ (Prunus avium L. seedlings or clones) can take up to 12 years for full production
(Long and Kaiser, 2010). Earlier fruiting can increase early returns on the investment of
establishing a new orchard. An economic study comparing a high density orchard on ‘Gisela 6’
(Prunus cerasus L. x Prunus canescens L., a precocious, semi-vigorous rootstock) with a
standard density orchard planted on ‘Mazzard’ found that the high density orchard would break
even in year 8, while the standard density orchard would not break even until year 15 (Seavert

and Long, 2007).

Scion productivity also can be influenced by rootstock. Some interspecific hybrid Gisela
rootstocks increase productivity 25-50% compared to ‘Mazzard’ (Lang, 2000). When highly
productive rootstocks are paired with highly productive scions, trees can produce too many fruit,
causing a reduction in fruit size. However, if crop load is properly managed in proportion to the

canopy leaf area, high quality fruit can still be achieved (Lang, 2000).

Some rootstocks also confer resistance to diseases such as bacterial canker (caused by

Pseudomonas syringae pv. syringae) (Krzesinska and Azarenko, 1992), phytophthora and

2



armillaria root rots (Lang, 2000), and the ilarviruses prune dwarf virus (PDV), and prunus
necrotic rings-spot virus (PNRSV) (Lang et al., 1998; Lang and Howell, 2001; Long and Kaiser,

2010).

Rootstocks also vary in tolerance to poor soil or climatic conditions. Poor growing
conditions often will increase the dwarfing effects of a rootstock, so soil type must be considered
during rootstock selection. Rootstocks may be incompatible with certain scion cultivars and
result in premature tree decline and death. For example, ‘Mazzard’ is compatible with all
cultivars, but ‘Mahaleb’ (Prunus mahaleb L. seedlings or clones) is incompatible with some

cultivars (Long and Kaiser, 2010).

As new cherry rootstocks are developed around the world and become available for
testing, field trials are usually established to determine which are best suited to North American
climates, and how they influence traits such as yield, yield efficiency (yield/trunk cross sectional
area, TCSA), vigor, disease tolerance, suckering, and fruit quality. Rootstocks that have been
tested in the NC140 regional trials across North America include Tabel Edabriz (Prunus cerasus)
(Kappel et al., 2013), various Prunus mahaleb clones (St. Lucie series and Hungarian selections)
(Perry et al., 1996; Perry et al., 1998), a wide range of Gisela interspecific hybrids (including P.
avium, P. cerasus, P. canescens, and Prunus fruticosa) (Kappel et al., 2013; Facteau et al.,
1996), the Weiroot series (P. cerasus) (Kappel et al., 2013), the Gran Manier interspecific
hybrids (including Prunus incisa, Prunus dawyckensis, Prunus serulata, and P. canescens)
(Perry et al., 1996; Perry et al., 1998; Facteau et al., 1996), and Mazzard x Mahaleb hybrids
(Facteau et al., 1996; Perry et al., 1996; Perry et al., 1998) selections. Additional rootstocks

derived from a wide range of Prunus species and not yet extensively tested in North America



include the PiKu series from Germany; Krymsk rootstocks from Russia; CAB 6P and CAB 11E
from Italy; P-HL A, P-HL B, and P-HL C from the Czech Republic; and Cass, Clinton,

Crawford, Clare, and Lake from Michigan State University (NC-140, 2015).

Testing is essential for selecting rootstocks that perform well in a particular climates and
soil types, and also to assess the benefits and limitations of each rootstock. Many rootstocks are
unsatisfactory candidates for high density cherry production because of traits such as:
insufficient vigor control (or unsatisfactory dwarfing effects) (Facteau et al., 1996; Lang, 2000;
Kappel et al., 2013; Perry et al., 1996), sensitivity to pollen-borne viruses such PDV and/or
PNRSV (Lang et al., 1998; Lang and Howell, 2001; Long and Kaiser, 2010), excessive sucker
production (Facteau et al., 1996; Kappel et al., 2013; Kemp and Wertheim, 1996; Perry et al.,
1996; De Salvador et al., 2005), lack of precocity (Facteau et al., 1996; Kemp and Wertheim,
1996; Lang, 2000; Perry et al., 1996), scion incompatibility (Long and Kaiser, 2010),
susceptibility to disease (Lang, 2000), insufficient winter hardiness (Lang, 2000), or low yield
efficiency (Facteau et al., 1996; Kappel et al., 2013; Perry et al., 1996). Krymsk 5 (VSL 2) and
Krymsk 6 (LC 52) are both hypersensitive to PDV and PNRSV (Long and Kaiser, 2010), and P-
HL A, P-HL B, and P-HL C are thought to be drought sensitive (Lang, 2000). Gisela 5 and 6
have performed poorly in hot climates like California and Spain (Lang, 2000). CAB 6P and CAB
11 E both produce a number of suckers (De Salvador et al., 2005) that makes management
difficult. This review will only include specifics on the most promising rootstocks for high

density training systems in North America.

The current commercially-available Gisela rootstocks are hybrids of P. cerasus (sour

cherry) and P. canescens (grey leaf cherry) and tend to perform well in temperate zone areas of



North America. Four rootstocks (‘Gisela 3°, ‘Gisela 5°, ‘Gisela 6’ and ‘Gisela 12”) exhibit
superior traits. All are precocious with high productivity (Franken-Bembenek, 2004; Long and
Kaiser, 2010; Kemp and Wertheim, 1996; Perry et al., 1998) but can have trouble with over-
cropping if poorly managed (Lang, 2001; Long, 2001). These rootstocks also have low levels of
suckering (Facteau et al., 1996; Franken-Bembenek, 2004; Kappel et al., 2013; Long and Kaiser,
2010), are winter hardy (Franken-Bembenek, 2004; Lang 2000; Long and Kaiser, 2010), have
good scion compatibility (Franken-Bembenek, 2004; Long and Kaiser, 2010), and are tolerant to

PDV and PNRSV (Lang et al., 1998; Lang and Howell, 2001).

‘Gisela 3’ (tested as Gi 209/1) is the most dwarfing of the recommended Gisela
rootstocks. It reduces vigor by 20% more than ‘Gisela 5’ (Balmer and Blanke, 2005; Franken-
Bembenek, 2004). Averaged across sites in the 1998 NC-140 trial, ‘Gisela 3’ reduced trunk
cross-sectional area (TCSA) by 45% of ‘Mazzard’ (Kappel et al., 2013). In addition to its
dwarfing nature, ‘Gisela 3’ is highly productive with cumulative yield efficiency (cumulative
yield/TCSA) five times as high as ‘Mazzard’ and twice as high as ‘Mahaleb’ (Kappel et al.,
2013). It is recommended for testing in high density orchards in good soils, provided it has
irrigation, support, and good cultural management (Franken-Bembenek, 2004). However, in the
NC-140 trial, ‘Gisela 3’ also produced the smallest fruit (Kappel et al., 2013), indicating that tree
crop loads and leaf area must be managed to prevent over-cropping. In Germany, ‘Gisela 5’
planted at 2.5 m in-row spacing had a higher yield per hectare than ‘Gisela 3’ planted at 1.5 m, 2
m, or 2.5 m in-row spacing (Stehr, 2014). That study also found higher tree mortality after seven

years on ‘Gisela 3’ than ‘Gisela 5°.



‘Gisela 5’ (tested as 148/2) reduces vigor by 35-62% of ‘Mazzard’, ‘MxM.2’ and ‘F12/1°
(Facteau et al., 1996; Kappel et al., 2013; Kemp and Wertheim, 1996; Lang, 2000; Long and
Kaiser, 2010; Perry et al., 1996; Robinson and Hoying, 2008; Whiting et al., 2005). It has high
cumulative yield efficiency (twice that of “‘Mahaleb’ and five times that of ‘Mazzard”) (Kappel et
al., 2013); however, the high fruit production and medium to low vigor can result in small fruit
when leaf area and crop load are not in balance (Long and Kaiser, 2010). In the 1998 NC-140
trial, fruit size for ‘Gisela 5° was between that of ‘Gisela 3° and ‘Gisela 6 (Kappel et al., 2013).
Gislea 5 advances flowering and fruiting by 2-4 days (Long and Kaiser, 2010). This can extend
the season with early cultivars, but also increases the risk of frost damage. ‘Gisela 5’ is
recommended for high density orchards if planted in deep, fertile soils, irrigated, and pruned
properly to manage crop load. Trees may need support to prevent leaning with prevailing winds
(Long and Kaiser, 2010). ‘Gisela 5’ is drought sensitive (Lang, 2000) and irrigation should be
considered. It also requires good drainage and does not do well in heavy soils (Long and Kaiser,

2010).

‘Gisela 6’ (tested as 148/1) has medium to high vigor, producing trees 38-120% the size
of ‘Mazzard,” but usually trees are 80-100% of ‘Mazzard’ or ‘MxM 2’ (Facteau et al., 1996;
Kappel et al., 2013; Lang, 2000; Perry et al., 1996; Robinson and Hoying., 2008; Whiting et al.,
2005). The high vigor more readily provides new shoot growth essential for balancing leaf area
to fruit ratios for high quality fruit, compared to Gisela 3 or 5 (Long and Kaiser, 2010). In the
1998 NC-140 trial, ‘Gisela 6” had larger fruit than ‘Gisela 5” or ‘Gisela 3°, and had cumulative
yield efficiency four times that of ‘Mazzard’ (Kappel et al., 2013). Like other Gisela rootstocks,
pruning is required for high quality fruit. ‘Gisela 6’ tolerates both light and heavy soils, provided

it has good drainage (Long and Kaiser, 2010), and is considered tolerant to anoxia (Lang, 2000).
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It may need support to prevent leaning with prevailing winds (Long and Kaiser, 2010). ‘Gisela 6’
also may be susceptible to phytophthora root rot (Lang, 2000). Resistance of ‘Gisela 6’ to
bacterial canker was similar to ‘F12/1’in a lab assay (Krzesinska and Azarenko, 1992); however,
in field testing and observations it appears to be more sensitive than Mazzard (Long and Kaiser,

2010; Spotts et al., 2010).

‘Gisela 12’ (Tested as 195/2) has vigor ranging 68-100% size of ‘Mazzard’ depending on
scion (Facteau et al., 1996; Long and Kaiser, 2010; Perry et al., 1996; Robinson and Hoying,
2008). Early yield efficiency was 9 times that of ‘Mazzard’ (Facteau et al., 1996). Although it is
productive, pruning is needed for good fruit size (Long and Kaiser, 2010). ‘Gisela 12’ is well
anchored and can grow in a wide range of soils (Long and Kaiser, 2010). Similar to ‘Gisela 6, it

may be susceptible to phytophthora root rot (Lang, 2000).

‘MxM 60’ (or ‘Brooks 60°) is a P. avium x P. mahaleb cross from Oregon. It tends to
produce a large tree that is 63-218% of ‘Mazzard’ (Facteau et al., 1996; Perry et al., 1996). It had
double the yield efficiency of ‘Mazzard’ 2 years after planting, but is less precocious than
‘Gisela 6° or ‘Gisela 12’ (Facteau et al., 1996). For years 7-9 after planting, cumulative yield
efficiency was similar to ‘Mazzard’ (Perry et al., 1996). It is drought tolerant (Lang, 2000),
resistant to PDV and PNRSV (Lang et al., 1998), and similar to ‘F12/1” in resistance to bacterial

canker (Krzesinska and Azarenko, 1992).

‘Maxma 14’ is another P. mahaleb x P. avium cross from Oregon. It is considered semi-
dwarfing (Long and Kaiser, 2010), but has not been widely tested in North America. In
Germany, it produced smaller fruit and had lower yield efficiency than ‘Gisela 5° or ‘Gisela 6’

with ‘Regina’ (Balmer, 2008). It is precocious, has low suckering, and good scion compatibility
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(Long and Kaiser, 2010). It is resistant to iron-induced chlorosis caused by calcareous soils, and
does well in different environments and a wide range of soil types (Long and Kaiser, 2010).
Anecdotal observations suggest it may exhibit less incidence of bacterial canker than Gisela 6

(G.A.Lang, personal communication).

Consequently, a rootstock genotype can have unique trait combinations that make it
better suited to different environments or training systems. Rootstock effects on tree vigor can
vary widely depending on soil type, environmental conditions, and orchard management (e.g.,
irrigation). When selecting rootstocks, it is essential to reference the results from trials that had
similar climatic (e.g., temperature, evapotranspiration, and rainfall) and soil (e.g. texture,
drainage, pH, and fertility) conditions to gauge how a rootstock will perform in that particular
site. Rootstocks should also be partnered with appropriate scion cultivars to balance rootstock
productivity with scion productivity to reduce over-cropping. Similarly, the desired training
system will influence rootstock selection, because vigor appropriate for the system is required for
its optimal performance. Selecting the best rootstock for each orchard situation can increase

orchard efficiency while optimizing early yield.

Prior to considering the details of particular training systems, it behooves us to go over
some general concepts and techniques that are useful in high density training systems. The
developmental morphology of a precocious fruiting branch is key to the foundational concepts of
some high density training systems. The first year, a shoot grows and produces a single leaf at
each node. The next year, that shoot usually has a one-time, small amount of non-spur fruit at its
base, and each node is replaced by a non-fruiting multi-leafed spur. For the third (and

subsequent) years, those nodes can become reproductive (the fruiting spurs) (Lang, 2005; Long



et al., 2015) and have the potential to bear fruit until they become damaged, shaded, or diseased.
Therefore, trees on Gisela rootstocks can achieve significant flowering in the 3 or 4™ year in the
orchard. Since each node grown in the first year can become a fruiting spur in year three,
maximizing shoot growth in the first year can be an important step to increase yield potential in

year 3 and beyond.
TRAINING CONCEPTS FOR HIGH QUALITY FRUIT

To produce high quality fruit, a tree must provide adequate carbohydrates for optimal
fruit growth. Maximizing carbohydrates from photosynthesis, balancing crop load with leaf
area, and minimizing waste of carbohydrates (such as for extraneous canopy development) are

important for maximizing the production of large fruit with high soluble solids.
Adequate light distribution

Good light distribution throughout the tree canopy is essential for maximizing
carbohydrate production because light drives photosynthesis. Carbohydrates from photosynthesis
provide the building blocks for both new shoot and fruit growth. When light is limiting,
techniques to increase light improve leaf sugar biosynthesis. Pruning decisions often are based
on ensuring that each leaf receives an optimal amount of light for maximizing its photosynthetic
potential, such as in grape (Vitis vinifera L.) (Smart and Robinson, 1991). In apple (Malus x
domestica Borkh.), this concept is advanced by selecting adequate in-row and between-row
spacing so that all the leaves in the canopy are exposed to sunlight during the day (Heinicke,
1964). A minimum of 30% of full sunlight is considered to be a baseline for leaves within a

canopy to serve as photosynthetic sources for fruit development. A greater percentage of leaf



area of dwarf tree canopies reached this level of exposure than did standard or semi-dwarf
canopies. By choosing an appropriate canopy shape (with a high proportion of leaf area exposed
to sunlight) and keeping trees small (to reduce the volume to surface area ratio), growers can
maximize canopy photosynthesis. In one apple study, shading reduced flower bud formation,
fruit set, and yield (Jackson and Palmer, 1977). More shade produced a greater reduction in
yield, with the most severe shading treatment reducing yield to less than half that of unshaded
trees. Large trees have light available on the edges of the canopy but can be shaded in the center.
Leaves and branches in the shaded part of the canopy will not produce carbohydrates as
efficiently, yet still require carbohydrates for respiration. Some new training systems utilize
narrow (or even planar) canopies to reduce shading and facilitate good spray distribution to

reduce insect pest and disease problems.

Leaf area to fruit ratios and crop load management

Insufficient leaf area can limit fruit growth. Each leaf can only provide a fixed amount of
carbohydrate to support fruit growth. As fruit number increases, carbohydrate supply can become
limiting and result in smaller fruit (Whiting and Lang, 2004). Very productive rootstocks or
varieties may require intervention to prevent over-cropping and small fruit. Increases in the leaf
area to fruit ratio (LA:F) increased fruit size and soluble solids content in sweet cherry (Roper
and Loescher, 1987). Chemical thinners have been developed for apple to reduce crop load.
However, similar work for cherry has not progressed beyond the developmental stages (Whiting
et al., 2006; Whiting and Lelahan, 2006; Schoedl et al. 2009). Currently no thinners are used in

commercial sweet cherry production, and crop load is mostly managed through pruning.
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Removal of fruiting wood and stimulation of new shoot growth will reduce fruit number and

encourage more shoot growth (i.e., more leaf area) to supply the remaining fruit.

This non-fruiting leaf area is important for high fruit quality. When fruit are solely
supplied by leaf area from fruiting spurs, fruit are smaller and have lower soluble solids (Ayala
and Lang, 2004). In a simplified model, a ratio of 2 shoot segments with leaf spurs (including
one segment with fruit) to 1 fruiting spur segment (2:1) is assumed to provide enough
carbohydrate to not limit fruit growth on a three-year-old branch (Lang, 2005). Using this model
as a guide for reducing crop load, it is recommended to remove 25%, 33%, 38.5%, and 42% of
the potential crop load in years 4, 5, 6, and 7, respectively, and then 40-45% in year 8 and

onward to maintain the trees at the 2:1 ratio found in year 3 (Lang, 2005).

Renewal Pruning

Fruit on young wood are larger and have higher soluble solids than fruit on older wood
(Roper and Loescher, 1987). Furthermore, branches with large amounts of old and dying spurs
become a drain on the tree’s resources and reduce efficiency. The goal of renewal pruning is to
remove these less productive branches and re-grow replacements that will produce higher quality
fruit. If branches are thought of as renewable fruiting units, training systems then become a
pattern of renewable fruiting units arranged on a structure of permanent wood. This concept of
tree structure can simplify pruning decisions compared with traditional orchards that require
experience to know which branches to prune and where to make the cuts. Maintenance pruning
for some systems is as simple as removing 20% of the largest fruiting units. This not only
promotes renewal of older branches, but also reduces crop load and encourages shoot growth to

help balance the LA:F ratio. However, renewal pruning might not resolve all fruit quality issues
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on highly-spurred cultivars (Lauri, 2005), and other techniques (such as spur extinction described

below) may be used.

Minimizing waste of carbohydrate resources

Carbohydrate resources can be limited by the amount of leaf area, sunlight, and storage
reserves available to a tree. Each branch requires carbohydrates that could otherwise be allocated
to fruit. Some branches provide structural support (such as the trunk and scaffolds) or essential
leaf area and are a necessary carbohydrate sink. In contrast, branches that are poorly placed or
cause shading utilize carbohydrates that then must be removed through pruning, a loss of
carbohydrates that otherwise could have been allocated to structural wood or fruit production.
Using new techniques (described below), precision branch placement can reduce the incidence of

poorly placed branches and allocate carbohydrate to long-term structural or fruiting branches.

When selecting training systems, important concepts for producing high quality fruit
include 1) good light distribution throughout the canopy, 2) balancing the LA:F ratio (Lang,
2005), and 3) having renewable fruiting branches on minimal permanent wood. An ideal high

density training system will incorporate these concepts and be easy to prune, train, and harvest.

TRAINING TECHNIQUES

Pruning

Dormant pruning is used in both traditional and high density sweet cherry orchards to
remove fruiting wood to balance crop load, remove branches for renewal, or remove poorly

placed, dead, or diseased wood. Two main types of pruning cuts are thinning and heading cuts.
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Thinning cuts are made at the base of the branch to permanently remove branches that may be
diseased or poorly positioned. They help to increase light distribution but do not stimulate as
much re-growth as heading, and thereby reduce potential invigoration that may delay fruiting
(Long et al., 2015). Heading cuts only remove part of a branch above a bud. When a branch is
headed, it causes “reiteration” in which growth tends to replace the removed shoot (Lauri, 2005).
Heading cuts can be used to renew or shorten branches, redirect growth, or stimulate new
growth. Heading also promotes branching, but the resulting branches may be poorly distributed
and/or have acute crotch angles (Hoying et al., 2001). Heading can be used to reduce crop load

(sometimes called tipping) by removing potential fruiting spurs (Long et al., 2015).

Pruning in the summer can reduce the risk of bacterial canker infection. However,
pruning during the dormant season can be used to reduce the following season’s crop, as well as
re-direct spring growth. Pruning during the summer may result in re-growth later in the summer
that could be more susceptible to winter damage. Renewal pruning is usually done with a
heading cut, by removing the branch but leaving a bud for reiteration. When heading with no

visible vegetative buds, a 4-6 inch stub should be left (Long et al., 2015).

Short pruning is a new technique that uses heading cuts to moderate LA:F ratios and
initiate new fruiting laterals. One-year-old precocious shoots are headed to retain the basal
fruiting buds plus 1-3 vegetative buds for new shoot formation. This technique is used

extensively in the Super Slender Axe (SSA) system (Long et al., 2015; Musacchi et al., 2015).
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Techniques for precision branch placement

In sweet cherry, the terminal shoot meristem suppresses the growth of subtending lateral
buds due to apical dominance, a type of paradormancy (Lang et al., 1987). This results in
vigorous top growth and minimal lower canopy development. Although not fully understood, it
is generally accepted that apical dominance is caused by the downward movement of auxin
produced in the terminal meristem which suppresses the growth of the lower buds and branches
(Leyser, 2005). Disruption of this flow of auxin may allow buds to elongate to become shoots. In
training systems that need to distribute branches evenly, different techniques can be utilized to

reduce the effect of apical dominance.

Hormone manipulation

Notching (or scoring), by cutting into the cambium just above a bud (Long et al., 2005),
promotes branch placement by disrupting hormone flow and allowing the bud to begin growing
(Hoying et al., 2001). A moderately coarse blade should be used (about 3/32 of an inch wide)
and the cut should extend through the bark and green cambial layer (Long et al., 2005; Long et
al., 2015). Scoring is effective over a range of dates (Long et al., 2005); however, caution should
be used to avoid times when wounds could become infected by opportunistic pathogens.
Promalin® is a combination of cytokinin (which promotes cell division) and gibberellins (which
promote shoot extension). When applied to buds, it can alter the bud’s hormone levels and cause
a release from paradormancy, but effectiveness can vary by temperature (Lang, 2005). It should
be applied to buds at the green tip stage of bud swell, and is most effective when warm
temperatures follow application (Long et al., 2015). Promalin has also been shown to increase

precocity cropping of ‘Lapins’ on ‘Gisela 11’ (‘Gisela 11’ is more precocious than ‘Mazzard’)
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for the first two years of production ( 3" and 4™ leaf) (Long et al., 2005); this is logical, since
promotion of a greater number of shoots during the first two years would lead to greater numbers
of basal and spur flower buds in subsequent years. The technique of double sectorial pruning can
promote formation of horizontal laterals, presumably by manipulating auxin concentrations.
Branches are pruned to upward-oriented buds instead of a downward-oriented bud. This usually
results in the most terminal new shoot growing vertically, but the secondary and tertiary new
shoots that emerge will grow at more horizontal angles. Later, the most terminal new shoot is

removed, leaving the flatter-angled subtending branches (Brunner et al., 1996).
Bud selection

When a significant portion of the vegetative buds on previous season growth are
removed, the remaining vegetative buds are more likely to be released from paradomancy and
grow into shoots (Lang, 2005; Long et al. 2015). Selective bud removal (selecting buds for
placement of new branches and removing all others) has been more effective than Promalin or
notching for producing laterals from remaining buds (or nodes) in the lower portions of the trunk
(Hoying et al., 2001). Bud removal should be done during warm, dry weather when risk for
bacterial canker infection is low. Furthermore, if some of the remaining buds fail to grow, the

removal of buds can leave gaps in the fruiting canopy.
Bending

Bending can be used to help redistribute growth normally directed to terminals without
creating wounds that might allow pathogen entry. Severe bending causes a reaction similar to

reiteration caused by heading, although not as pronounced (Laurie, 2005). In apple, changing the
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orientation of vertical branches released lower buds from apical dominance (Ferree and Schupp,
2003). As deviation from vertical increased, more buds were released. Timing and degree of
bending is more important in cherry than in apple. Bending below horizontal reduced subsequent
growth of terminal shoots and their subtending shoots, compared to unbent branches. The
number of flower buds, and flowers per bud, increased with bending (Lauri et al., 1998). Some
early high density cherry plantings tried to maintain trees size on full vigor rootstocks through
limb bending, but with questionable success (Long et al., 2005). If bending is used, the increase

in flower buds could necessitate additional manipulations to reduce crop load.

Techniques for crop load reduction

When trying to balance LA:F ratios, tipping of the previous season’s growth can be used
to reduce the future crop load (one year hence). As the growing season progresses, new
vegetative node spacing decreases. This creates a potential future high spur density in the
terminal portion of branches. By removing the future spur-dense region, less wood and leaf area
is removed than if the same crop load reduction was done by removing entire branches. These

tipping heading cuts also stimulate vegetative growth that will help increase the LA:F ratio.

“Spur extinction” is another technique used to permanently reduce crop load. In spur-
dense situations, a portion of the spurs can be removed to reduce crop load. In the Solaxe
training system (a system that utilizes bending), removing 30-50% of fruiting spurs is
recommended to achieve a balance between increasing fruit size and decreasing crop yield

(Claverie and Lauri, 2005).
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HIGH DENSITY TRAINING SYSTEMS

Many different tree architectures have been developed, including spindles, vases, fruiting
walls, and v-shaped trellis systems. Some systems are better suited to dwarfing or vigorous
rootstocks, and performance of particular rootstock and training system combinations will vary
depending on location due to site differences. Some training systems have similar canopy
structures, but establish or manage trees differently. Becoming familiar with the benefits and
requirements of different training systems will help determine which system will perform best

for each orchard.

Spindle and Axe systems

High density training systems have been very successful in apple, which has served as a
model for sweet cherry. Spindle systems provide good light distribution, are minimally pruned,
and utilize branch bending to promote earlier cropping and help control vigor. Several variations
of spindle training have been adapted to sweet cherry. The basic structure is a central leader tree
with varying planting densities depending on training system and rootstock. There are many
variations of spindle training and although many of the following spindles are similar and have
similar names they are presented separately to provide more accurate information. Dwarfing or
semi-dwarfing rootstocks work well for Tall Spindle Axe (TSA), Vogel Central Leader (VCL)
(sometimes called VVogel Slender Spindle [VSS]) and Super Slender Axe (SSA) (Long et al.,
2015). Modified Brunner-Spindle (MBS) works well with semi-dwarfing to vigorous rootstocks
(Hrotko et al., 1998b). TSA can also perform well with a semi-vigorous rootstock (Long et al.,
2015). Zahn Vertical Axe (ZVA), VCL, TSA, and Slender Spindle (SS) have in-row spacing of

about 1.5-2.7 m and between-row spacing of 3.6-4.8 m (Hrotko et al., 1998a; Long et al., 2015;
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Robinson et al., 2004). The MBS is less dense, with an in-row spacing of 3-4 m and between -ow
spacing of 4.8-5.8 m (Hrotko et al., 1998b)). The SSA has the highest density, with in-row
spacing of 0.5-1 m and only 3-3.5 m between rows (Long et al., 2015). Some spindle systems
may require trellising, especially when using a dwarfing rootstock (Lauri, 2005; Long et al.,

2015).

All spindle systems have a permanent central leader, but have different ways of
distributing the fruiting wood that is developed on the leader. Central Leader (CL) trees typically
have 2-3 whorls of scaffolds distributed up the trunk approximately 1 m apart (Whiting et al.,
2005). TSA, VCL, ZVA, and MBS systems all develop a continuous whorl of wide-angled,
lateral branches distributed evenly along the trunk (Hrotko et al., 1998b; Lang et al., 2014; Long
et al., 2015; Robinson et al., 2004). The TSA, VCL, and ZVA systems utilize weights or
clothespins to develop flat laterals (Long et al., 2015; Robinson et al., 2004). Other training
techniques such as double sectorial pruning, heading, and bud removal, are used in various
training systems to promote more horizontal or more evenly distributed branches. Hrotkd (2005)

provided a comparison of particular training techniques for several of the spindle systems.

Renewal pruning is used in most of the spindle systems. The TSA and VCL systems
renew all branches directly off the central leader over about 5 years (Lang et al., 2014; Long et
al., 2015). The Spindle (S) and Slender Spindle (SS) both renew fruiting branches off of a few
permanent scaffolds (Hrotko et al., 1998a; Musacchi et al., 2015). In contrast, the MBS and Free
Spindle (FS) do not include renewal pruning in their training description (Hrotko et al., 1998b;

Meland, 1998).
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Pruning to maintain good light distribution is important. TSA, VCL, and VA are pruned
to resemble a Christmas tree shape with longer branches low in the canopy and shorter branches
toward the apex (Long et al., 2015; Meland, 1998). The ZVA differs from VVCL by being more
densely planted, retaining small feathers at planting, and using bud removal to improve
distribution (Long et al., 2015; Robinson et al., 2004). TSA is based off of both ZVA and VCL.
It uses bud activation techniques (e.g., bud selection or Promalin®) to stimulate a continuous
whorl of branches. Tipping is used to balance crop load and all laterals are renewed over time
(Long et al., 2015). TSA works better than VCL for productive varieties because TSA includes

crop load management (Long et al., 2015).

The SSA is a unique spindle system because fruiting primarily occurs on the basal buds
of precocious one-year-old shoots. This training system is not suitable for varieties that only
produce spur fruit (Long et al., 2015; Musacchi et al., 2015). All fruiting laterals are renewed
each year with short-pruning (Lang et al., 2014; Long et al., 2015; Musacchi et al., 2015). This
training system produces very good quality fruit, but requires very high density because of its
low tree yield. It is a simple training system but requires a lot of labor for the extensive annual

short-pruning (Long et al., 2015).

Where comparison trials have been performed, ZVA had higher cumulative yields per
tree than VCL (in this paper called VSS) (Robinson et al., 2004). The VA system had higher
cumulative yields than FS (Meland, 1998). The S had higher cumulative yields per tree than
SSA, but the SSA had higher cumulative yield per hectare because of the higher planting density
(Musacchi et al., 2015). ZVA has performed better than some of the other spindle systems due to

its high density and minimal pruning. The TSA and SSA systems are being evaluated for

19



performance on precocious dwarfing, semi-dwarfing, and semi-vigorous rootstocks at multiple

sites across North America (Lang et al., 2014).

Vase or Bush types

The Vase-shaped (Vase), Goblet, Kym Green Bush (KGB) and Spanish Bush (SB) are
self-supporting training systems that do not require trellising. These open centered, multi-leader
training systems tend to be planted with semi-vigorous or vigorous rootstocks (Long et al., 2015;

Moreno et al., 1998) because of the amount of vigor needed to build the scaffold branches.

KGB, SB, and Goblet are planted at lower densities of 2-3.5 m between trees and 4-5.5 m
between rows (Green, 2005; Lauri, 2005; Long et al., 2015) and tested spacing for Vase range

from 1.5-6 m in row and 4-6 m between rows (Meland, 1998; Moreno et al., 1998).

All systems are headed at planting to promote branching to develop multiple leaders
(Lauri, 2005; Long et al., 2015; Meland, 1998). The Goblet system ties down branches to
promote wide angles and develops 5-6 scaffold branches which support fruiting wood (Lauri,
2005). Vase, KGB, and SB also are headed during the first dormant season (Long, 2001; Long et
al., 2015; Meland, 1998). The Vase system is left unpruned after scaffold development (Meland,
1998). The KGB and SB systems are headed once more during the following growing season to
develop 12-20 upright leaders for SB and 20-30 for KGB (Green, 2005; Long et al., 2015). SB
leaders are tipped during the second dormant season to promote branching because they fruit on
laterals on the upright scaffold branches (Long et al., 2015). To help manage crop load, the KGB

and SB systems utilize tipping to help balance LA:F ratios (Long et al., 2015).
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Each year SB and KGB require renewal of 20% of laterals or upright leaders,
respectively (Green, 2005; Lang et al., 2014; Long et al., 2015). KGB and SB differ in that the
KGB fruits on renewed vertical leaders, and SB fruits on renewed laterals that arise from the
permanent upright leaders (Long et al., 2015). If there is insufficient tree vigor, the number of
KGB and SB leaders can be reduced to balance vigor with crop load (Long et al., 2015).
Renewal also is used for the Goblet to ensure that fruiting wood on the scaffolds is never more
than 4 years old (Lauri, 2005). The Goblet is a time consuming, labor intensive training system
with delayed production. Furthermore, it allocates a lot of growth to 1-year-old shoots on the
oblique leaders and scaffolds that must be removed (Lauri, 2005). In SB and KGB, severe
pruning delays production, and modifications using bending and chemical treatment have been
used to promote branching in SB without pruning to try to achieve a higher yield in the fourth
year (Pérez, 2005). KGB and SB can be harvested without platforms, providing truly pedestrian
orchards (Long et al., 2015). The main differences between these systems are: 1) the KGB fruits
on spurs on upright leaders that are renewed, 2) SB fruits on lateral shoots that are renewed on
permanent upright scaffolds, 3) the Goblet has fewer upright scaffolds (5-6) than the SB or KGB
and fruits on laterals on those scaffolds, and 4) Vase scaffolds are developed and then left
unpruned. Yields on SB trees have been reported to be lowe than on Palmette, CL, Y-trellis,
ZVA, and VSS trees (Robinson et al., 2004; Whiting et al., 2005). The Vase had less light
interception and more pruning than Palmette and Marchand, which led to a lower cumulative
yield (Moreno et al., 1998). The KGB is currently being evaluated in North America in the NC-
140 trial in comparison to several other canopy architectures (Lang et al., 2014). Severe pruning

in vase and bush systems appears to reduce yield compared to minimally pruned systems such as

21



ZVA and Y-trellis. The tradeoff between reduced cumulative yield and reduced input cost for

these non-trellised systems should be considered for growers considering this training system.

Unique Architectures

The Steep Leader (SL) was designed to mimic a spindle tree but with the single trunk
replaced by 3-4 spindle-like leaders. The SL is usually developed with semi-vigorous or vigorous
rootstocks and is spaced 3-4.8 m within rows and 4.25-5.5 m between rows (Long et al., 2015;
Robinson, 2005). Trees are headed 75-90 cm at planting and wide angles are developed to
provide 3-4 future vertical leaders with a very narrow open center. During the dormant season,
laterals are selected for leaders and are headed or bud-selected to help promote branching along
each leader. These leaders are treated as a portion of a spindle tree, allowing the vigor of the tree
to be dispersed among multiple leaders, but with each leader fruiting and branching like one side
of a spindle. Lower lateral scaffolds and upper lateral shoots are pruned to create a pyramid
shaped tree, and 20% of the laterals are renewed yearly. Tipping may be required if trees are
very productive. The SL is one option for growers who prefer vigorous rootstocks (Long et al.,
2015). The Quad Axis is another four-leader system that has been tested recently. It had the
lowest yield efficiency compared against SS and SB training systems and is not considered a

good candidate for sweet cherry (Robinson and Hoying, 2014).

The single leader Solaxe training system from apple has been adapted for use in cherry.
This system is best with low vigor rootstocks with trees spaced 1.5-2 m within rows and 4.5-5m
between rows, and may require light trellising. Branches are bent to reduce vigor, increase
precocity, maintain tree size and minimize pruning. Summer pruning may be needed to remove

water shoots where growth is bent. Lateral fruiting wood arises directly from the trunk and is not
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renewed. This training system improves precocity and maintains tree height with low vigor
rootstocks. If trees become over-cropped, spur extinction must be used to improve fruit quality.
This system allows for a semi-pedestrian or pedestrian orchard with relatively low labor input,

primarily for bending or tying in lieu of pruning (Lauri, 2005).

Palmette has been used for many different fruit trees and performs well with sweet
cherry. Palmette canopy architectures work better for vigorous trees (Corelli-Grappadelli, 2000).
Typically, trees are spaced 3.5-5 m within rows and 4-7 m between rows. If trees are too close,
the production of lower tiers is lost due to shading (Corelli-Grappadelli, 2000; Moreno et al.,
1998). Trees require trellising, and are grown to form a fruiting wall. They typically have 4-5
permanent scaffolds trained in a single plane on a trellis, with laterals grown toward the alleyway
to bear fruit (Whiting et al., 2005). Well-feathered trees are used at planting, although heading
can be used to encourage branching if the trees are not well feathered. The leader and tiers of
branches are selected in following years to form a hedgerow (Corelli-Grappadelli, 2000). Not
heading the leader can bring the palmette into earlier production. This system provides good
light interception, good distribution of vigor, and reduced mature pruning to help compensate for

the early expense and labor associated with trellising and training.

The Marchand or Marchant Inclined Tree canopy also forms a fruiting wall. Tree spacing
is 2.4-3.5 m within the row and about 4 m between rows (Moreno et al., 1998; Robinson et al.,
2004). Trees are planted at 45° and leaders are trained to the trellis at 60°. Side branches and
buds under the leader are removed, and remaining buds are thinned to 20 cm apart. Laterals are
trained to 45° above horizontal (Robinson et al., 2004). This is similar to the Upright Fruiting

Offshoot (UFO) training system (discussed below) except that the leader and laterals maintain a
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diagonal orientation instead of horizontal and vertical. Marchant trees had lower yield and yield
efficiency than expected for its density, suggesting this system does not work well for sweet

cherry (Robinson and Hoying, 2014).

The UFO system creates a narrow fruiting wall somewhat similar to the Marchand. It is
recommended for semi-dwarfing to vigorous rootstocks, with trees spaced 1.2-2.1 m within the
row and 2.7-3 m between rows depending on rootstock vigor (Long et al., 2015). Unheaded and
unbranched trees are planted at an oblique angle. Bud activation techniques (e.g., bud removal or
scoring) are imposed on upper-oriented buds every 20 cm. When shoots are 30 cm long, the
nursery tree leader is attached to the lowest trellis wire, creating a horizontal cordon. Multiple
upright shoots arising from the cordon are attached to upper trellis wires to develop into a
fruiting wall. Secondary laterals that form on uprights are either removed (for productive
varieties) or short pruned (for less productive varieties) (Long et al., 2015). Each year, 15-20%
of the largest uprights should be renewed to help balance vigor and reduce shading (Lang et al.,

2014; Long et al., 2015).

The UFO system can be adapted to a Y-shaped canopy with the use of semi-dwarfing to
vigorous rootstocks, but with a closer in-row spacing of 0.9-1.8 m and wider between-row
spacing of 3.7-4.3 m (Long et al., 2015). Planting is the same as UFO except that upper buds are
retained every 10 cm. The UFO-Y uses a y-shaped trellis with each plane 20-30° from vertical.
Upright shoots arising from the cordon are attached to the trellis in an alternating pattern to
distribute the uprights to form two planar canopies angled into the adjacent tractor alleys.
Renewal practices are similar to UFO (Long et al., 2015). UFO-Y has a higher yield potential per

orchard area due to greater light interception. Establishing UFO and UFO-Y training systems are
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expensive and labor-intensive compared to other training systems. However, they also provide
simplified training, pruning, and crop load management during the overall life of the orchard,
allowing the use of a less-skilled labor force. The planar architecture also can facilitate at least

partial mechanization of orchards for pruning or possibly even harvest.

Other training systems have also utilized a divided canopy to improve light distribution.
The untrellised Perpendicular V (PV) and Y-trellis are both developed by heading the nursery
tree and growing two laterals toward the row middle (Meland, 1998; Robinson et al., 2004). In
the second year, lateral shoots are promoted along the V leaders in the PV system by removing
67% of the buds (Robinson et al., 2004). The two main scaffolds of the Y-trellis are attached to a
trellis with 60° between them and the subscaffolds and fruiting laterals arising from them are
trained to the trellis (Whiting et al., 2005) and upright shoots in the middle of the V are removed
(Meland, 1998). The Tatura Trellis (TT) (originally developed for vigorous rootstocks) creates
two scaffolds that grow over the alleyway on a V-trellis (Robinson, 2005). The TT uses minimal
pruning, removing only water shoots and pendant shoots. Renewal pruning is used to promote

production on spurs less than 3 years old (Lauri, 2005).

V-shaped canopy architectures also have been developed without heading. In Taturaxe
(Lauri, 2005), 30° V-spindle, 60° V-shaped trellis hedge ((Balmer, 2001), and V-system
(Musacchi et al., 2015), the V-shape is achieved by planting trees at 20°-60° from vertical and
leaning them on a V-trellis, alternating the direction of each tree. This increases light
interception, but avoids the severe pruning of the headed systems that can delay production.
However, remedial pruning is necessary to remove shoots that grow inside the V-canopy planes

(Lauri, 2005). Yield for the Y-trellis declined with age, resulting in similar cumulative yields per
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hectare to Vase and VA canopies, and slightly higher cumulative yields than FS when all are
planted at the same density (Meland, 1998). The PV outyielded the SB, Marchand and CL
(Robinson and Hoying, 2014). Cropping of the 60° V-shaped hedge decreased as it aged
(Balmer, 2001). The V-system had a lower yield than S trees, but came into cropping earlier and,

because of its higher density, had higher yields per hectare (Musacchi et al., 2015).

TRAINING SYSTEM TRENDS

A major goal of high density training systems is to maximize early yield without reducing
fruit quality. Some systems do this by increasing density, minimizing pruning, and/or balancing
crop load. Understanding the tradeoffs inherent in the different training systems is essential for
determining the best training system for an orchard. Increasing tree density to the optimal
spacing increases Yyield per hectare (Meland, 1998), but it also raises orchard establishment costs.
Less than optimal density reduces precocious yields, while greater than optimal density can
reduce mature yields due to shading or excessive pruning. Minimal pruning usually brings trees
into cropping earlier, and spindle systems that use little pruning (such as ZVA and VCL) tend to
have high yield efficiency and cumulative yields, although they may not be the most precocious
systems (Meland, 1998; Robinson et al., 2004). The SSA system requires intense pruning and
high tree density, but it produces high quality fruit with a simplified training program and can
achieve high yields per hectare (Musacchi et al., 2015) but yields per hectare can vary widely

among cultivars

When evaluating production costs, labor availability and cost will determine if pedestrian
orchards will significantly reduce harvest expenses. Most bush-type training systems facilitate
pedestrian orchards which simplify harvest and do not require trellising (Long et al., 2015).
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However, they have low early yield because of the significant early pruning needed to develop
the canopy structure. Spindle systems are semi-pedestrian orchards, requiring moderate use of
ladders (Long et al., 2015). Some of the trellised systems facilitate pedestrian orchards, but the
trellis needed for training the canopies of such systems as the UFO or divided V canopies, or for

support of trees on weaker rootstocks, increase establishment costs.

When comparing training systems, V-shaped canopies can achieve high early yields, but
remedial pruning may be needed for branches that grow in the interior of the V-structure,
resulting in carbohydrate loss. The most promising current dual-plane systems are the PV, V-
system, (Musacchi et al., 2015; Robinson and Hoying, 2014) or the UFO-Y. The UFO-Y should
perform well because most of the upright growth (which requires removal pruning in other
systems) can be attached to the trellis to prevent shading and then be removed in the renewal
process if needed. The UFO system has the potential for mechanized harvest or pruning, which
makes it advantageous where labor is scarce or expensive. The ZVA and TSA are high yielding
due to their minimal pruning and high density. The KGB shows promises as a low cost, lower
yielding option for growers who want to avoid trellising. Continued evaluation is needed for the
newest systems such as TSA, KGB, UFO, UFO-Y, and SSA to assess their performance in

various sites and with different rootstocks.

Many factors should be considered in training system selection. Different varieties have
higher yields depending on training system (Long et al., 2015; Moreno et al., 1998; Musacchi et
al., 2015). This could be related to different genotypi propensities for spur or non-spur fruit.
Rootstock influences on vigor, growth habit, and reproductive development must be

appropriately matched with training system to optimize canopy development, vigor and LA:F
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ratios. Balancing the tradeoffs associated with different training systems and rootstocks will
require combinations that are tailored to the needs of each orchard situation. Labor availability,
availability of quality planting sites, use of nets or coverings, trellising, possible mechanization,
and initial capital can impact training system selection. A sound understanding of the benefits
and requirements of each system will help growers pick the one that will work best for their

orchard.
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CHAPTER 2: PLANTING ANGLE AND MERISTEM MANAGEMENT INFLUENCE
SWEET CHERRY CANOPY DEVELOPMENT IN THE “UPRIGHT FRUITING

OFFSHOOTS” TRAINING SYSTEM*

INTRODUCTION

High density tree training systems are important for overcoming some of the challenges
of sweet cherry (Prunus avium L.) production. Cherry fruit are susceptible to many pests and
diseases, rain-induced cracking, and bird damage, requiring multiple sprays for pests, rain
covers, and nets to ensure marketable crops in locations prone to rain during ripening. High
density training systems can make sweet cherry production more efficient, by reducing pesticide
and herbicide use and facilitating mechanization of orchards and the use of nets and covers for
fruit protection. Recent developments in rootstocks have provided precocious fruiting and
dwarfism (Lang, 2000), and allowed high density training systems to be developed (Lang, 2005;

Lang et al., 2014; Musacchi et al., 2015; Robinson, 2005).

There are several important factors to consider when designing a high density training
system to maximize yields, minimize disease, and facilitate easy pruning and harvesting.
Training goals for producing high quality fruit include 1) good light interception and distribution
by the canopy, 2) a balanced leaf to fruit ratio (Lang, 2005), and 3) renewable fruit-bearing sites
on minimal permanent structure. A good high density training system should address these

principles and be efficient to prune, train, and harvest. The “Upright Fruiting Offshoots” (UFO)

‘Reprint of: Law, T.L. and G.A. Lang. 2016. Planting angle and meristem management influence
sweet cherry canopy development in the “Upright Fruiting Offshoots™ training system.
HortScience 51: 1010-1015.
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training system develops a trellised, planar multiple leader tree to create a narrow fruiting wall
with evenly-distributed vertical fruiting branches (or “uprights”) along a cordon-like trunk (Long
et al., 2015). This provides a tall, narrow fruiting canopy that is easy to train and prune for
renewal of uprights. The UFO system’s planar architecture and pedestrian size also help increase
harvest efficiency (Ampatzidis and Whiting, 2013). The light interception of UFO orchards has
been described (Zhang et al., 2015), however, too few or uneven spacing of fruiting uprights
creates gaps in the fruiting wall and reduces orchard efficiency by failing to optimize both
interception and distribution of light throughout the canopy. Little work has been published to
determine how to achieve the ideal canopy structure and maximize early shoot growth for UFO

trees.

Sweet cherry trees exhibit strong apical dominance (the suppression of subtending buds
by the shoot terminal) resulting in vigorous top growth and minimal branch development lower
in the canopy. It can be difficult to redistribute that vigor during the first year of establishment
into balanced secondary shoots along the trunk, whether oriented vertically or horizontally. The
mechanism of apical dominance is not fully understood, but it is generally accepted that basipetal
transport of auxin produced in the terminal meristem suppresses growth of lower buds and
branches (Leyser, 2005). Different training techniques can alter shoot growth patterns. In apple
(Malus x domestica Borkh.), changing the orientation of vertical branches released lower buds
from apical dominance (Ferree and Schupp, 2003). As deviation from vertical increased, more
buds were released. Bending sweet cherry branches below horizontal reduced subsequent growth
of the leader and subtending shoots, compared to unbent branches (Lauri et al., 1998). Bending
also increased the number of flower buds and flowers per flower bud. Placing sweet cherry

trunks horizontally caused a reduction in shoot growth, relative to upright trees, by reducing
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node number and internode spacing (Wareing and Nasr, 1961). The more horizontal orientation
of the trunk in the UFO system may partially reduce the effects of apical dominance, but that

alone will not ensure well-distributed uprights.

Various techniques have been used to promote precise placement of new branches,
enabling efficient use of storage reserves during tree establishment. In sweet cherry, heading cuts
can promote branching, but the branches are poorly distributed and have acute crotch angles
(Hoying et al., 2001). Other technigues to alter meristem outgrowth include the topical use of
Promalin® (containing gibberellic acids 4 and 7 and 6-benzyladenine) to alter the hormone
balance at a bud and cause it to elongate into a new shoot, but effectiveness can vary due to
temperature (Lang, 2005). Notching (or scoring), by cutting through the bark and phloem just
above a bud, facilitates branch placement by disrupting hormone flow and promoting elongation
of the bud into a new shoot (Hoying et al., 2001). Another meristem management technique is
bud selection and removal. When a portion of buds are removed, the remaining buds are more
likely to grow into shoots (Lang, 2005). Selective bud removal (selecting buds to be retained for
placement of branches and removing all others) has been more effective than Promalin® or
notching for producing laterals from remaining buds (or nodes) in the lower portions of the trunk
(Hoying et al., 2001). However, with bud selection or notching, caution should be taken to
remove buds during warm, dry weather when risk for bacterial canker infection is low.

Furthermore, gaps may be left in the canopy if any of the selected buds fail to grow.

Current recommendations for UFO tree training are to use precocious rootstocks, such as
the Gisela series, to bring trees into production quickly (Long et al., 2015). Trees on precocious

rootstocks enable earlier yields, but they can be susceptible to poor structural development
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and/or overcropping if poorly managed (Lang, 2001; Long, 2001). Understanding how fruiting
branches develop can help growers make wise training and pruning decisions to maximize early
yields. The year a shoot forms, a single leaf is produced at each node. The next year, that shoot
usually forms a small number of non-spur flower buds at its basal nodes which then become
blind wood after fruiting (Lang, 2005). The other nodes each form non-fruiting leafy spurs with
5-9 leaves. In the third (and subsequent) years, those nodes will be the fruiting spurs that will
bear fruit until they become damaged or diseased. This fruiting progression often brings trees on
Gisela rootstocks into significant flowering in the 3" or 4™ year in the orchard. These different
populations of fruit-bearing sites (one-time non-spur fruiting nodes and multi-year fruiting spurs)
illustrate how shoot growth in the first year becomes minor fruiting area in year 2 and significant
fruiting area in year 3. This underscores the importance of maximizing canopy shoot growth in

the first year to optimize yield potential from fruiting spurs in year 3 and beyond.

Successful development of the UFO fruiting wall canopy architecture requires several
decisions to be made at planting or soon thereafter. First year establishment of UFO sweet cherry
trees was investigated to determine the effects of planting angle, height of cordon bending to
horizontal, and selective bud removal on number of structural shoots, shoot growth and

distribution, and early fruiting potential.
METHODS AND MATERIALS

Unbranched (whip) nursery trees of ‘Rainier’ on ‘Gisela 3°, with a central leader about
1.5 m long, were divided into 12 treatments and planted at a spacing of ~1.5 m. The first
experimental factor was trunk angle, with the trees planted at 30°, 45°, or 60° from horizontal

(Fig. 1.1). Imposed on the angle factor in early summer was the height at which the trunk was
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attached horizontally to the first trellis wire, 45 cm or 60 cm, and bent to form the horizontal
cordon (Fig. 1.1). The last factor was bud selection, either leaving all buds intact or removing
nearly all buds except one upward oriented bud every =15 cm. If no upward bud was present, a

side bud was used instead.
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Figure 2.1. Dormant ‘Rainier’/‘Gisela 3° sweet cherry trees after two growing seasons
trained to the Upright Fruiting Offshoot (UFO) canopy architecture illustrating planting
angle (30°, 45°, or 60°), cordon height (45 cm or 60 cm), and A) no bud selection at planting
vs. B) bud selection imposed at planting.
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Six single-tree replications were planted in mid-May of 2010 in a Randomized Complete
Block Design at the Clarksville Research Center in Clarksville, MI (lat. 42.8°N, long. 85.2°W) in
a coarse-loamy, mixed, mesic Typic Hapludalf soil of the Lapeer series. Trees were irrigated and
sprayed for pests as needed, and weed barrier fabric (Dewitt Pro 5, Dewitt Co., Sikeston, MO)
was used for weed control. Data were taken in fall 2010 for shoot number, length, and spatial
distribution, and in spring 2011 for flower bud number (i.e., spur flower buds on the cordon and

basal flower buds on the upright shoots).

The length of each upright shoot was measured from its base to its tip. Meristem growth
was considered to be a shoot if it was at least 2.5 cm long. Average shoot length was determined
by dividing the total shoot length by the number of shoots. Shoot distribution data were
quantified by measuring the distance from the base of the tree to each upright. The trunk was
then divided into three equal segments and the data for uprights within each segment were
segregated for distributional analysis. Segments were designated as basal (closest to ground),

middle, and distal (terminal segment).

Yield potential for the first five years of the orchard was determined by counting the
number of flower buds in spring 2011 and extrapolating future yield potential based on initial
shoot growth, spur and shoot basal flower bud density, and multi-year data for shoot growth
from other trees on ‘Gisela 3’ rootstocks trained to UFO. On bud-selected trees (where all spurs
were removed), all flower buds were basal. On the trees without bud selection, spur bud number
was derived by subtracting the number of basal buds from the total number of flower buds. Spur
flower bud density was calculated based on the 150 cm length of the cordon leader minus the

cumulative 20 cm portion from which upright shoots arose (i.e., 33 spur flower buds / 130 cm =
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0.25 spur flower buds/cm). Shoot growth rates (as a proportion of previous season average shoot
length) in Years 2, 3, and 4 were 2.7, 1.3, and 0.5, respectively, based on multi-year annual shoot
growth measurements from an adjacent UFO-trained ‘Benton’/Gisela 3” plot. For example,
projected mean shoot length in Year 2 for the pooled bud-selected treatments used the actual
growth in Year 1 plus 2.7X the growth in Year 1 (17.6 cm + [2.7 x 17.6] = 65.1 cm/shoot). The
projected shoot length in Year 2 was used to project total spur flower bud formation in Year 4
(since two years are required for spur formation), such that 8 shoots x (65.1 cm x 0.25 flower
buds/cm) = 130 spur flower buds. To this value was added the number of basal flowers buds
(assumed to be constant for each year’s previous shoot extension) as well as spur flower buds on
the cordon for the no bud-selection treatments. Bud density on flowering spurs was assumed to
not be affected by differences in total shoot growth. Basal flower buds on upright shoots were
assumed to set the same number of fruit per bud as spur flower buds, which was calculated using
a value of 2.5 fruit per bud. Potential fruiting on lateral shoots was not considered since any
lateral shoots that form are removed annually in the UFO training system. Projected yields per
hectare were then estimated from number of fruits per tree, 12 g per fruit, and 2222 trees per
hectare (a tree spacing of 1.5 m x 3.0 m). Potential heavy crop load and reduced shoot growth of
trees without bud selection could result in fewer flowers or smaller fruit than bud selected
treatments. This model was designed to be biased in favor of treatments without bud selection to
be more conservative when discussing increases in yield caused by bud selection treatments. It is

possible that the yield of trees without bud selection could have even lower yields than projected.

Statistics included analysis of variance (ANOVA) using Proc Mixed in the Statistical
Analysis System (SAS) program (SAS Institute Inc., Cary, NC). All pairwise comparisons were

done with t-tests using the LSmeans pdiff option and reported as significant if they had a p-value
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< 0.05. A natural logarithmic transformation was use for the average shoot length per tree and

means were back transformed for the paper.
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RESULTS

The angle at planting and bud selection had some independent and some synergistic
effects (Tables 1.1 and 1.2) on number of shoots, total and mean shoot length, shoot distribution,
and number of flower buds. Number of shoots was only significant for angle and the angle x bud
interaction (Table 1.1). Trees developed 7 shoots when planted at a 30° angle, and 8 to 9 shoots
when planted at 45%r 60° (Table 1.3). Bud selection only significantly impacted the number of
shoots for trees planted at 30° angles. Without bud selection, trees at 30° only grew 6 shoots, but
with bud selection 8 shoots developed (Table 1.3). However, total shoot number for treatments
without bud selection included not only the structurally-desirable upright shoots (which
predominated in the bud selection treatments), but also undesirable horizontal and downward-

growing shoots that developed from the sides and bottom of the cordon.
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Table 2.1. P-values from ANOVA testing the effects of Angle, Height, Bud
selection (Bud), and all interactions for shoot number, total shoot length, mean
shoot length and flower bud number.

Effect Shoot Total Mean Flower
number  Shoot Shoot Bud
Length  Length  Number

Angle 0.0043 0.0012 0.0217 0.0189
Height 0.1737 0.0046  0.0369 0.131
Bud 0.7022 <.0001 <.0001 <.0001
Angle x Height 0.6169 0.7388 0.6641  0.1933
Angle x Bud 0.0495 0.0117 0.0788 0.0822
Height x Bud 0.2467 0.2828 0.1227 0.9341
Angle x Height x Bud 0.0782 0.0748 0.3923  0.4155

Table 2.2. P-values from ANOVA testing the effects of Angle, Height, Bud
selection (Bud), and all interactions for shoot number and average shoot length
in basal, middle, and terminal thirds.

Effect Basal Third Middle Third Terminal Third
Shoot Shoot Shoot Shoot Shoot Shoot
No. Length  No. Length No. Length
(cm) (cm) (cm)
Angle 0.4047 0.2884 0.0267 0.8731 0.0078 0.0007
Height 0.2583 0.0839 0.6909 0.1015 0.0689 0.0814
Bud 0.001 0.0004 <.0001 <.0001 <.0001 <.0001
Angle x Height 0.1169 0.1789 0.4334 0.5629 0.9886 0.3844
Angle x Bud 0.019 0.0582 0.6187 0.1083 0.0068 0.061
Height x Bud 0.2583 0.3459 0.8423 0.7663 0.1722 0.2458
Angle x Height x Bud 0.0053 0.1419 0.5046 0.2516 0.4344 0.2426
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Table 2.3. Establishment season shoot number, total shoot length (cm), mean
shoot length (cm), and following season flower bud number for planting angle
(30°, 45°, and 60°), meristem management [bud selection (B) and no bud
selection (NB)], treatment combinations of angle and bud selection, and cordon
height (45 or 60 cm) of ‘Rainier’ sweet cherry trees on ‘Gisela 3’ trained to the
Upright Fruiting Offshoots (UFO) canopy architecture.

Treatment Shoot No. Total Shoot Mean Shoot Flower Bud
Length (cm) Length (cm) Number

30° 7.0 b 91.0 b 112 b 28 ab

45° 9.2 a 128.8 a 140 a 23 b

60° 88 a 1244 a 126 ab 32 a

B 84 a 1483 a 176 a 12 b

NB 83 a 80.9 b 8.9 b 45 a
30°/B 81 a 1331 b 16.2 a 13 ¢
30°/NB 6.0 b 46.3 d 75 c 47 ab
45°/B 87 a 1435 ab 177 a 11 ¢
45°/NB 9.7 a 114.2 b 11.1 b 35 b
60°/B 86 a 168.3 a 19.1 a 13 ¢
60°/NB 91 a 805 ¢ 8.4 a 53 a

45 cm 87 a 127 a 13.7 a 23 a

60 cm 80 a 101 b 116 b 31 a

“Data were pooled to analyze effects of planting angle, meristem management, and cordon
height.

YStatistical significance of means comparisons were done with t-tests and means in the same
column followed by the same letter are not significantly different at p < 0.05.

When pooling data to examine trunk angle effects, total shoot length was highest (124 or
129 cm) for trees planted at 45° and 60°, which was 30% higher than for the trees at 30° (91 cm)
(Table 1.3). Across treatment combinations, bud selection increased total shoot length by 85%
(148 cm vs. 80 cm). The greatest impact of bud selection on total shoot length was for trees
planted at 30° and 60°, which increased by 185% and 100%, respectively, compared to the
corresponding treatments without bud selection. Trees planted at 45° had the highest total shoot

length without bud selection, and growth increased by only 25% when bud selection was applied
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(Table 3). Bud selection also increased average shoot length across the entire tree 97% compared
with no bud selection. Average shoot length on trees planted at 30° and 60° angles increased by
116% and 127%, respectively, with bud selection. Average shoot length for trees planted at 45°

only increased 59% with bud selection (Table 1.3).

The height at which the angled trunk was bent to the wire to create the cordon did not
significantly affect shoot number, though it did affect total and average shoot length (Table 1.1).
Establishment year shoot growth was 101 cm for trees bent at 60 cm, compared to 127 cm for
those bent at 45 cm. Thus, bending at 45 cm caused a 20% increase in total shoot length
compared to bending at the higher height. Average shoot length increased from 11.6 cm to 13.7

cm for the 45 cm height compared to 60 cm (Table 1.3).

Flower bud number in Year 2 was significantly affected by both angle and bud selection
(Table 1), but the affect of bud selection was more pronounced. Across all treatments with no
bud selection, flower bud number per tree was 45, but only 12 for treatments with bud selection
(Table 1.3). Without bud selection, flower bud number ranged from 35 (trees at 45°) to 53 (trees
at 60°). With bud selection, flower bud number did not differ significantly by tree planting angle,
ranging from 11 to 13 (Table 1.3). Height of bending to form the cordon did not affect flower

bud number significantly (Table 1.1).

Shoot distribution was impacted significantly byangle, bud selection, and the interactions
of angle x bud selection and angle x height x bud selection (this last was only significant for
shoot number in the basal third) (Table 1.2). Across treatment combinations, trees without bud
selection averaged only half as many shoots in the basal (0.6 vs. 1.2) and middle (1.3 vs. 2.6)

sections of the cordon, compared to the bud selection treatments (Table 1.4). Although the trees
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without bud selection had higher shoot numbers in the terminal section (6.4 vs. 4.6), these shoots
were too close together (6 to 8 cm apart on average) compared to the bud selection trees (8.5 to
11 cm apart), considering that ideal spacing is 15 to 20 cm apart. Trees planted at 30° and 60°
had an increase of 0.5 and 1.1 shoots, respectively, in the basal section when bud selection was
applied. Trees planted at 45° had an increase of only 0.1 shoot in the basal section with bud
selection. The middle section had an increase of 1.7, 1.4, and 1.0 shoots in the 30°, 45°, and 60°
treatments, respectively. In the terminal section, the 45° and 60° treatments that were not bud
selected had 7.1 or 7.3 shoots, respectively, and all other treatment combinations were not

statistically different from each other, ranging from 4.4 to 4.8 shoots (Table 1.4).

Bud selection also increased average shoot length in each section of the cordon (Table
1.2). Across treatments, bud selection increased average shoot length by 330%, 185%, and 93%

for the basal, middle, and terminal sections, respectively (Table 1.4).

47



Table 2.4. Mean number of shoots and shoot length in the basal (closest to
ground), middle, and terminal thirds of the trunk (cordon), for meristem
management (bud selection [B] and no bud selection [NB]) and planting angle
(30°, 45°, and 60°) treatment combinations of ‘Rainier’ sweet cherry on ‘Gisela
3’ trained to the Upright Fruiting Offshoots (UFO) canopy architecture.

Treatment Basal Third Middle Third Terminal Third
Shoot No. Shoot Shoot No. Shoot Shoot No. Shoot
Length Length Length
(cm) (cm) (cm)
B 1.2 @ 142 a 26 a 174 a 46 b 184 a
NB 06 b 3.3 b 13 b 6.1 b 6.4 a 9.5 b
30°B 1.1 ab 104 ab 23 a 189 a 47 b 160 b
30° NB 0.6 bc 1.7 Cc 06 ¢ 2.9 c 46 b 7.9 d
45° B 1.1 ab 9.1 ab 28 a 148 ab 48 b 18.6 ab
45° NB 1.0 ab 6.4 b 1.4 Dbc 9.5 bc 73 a 11.8
60° B 1.3 a 23.0 a 28 a 186 a 44 b 20.7
60° NB 02 ¢ 1.7 c 1.8 ab 5.6 c 71 a 8.7 cd
45 cm 10 a 115 a 19 a 13.7 a 58 a 14.9

60 cm 08 a 6.2 a 20 a 100 a 52 a 13.2

*Data were pooled to analyze effects of meristem management, and cordon height.
YStatistical significance of means comparisons were done with t-tests and means in the same
column followed by the same letter are not significantly different at p < 0.05.
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DISCUSSION

When establishing high density orchards on precocious rootstocks, new structural shoot
growth and distribution is important for early canopy development. Since first year tree growth
on ‘Gisela 3’ creates sites for fruiting spurs in Year 3, structural shoot growth in the first year
impacts early yield potential. The goal in establishing a UFO tree structure is to develop well-
distributed upright shoots and maximize vertical shoot growth in the trellis plane. This optimizes
yield potential, facilitates good light interception and distribution, good spray penetration, and

reduces losses of storage resources from remedial pruning of poorly-placed shoots.

Recommended spacing for UFO upright shoots is ~20 cm (Long et al., 2015). With a 150
cm nursery tree and an in-row spacing of 120 (for trees planted at a 60° angle) to 140 cm (30°
planting angle), 6 to 7 vertical shoots arising from the horizontal cordon structure are needed to
fill the canopy. In this study, the target shoot number was achieved in all treatment combinations
except the 30° angle without bud selection (which would require 7 shoots), though not all of the
resulting shoots were oriented vertically in the treatments without bud selection. Unfortunately,
upright vs. non-upright shoot orientations were not quantified. Among the treatments without
bud selection, a 45° planting angle gave the best total shoot length, number, and distribution
(Fig.1.2A-C). However, all of the treatments without bud selection had poor shoot distribution in
the basal and middle sections of the cordon, and an excessive number of shoots in the terminal

section that would ultimately result in removal of perhaps 50% due to crowding.

Bud selection improved shoot distribution, orientation (since top-selected buds always
grew vertically), and growth uniformity (Fig.1. 2D-F). The number of shoots increased in the

basal and middle sections of the cordon and decreased in the terminal section. For shoot
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distribution, bud selection was more important than angle, overcoming most of the disadvantages
of the 30° angle. Bud selection made planting angle insignificant for vertical shoot number,
distribution, and average length. Bud selection has been reported to promote lateral branching in
central and multiple leader sweet cherry training systems (Hoying et al., 2001) and, in this study,
increased desirable shoot number and improved distribution of future fruiting structure in the

cordon leader-based UFO training system.
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Figure 2.2 Schematic diagram of ‘Rainier’/*Gisela 3’ sweet cherry shoot formation and
growth during the year of planting for Upright Fruiting Offshoots (UFO) tree canopies
planted at 30°, 45°, or 60°. Diagrams depict positioning of the “cordon” portion of the
leader at a height of 45 cm for simplicity, though the data are the combined means of
results at both 45 cm and 60 cm. Dotted background lines depict partitioning of canopies
into three equal sections to quantify locational shoot distribution. A. 30° with no bud
selection, B. 45° with no bud selection, C. 60° with no bud selection, D. 30° with bud
selection, E. 45° with bud selection, and F. 60° with bud selection. Note that diagrams A-C
(no bud selection) indicate shoot positions and lengths where growth occurred, but not all
shoots were oriented upright as is depicted.

In training UFO trees, once optimal upright shoot number and distribution are attained,
the next canopy development goal is to maximize shoot growth. Trees bent at a 45 cm trellis wire

height to create the UFO cordon had 20% more total shoot length compared with trees bent at 60

51



cm (Table 1.3). Height of the bottom trellis wire affects the length of the cordon in the UFO
canopy architecture. For a 150 cm nursery tree, the approximate length of the horizontal portion
of the cordon leader at a 45 cm wire height is 60, 86, or 98 cm for planting angles of 30°, 45° and
60°, respectively (Fig. 1.2). At the 60 cm wire height, these lengths are reduced to 30, 65, and 80
cm, respectively. This could explain the effect of bending height on total length of shoots arising
from the cordon. Apple branches that were horizontal produced more water sprouts, which
formed earlier and grew longer, than branches at less horizontal angles (Hamzakheyl et al.,
1976). At the 45 cm wire height, a greater proportion of the cordon length is horizontal compared
with that at 60 cm. However, although the increased horizontal length was related to increased
total shoot length in bud-selected treatments, this was not the case in treatments without bud
selection. Bud selection independently increased total shoot length, regardless of planting angle.
Maximum new shoot growth was achieved with a 60° planting angle and bud selection. This
could due to a greater length of horizontal cordon than the other angles. However, without bud
selection, 60° had significantly less growth than 45°. Sweet cherry branches that were bent below
horizontal form more flower buds (Lauri et al., 1998) and in our study, non-bud selected 60° had
more flower buds (largely spur flower buds) than non-bud selected 45°. These spurs and
increased flower buds appear to compete with shoot growth for resources. Removal of these
spurs by bud selection eliminated the competition and may have allowed for increased shoot
growth. Without bud selection the 45° angle had the most shoot growth. This could be because it
had less of the trunk horizontal than 60°. The 30° angle also had less shoot growth than the 45°,
possibly because the angle was not very different for horizontal which may have increased the
number of flower buds. This 30° angle may have physiology more similar to a fruiting lateral,

than a terminal shoot. The 45° angle may strike the right balance when bud selection is not used.
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It may have enough of the cordon diagonal to increase growth, but not enough horizontal cordon

length to increase flower bud number therefore competition for resources.

Although the UFO trees developed by bud selection generally created canopies closest to
the target upright shoot number as well as having the best vertical shoot distribution and total
length, the trees without bud selection were significantly more precocious, with 3.75 times the
number of flower buds in Year 2 (Table 1.3). This was because bud selection removed meristems
on the cordon that would have developed into fruiting spurs. To evaluate the economic trade-off
of early canopy structural development vs. precocious cropping, projected future yields through
Year 5 were calculated from the pooled data for trees with and without bud selection. Both sets
of data average about 8 upright shoots, which was considered to be sufficient for projecting a
well-structured future UFO canopy. Therefore, the measured total flower bud count on the bud-
selected trees represents the number of basal flower buds that would be expected to form at the
base of each year’s extension growth on the 8 upright shoots annually (Table 1.3). The 33 spur
flower buds present on the cordon of the trees without bud selection are assumed to persist
through Year 5. The number of spur flower buds that begin appearing in Year 3 is directly
proportional to the shoot growth from Year 1, and the increase in these spur flower buds in Years
4 and 5 are proportional to the projected shoot growth in Years 2 and 3. While some of the
shoots that form without bud selection tend to be poorly located or downward growing, this
possibility was not taken into account in the potential yield projections; all 8 shoots on each
group of trees were assumed to grow vertically and at equal growth rates (therefore, any effect of

differential crop loads also was not taken into account).
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The estimated potential yield on a per orchard basis was 3.0 t/ha in Year 2 for the trees
without bud selection, an impressive level of precocity, and far higher than that for the bud-
selected trees at 0.8 t/ha (Table 1.5). Projected yields in Year 3 continued to be higher, 4.2 vs.
3.1 t/ha, for the trees without bud selection. However, projected annual yield for the bud-selected
trees surpassed that of the non-bud-selected trees in Year 4, 9.5 t/ha vs. 7.4 t/ha, as did
cumulative yield in Year 5, 34.2 t/ha vs. 27.7 t/ha. The average length (225 cm) of the 8 vertical
shoots of the bud-selected trees is projected to have essentially filled a 2.5 m trellis by the end of
Year 4 and reached full productivity by Year 5, while the trees without bud selection are
projected to have only filled half their allotted canopy space. At the end of Year 5, the projected
yield differential would be 6.5 t/ha; at a crop value of $6,000 per ton, the projected economic

differential would be $39,000 per ha higher for the bud-selected trees.
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Table 2.5. Projected year-by-year shoot growth, flower bud formation, and
yield potential during establishment, comparing bud selection [B] and no bud
selection [NB] for ‘Rainier’ sweet cherry on ‘Gisela 3’ trained to the Upright
Fruiting Offshoots (UFQO) canopy architecture.

Mean Total Total Total Total Total Cumula-
length spur basal spur flower yield®  tive yield
per flower flower flower buds / (t/ha) (t/ha)
upright budson  budson  budson tree
shoot the upright upright (no.)
Year (cm) cordon shoots shoots

(no.) (no.) (no.)

Bud Selection (B)

1 17.6 0 0 0 0 0 0

2 65.1 0 12 0 12 0.8 0.8
3 149.7 0 12 35 47 3.1 3.9
4 224.6 0 12 130 142 9.5 13.4
5 0 12 300 312 20.8 34.2

No Bud Selection (NB)

1 8.9 0 0 0 0 0 0

2 329 33 12 0 45 3.0 3.0
3 75.7 33 12 18 63 4.2 7.2
4 113.6 33 12 66 111 7.4 14.6
5 33 12 152 197 13.1 27.7

N

2222 trees/ha and 2.5 fruits/flower bud

Heavy crop loads can stunt trees on dwarfing rootstocks, with fruit production
significantly reducing shoot growth (Kappel, 1991; Whiting and Lang, 2004). Quickly filling
canopy fruiting volume is essential to attain full production early and help recoup orchard
establishment costs. In this study, although the trees without bud selection were projected to
attain impressive early yields (3-4 t/ha each in Years 2-3), they did not attain projected full yields
as quickly as the bud-selected trees (Table 1.5). A balanced crop load is essential for high quality
fruit, and a slight delay in precocious cropping can be beneficial for establishing enough leaf area
to support subsequent cropping as spurs become reproductive. In the Solaxe training system (a
central leader canopy with lateral branches bent below horizontal), removal of 30 to 50% of the

fruiting spurs is recommended to promote larger fruit size balanced against the subsequent
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reduction in fruit number (Claverie and Lauri, 2005). Others have recommended removal of 25-
45% of the potential crop load (depending on tree age) to balance fruit quality with yield (Lang,
2005). Although bud selection in Year 1 reduced crop load potential in Year 2 by 73%, it
increased canopy development by nearly 50%, resulting in more rapid attainment of full fruiting
capacity and adequate leaf area to support quality fruit production and delay the potential need

for crop reduction strategies.

Growers interested in planting a UFO orchard must match rootstock vigor and planting
density to the orchard site. These factors affect the length of the cordon leader and the number of
vertical shoots to be developed per tree. In this study, ‘Gisela 3’ did not have enough vigor to
quickly fill the orchard space allotted. ‘Gisela 3’ is a dwarfing rootstock, only imparting 35-50%
of the vigor of ‘Mazzard’, but requires good soil, irrigation, tree support and intensive cultural
management (Balmer and Blanke, 2005; Franken-Bembenek, 2004). Other rootstocks to consider
would be ‘Gisela 6’ which is semi-vigorous, imparting 80-95% of the vigor of ‘Mazzard’, or
‘Gisela 5° which is semi-dwarfing, and imparts 50-65% of ‘Mazzard’ (Facteau et al., 1996;
Kemp and Wertheim, 1996; Lang, 2000; Perry et al., 1998; Robinson et al., 2008; Whiting et al.,
2005). Trees on dwarfing rootstocks like ‘Gisela 3’ should be planted at higher densities and
developed with fewer upright shoots. Conversely, trees on semi-dwarfing (e.g., ‘Gisela 5°) to
semi-vigorous (e.g., ‘Gisela 6,” ‘Gisela 12,” ‘Krymsk 6’) rootstocks should be planted at more
moderate densities and developed with more upright shoots. Tree angle at planting can further
modulate canopy development. For a vigorous rootstock-site combination, a 30° angle could help
reduce excessive vigor, while a 60° angle would increase shoot growth for a less vigorous
combination. A lower trellis wire height results in a greater proportion of the cordon being

horizontal, and increases upright shoot length. Bud selection can optimize the distribution and
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growth of well-distributed uprights, albeit at a temporary cost of precocious cropping. Although
bud selection requires more labor during planting, the improved upright canopy formation
reduces the labor needed later for corrective pruning. The improved shoot distribution and
orientation, increased shoot growth, and moderated early crop reduction of bud-selected trees
improves precision canopy development and full yield potential for the UFO sweet cherry

production system.
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CONCLUSIONS

Optimizing shoot growth on well distributed uprights is important to fill the fruiting
canopy quickly and also provide good light and spray distribution into the canopy. A 60°
planting angle combined with bud selection provided the most shoot growth. The 45 cm wire
height also increased total shoot length 20% compared to the 60 cm height. Bud selection was a
valuable technique to both improve shoot distribution and increase projected yield after 5 years.
Bud selected sites could become entry points for Pseudomonas syringae pv. syringae (PSS)
which causes bacterial canker in sweet cherry. Care should be taken to avoid bud selection when
PSS pressure is high. Utilizing these planting practices can help growers develop optimal

canopies for the UFO training system.
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CHAPTER 3: LITERATURE REVIEW OF PSEUDOMONAS SYRINGAE PV.

SYRINGAE AND SWEET CHERRY (PRUNUS AVIUM L.)

INTRODUCTION

Bacterial canker of sweet cherry (Prunus avium L.) is a complex disease that can cause
reduced yields, girdling and loss of tree limbs, and even tree death. With the early warming and
subsequent multiple frost events of spring 2012, Michigan lost most of its sweet cherry crop and
many trees lost a significant proportion of their fruiting spurs in association with subsequent
bacterial canker infections. The impact of these widespread infections reduced yields for several
years due to the time required to replace lost spurs and for the new spurs to come into
production. Finding control options for bacterial canker is important for the long-term health of
cherry industries in climates that experience cool wet weather. Copper resistance and the lack of
effective control sprays create a difficult situation, leaving horticultural and orchard sanitation
techniques as the main control options. Understanding the interactions between the bacteria, their

host, and environment, will help in developing new management strategies.

ORGANISM BACKGROUND

Cherry bacterial canker is caused by Pseudomonas syringae pv. syringae (PSS) and
Pseudomonas syringae pv. morsprunorum (PSM). Sweet cherry can be infected by both
pathovars PSS and PSM, while tart cherry (Prunus cerasus L.) tends to be infected by PSM
(Latorre and Jones, 1979a; Sundin et al., 1988; Wimalajeewa and Flett, 1985). Pseudomonas
syringae van Hall originally was isolated from lilac (Syringa vulgaris L.) (Hirano and Upper,

1990) but is found on many species including tomato, bean, and broadleaved weeds and grasses
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(Latorre and Jones, 1979b). The bacteria can also be distributed throughout the water cycle
(Morris et al., 2008). Many Pseudomonas syringae (PS) pathovars originally were described as
separate species, but have since been consolidated into the specie PS which is divided into at
least 40 different pathovars. The pathovars are based on host range and represent widespread
diversity within PS (Hirano and Upper, 1990). More details on the description of PS pathovars
that invade stone fruits and their taxonomic history are available from Ogawa and English (1991)

and Crosse (1966).

Morphology/identification

PSS is a gram-negative rod with one or more polar flagella (Ogawa and English, 1991).
A useful trait to help in identifying PSS is the ability to produce the yellow-green fluorescent
siderophore, pyoverdin, when grown on iron-limiting media (Cody and Gross, 1987). When
grown on selective media such as King’s medium B (King et al., 1954; Ogawa and English,
1991), the bacteria will fluoresce under UV light after 72 h incubation at 26°C (The American
Phytopathological Society, 1995). On Kings B, they form circular colonies that are smooth and
glistening and appear vitreous against light. PSS is an aerobic, oxidase-negative bacterium
capable of utilizing a large number of compounds as energy sources (Ogawa and English, 1991).
The GATTa scheme (for gelatin liquefaction, aesculin hydrolysis, tyrosinase activity, and tartrate
utilization) or Ice Nucleation Activity (INA) test have been used to distinguish between PSS and

PSM (The American Phytopathological Society, 1995).
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TRAITS THAT MAY CONTRIBUTE TO PATHOGENICITY

Toxins

PS bacteria produce several toxins that have been identified. PSM (but not PSS) produces
coronatine which may be involved in the chlorosis of cherry leaves (Bultreys and Kaluzna, 2010;
Liang et al., 1994). PSS produces two lipopeptide toxins, syringomycin and syringopeptin. Either
of these two toxins can form transmembrane pores that allow free flow of ions across plant cell
membranes (Bultreys and Kaluzna, 2010; Scholz-Schroeder et al., 2001). This disrupts the
electrical potential across the cell and results in cell death. Syringomycin does not correlate well
with pathogenicity of cherry fruit (Latorre and Jones, 1979a; Ogawa and English, 1991). A study
using mutants looked at the contributions of syringomycin and syringopeptin to virulence of
sweet cherry fruit. Virulence was reduced 26% for a syringomycin mutant, 59% for a
syringopeptin mutant, and 76% for the syringomyin syringopeptin double mutant compared to
the parent strain (Scholz-Schroeder et al., 2001). While these two toxins both significantly
contribute to virulence, some necrosis occurred without either toxin, suggesting that there are

other components that are fundamental to pathogenicity (Scholz-Schroeder et al., 2001).

T3SS and Effectors

PS can also impact it’s host using the type III secretion system (T3SS) to introduce
effectors into the host plant that suppress host defense or promote disease (Lee et al., 2012). One
study with PSM found genes very similar to hypersensitive response and pathogenicity (hrp)
genes (genes that are associated with the T3SS) found in PSS61 (a PSS isolate from wheat) that

was needed for pathogenicity in cherry and the hypersensitive response in tobacco (Liang and
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Jones, 1995). Although work with the T3SS effectors has been limited in cherry, some PSS
effectors have been shown to enhance epiphytic survival on tomato (Solanum lycopersicum) (Lee
et al., 2012). There is a significant epiphytic phase for PSS on sweet cherry and epiphytic
survival could be linked to T3SS effectors. Effector repertoire can vary between strains of the
same pathovar (Bultreys and Kaluzna, 2010), so to truly understand sweet cherry and its

interactions with PSS effectors, cherry strains need to be studied.

Ice nucleation activity

Freezing plays an important role in PSS pathogenesis because it can predispose tissues to
infection (Ogawa and English, 1991). Some plants are able to supercool (cool below the freezing
point of water without forming ice) to a temperature at which uniform ice formation occurs. PSS
bacteria can exhibit ice nucleation activity. If an ice nucleus is present, ice formation will be
initiated at a higher temperature and reduce the supercooling affect. On some plants, this
increases the amount of freeze damage. Excised sweet cherry buds were able to supercool to -
5°C before ice nucleation occurred (Gross et al., 1984). When the buds were attached to a branch
or inoculated with ice nucleation-active (INA) PSS, the mean nucleation temperature was raised
to -3°C (Gross et al., 1984). Further work discovered the presence of intrinsic ice nuclei present

in Prunus wood (Gross et al., 1988).

Ice nucleation activity of either Prunus wood or bacterial ice nuclei increases bud
survival during the frost tolerant phase (before bloom) (Gross et al., 1984). This could be caused
by the promotion of extracellular ice formation that could redistribute water and reduce freeze
damage of more sensitive tissues (Gross et al. 1988). However, after bloom, Prunus floral tissues
are frost sensitive and ice nucleation activity then makes blossoms more susceptible to frost
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(Gross et al., 1984). Since either wood or bacterial ice nuclei raise the freezing temperature to
approximately -2°C to -3°C, reducing the population of INA PSS is unlikely to cause a
significant reduction in freeze damage unless high populations of INA PSS are coincident with a

time when the wood is warmer than the flowers or fruit (Gross et al., 1984; Gross et al., 1988).

PSS AND ENVIRONMENTAL INTERACTIONS

Disease Triangle

For successful endophytic bacterial colonization of plants, there must be a susceptible
host, sufficient bacteria present, and appropriate environmental conditions (Ichinose et al., 2013).
Disease can be avoided by eliminating any of these factors. Environment is important because it
impacts both the host (e.g., by controlling phenology) and the pathogen (e.g., by influencing
population size). Some environmental conditions that can influence bacterial canker disease
include water availability and temperature. Water availability is important for PSS population
growth (Latorre et al., 1985; Wimalajeewa and Flett, 1985) and distribution (Hirano and Upper,
1990; Hirano et al., 1987). Free moisture allows the local movement of bacteria which can swim
using flagella. Water also can increase nutrient availability to bacteria. Temperature influences
growth rates of bacteria (Young et al., 1977), and freezing can cause wounding of host tissues,
allowing entry points for the pathogen. Temperature could also affect the healing rate of host
tissues wounded by environmental damage or pruning. Each of these variables (environment,
bacterial presence, and susceptible host) is intricately connected and influences the infection

SUCCesSS.
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Environmental Conditions

In Chile, levels of bacteria isolated from cankers were low or undetectable during spring
and summer, and high during winter and early spring (Latorre et al., 1985). Epiphytic
populations on sweet cherry in Australia also were highest in spring and fall with maximum
temperatures ranging from 19°C-24°C and minima between 7°C-12°C, and low levels were
detected in the summer and winter (Wimalajeewa and Flett, 1985). In Michigan, populations of

fluorescent pseudomonads increased after a period of cool wet weather (Sundin et al., 1988).

Temperature

The optimum temperature range for PSS bacterial growth is 25°-30°C (Ogawa and
English, 1991). In vitro study of Pseudomonas syringae showed optimum growth at 28°C with a
doubling time of 1.27 h. When grown at 0°C, the doubling time was 22 h (Young et al., 1977). A
Chilean study reported a generation time of 40.96 h at 5°C and 4.31 h at 20°C (Latorre et al.,
2002). Given the warm optimal range for growth, the authors suggest some limiting factor other
than temperature for lower levels of PS in the field in summer. The growth at 0°C can be
important for colonization of buds or blossoms that may be damaged by frost events.
Pseudomonas syringae pv. aesculi (which causes bleeding canker of European horse chestnut
[Aesculus hippocastanum]) can survive temperatures down to -80°C for 1 year even if subjected

to freeze-thaw cycles (Laue et al., 2014).

Temperature also can affect infection success. Infection usually is associated with cool
wet weather (Crosse, 1966). However, cherry fruit had higher infection incidence at higher

temperatures. The experiment examined effects of temperature and inoculum, and it appears that
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higher temperatures allow bacteria to infect at lower inoculum levels (Latorre et al., 2002).
Infection of excised twigs did not occur at 5°C and infection success increased with increasing
temperature up to 20°C (Latorre et al., 2002). Unfortunately, the twig experiment did not test
lower inoculum levels at higher temperatures, because the slope seems to be the same across
temperatures, suggesting that the twig infections might follow the same pattern as cherry fruit
inoculations. Furthermore, temperature does not explain the activation and cessation of growth in
existing cankers (Wilson, 1939). Although higher temperature may increase infection at lower
inoculum levels, the lack of inoculum in the orchard and increased cambial activity probably
restrict infection to the shoulder periods of summer when inoculum levels are able to increase

with more moisture availability.

Freezing

Freezing is very important for infection success because without an entry site, only
epiphytic colonization can occur. Epiphytic bacteria are still important because they provide
opportunistic inoculum for potential infection events. Both freeze damage of blossoms and

cracking from freezing and thawing of trunks in the winter can be potential entry points for PSS.

Needle inoculation of thawing stems (after being frozen) with PSS caused larger lesions
than inoculation before freezing or after thawing in almond (Prunus dulcis) (Cao et al., 1999).
Inoculation during thawing of frozen peach (Prunus persica (L.) Batsch.) stems increased lesion
length more than 550% compared to unfrozen stems (Cao et al., 2011). This supports the
hypothesis that water relocated to the apoplast during freezing helps distribute bacteria during
the thawing process by facilitating the passive movement of bacteria as water is reabsorbed by
cells after freezing (Cao et al., 1999).
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In sweet cherry studies, freezing after inoculation with PSS or PSM increased necrosis,
but PSS caused up to three times more necrosis than PSM (Sobiczewski and Jones, 1992). The
extent of xylem necrosis for sweet cherry was temperature dependent, and phloem necrosis was
less severe than xylem necrosis (Sobiczewski and Jones, 1992). Shoots collected in winter
required temperatures of -14.5 to -25.5°C to injure cambium and xylem in 50% of ‘Napoleon’

shoots (Sobiczewski and Jones, 1992).

Water

Rain events can enhance infection in two ways: 1) increasing population size facilitated
by increased water availability, and 2) allowing mobility to, and penetration of bacteria into,
infection sites (Hirano and Upper, 1990; Hirano et al., 1987; Crosse, 1966). Higher PSS
populations were detected on autumn buds of sweet cherry after rain events than before the rain
event (Latorre et al., 1985). In Australia, rainfall of 40-60 mm in spring and fall were associated
with high PSS populations (Wimalajeewa and Flett, 1985). Greenhouse studies confirm the
relationship of wetness and dryness with increases and decreases in epiphytic bacterial
populations, respectively (Latorre et al., 1985). Rain events on snap bean (Phaseolus vulgaris L.)
were shown to wash the bacteria off, but also stimulated bacterial replication due to mechanical
stimulation (Hirano and Upper, 1990; Hirano et al., 1987). Rainfall also appears to affect
endophytic bacteria, with an increase in both distribution and bacterial population during periods
of symptom development (Cameron, 1970). With cherry fruit and twigs, free moisture only
moderately increased infection, most effectively at 10°C (Latorre et al., 2002). There seems to be

a small window where free moisture can impact the actual infection process. However, the
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authors suggested that free moisture could facilitate nutrient distribution and increase bacterial

populations on healthy tissue.

Other factors

Studies of nutrient effects on bacterial canker do not show strong trends. Ogawa and
English (1991) review some of the nutrient studies that have been done. Some results showed
that increasing nitrogen in peach reduced bacterial canker infection, especially in conjunction
with additions of potassium and phosphorus. Phosphorus deficiency reduced lesions from
pinprick inoculations, and nitrogen deficiency slightly increased infection through leaf scars in
peach (Cao et al., 2011). Inconclusive nutrition results could be because of the close connection
between nutrient availability and soil pH. Soil pH can control the solubility of nutrients and
unsuitable pH can make nutrients either unavailable or present at levels that are toxic to the
plant. Some research has shown that low pH is conducive to bacterial canker in peach (Ogawa

and English, 1991).

Soil pH also may interact with nematodes. In a study of the decline of sweet cherry in
Michigan in the 1990s, there was no clear cause but it appeared to be the combination of low soil
pH, high populations of the nematode Pratylenchus penetrans, and the presence of Pseudomonas
syrinae (Melakeberhan et al., 1993). In the study, nematode populations did not vary between
healthy and declining cherry trees. This could be because older trees may be more resistant to
nematodes, or because there were also fewer nematodes than other studies reported
(Melakeberhan et al., 1993). In peach, nematodes have been associated with bacterial canker, but
nematode numbers did not correlate with bacterial canker disease when the pH was raised

(Weaver and Wehunt, 1975). It appears there may be intricate interactions between soil pH,
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nematode populations, and nutrition. Field observations indicated that stressed trees are more
susceptible to bacterial canker infection than trees with moderate vigor (Spotts et al., 2010b) and
it may be that combinations of improper nutrition, incorrect pH, or nematode infestation could

stress trees and increase infection rate.

PSS AND ITS INTERACTIONS WITH SWEET CHERRY

PSS is commonly found as an epiphyte on plant tissues (Crosse, 1966; Latorre and Jones,
1979a; Ogawa and English, 1991) and forms aggregates which increase survival under adverse
conditions such as UV light, fluctuating moisture availability and temperature (Lee et al., 2012;
Monier and Lindow, 2003). PSS also are capable of producing cellulose that can be used in
formation of biofilms and adhesion to plant surfaces in mango (Mangifera indica L.) (Arrebola
et al., 2015). Biofilms have been reported in Pseudomonas syringae pv. actinidiae (PSA)
infections (Renzi et al., 2012). Biofilms can be important for epiphytic survival by protecting
bacteria from water stress. Epiphytic colonization appears to be harmless to trees, but under the
right environmental conditions, PSS can invade cherry leaves, blossoms, fruit, and woody tissues
and become endophytic (Kennelly et al., 2007; Ogawa and English, 1991). Endophytic infection
was observed in apparently healthy sweet cherry trees (Cameron, 1970). Bacterial canker was
first identified as a problem in Michigan in 1968, but growers had observed the symptoms earlier
(Jones, 1971). Young trees can be very susceptible (Spotts et al, 2010a) and older trees can lose
limbs to the disease. Inconsistent infection results in trials stresses the need for more controlled
study systems in which to test potential controls. Some excised dormant shoot and twig infection

assays have been developed (Krzesinska and Azarenko, 1992; Thomidis et al., 2005) and
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preliminary investigation of sweet cherry callus has been considered as a potential approach to

study plant pathogen interactions with PSM (Smith and Hodson, 2011).

Inoculum source and infection sites

The main source of inoculum varies throughout the year. PSS can overwinter in cankers,
dead buds, or healthy-looking buds. These bacteria are sources for epiphytic colonization when
environmental conditions are conducive for growth and survival. The epiphytic bacteria can then
be transferred by rain splash to new sites and provides inoculum for new infections (Kennelly et

al., 2007).

Since PSS is an opportunistic pathogen that cannot force entry into host plants, there
must be a breach in plant defenses where it can infect. These can be naturally occurring and
uncontrollable such as leaf scars in autumn, hydathodes, or stomata on leaves and fruit. Other
entry points may be preventable such as frost-damaged tissue, bark inclusions, wounding from
pruning, herbicide damage, tractor blight, scale insect infestations, or winter injury. The
notorious canker symptom that develops in the trunk and scaffold branches only develops after a
successful infection of such an entry point. Not all PSS infections lead directly to cankers, and
some endophytic colonization can occur without any obvious symptoms. The most common
entry points, their infection process and symptoms will be discussed to illustrate how they fit into

the disease cycle.

Blossom infections

Blossoms become epiphytically colonized by bacteria that have overwintered in buds or

cankers. Blossoms can be predisposed to infection by frost events that damage the blossoms. The
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ice nucleation activity of PSS is unlikely to increase frost damage of blossoms due to the
intrinsic ice nuclei present in the wood (Gross et al., 1984; Gross et al., 1988). The blossoms may
wither, turn dark brown, and in some cases the infection may spread into the supporting wood,
creating a small canker that may produce gum (Kennelly et al., 2007; Ogawa and English, 1991).
These small cankers do not appear to reactivate during the dormant season (Ogawa and English,
1991). Although blossom infections may not lead to tree death, the loss of fruiting spurs can

cause significant yield reduction for years to come until new spurs become productive.

Leaf and fruit infections

Leaves and fruit become infected through stomata or frost damage (Ogawa and English,
1991). This is similar to PSA which also can infect leaves through stomata (Renzi et la., 2012).
The leaves are only susceptible when young, and no infection occurs once leaves are mature
(Crosse, 1966). Leaf infections are 2-4 mm in diameter and form chlorotic halos around the dry,
dark brown, necrotic center which falls out to form a “shot hole” (Jones, 1971; Kennelly et al.,
2007; Ogawa and English, 1991). Fruit infections manifest as small, dark brown, sunken, water-
soaked lesions (Ogawa and English, 1991). Fruit infections can cause misshapen fruit and
increase susceptibility to other fruit diseases. Leaf and fruit symptoms on tart cherry include:
necrotic spots on leaves, yellowing of leaves and defoliation, and soft brown pedicels on fruit
(Latorre and Jones, 1979a). Since fruit and leaf infections rarely lead to devastating cankers,

growers do not spray for them.
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Leaf scars

Epiphytic bacteria can be mobilized by rain and pulled into broken ends of leaf trace
vessels by negative tension in the tree’s vascular system. In severe cases, the infection can kill
the fruiting spur and spread into the branch and cause a canker (Crosse, 1966). Experimentally,
the rate of infection of both PSS and PSM depended on bacterial concentration and pathovar,
with PSM being more successful at infecting leaf scars than PSS (Crosse, 1966; Sundin et al.,
1988). Leaf scars can be infected starting in early September but successful infection decreases
rapidly after mid-October, probably due to decreased vascular tension due to reduced
transpiration and increased soil moisture (Crosse, 1966). In bleeding canker of European horse
chestnut (Aesculus hippocastanum L.) caused by Pseudomonas syringae pv. aesculi, leaf scars
are most susceptible to infection May through October, but they are less susceptible after that,

similar to what has been observed with PSS (Laue et al., 2014).

Woody tissue infection and wounding

Natural entry points such as stomata and leaf scars are not the only entry points for PS.
Bacteria also will infect directly into woody tissue if a wound is created. Damage to the bark
caused by scale insect infestations or herbicide damage can be infected by PSS. Acute crotch
angles for branches also can get infected as the bacteria can get incorporated into tissues as the
branch grows. Winter injury caused by freezing and thawing of trunk tissues can cause cracking

that may become infected.

Some horticultural practices also can create sites for bacterial canker infection. Wounds

caused by trellis wires, pruning, scoring (or notching), and bud removal all create breaks in the
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periderm that could become infected. In one study, 47-100% of inoculated scored wounds made
in March in Oregon became infected depending on year and variety (Spotts et al., 2010a). A
main source of wounding is through annual pruning. Pruning in sweet cherry is used to balance
crop load, maintain tree size and architecture, and renew old fruiting wood. Pruning wounds

extend through entire branches creating entrance points directly into susceptible tissue.

Once a wound is infected, it may form a canker. Canker infections that occur in late
autumn and winter appear to progress during dormancy but stop progressing as the tree becomes
resistant during the active growing season (Ogawa and English, 1991). Most cankers are thought
to be annual rather than perennial, and the infected tissue is walled off by callus in mid- to late
spring (Ogawa and English, 1991). Perennial cankers reactivate in late autumn and become
dormant in early summer (Crosse, 1966; Wilson, 1939). Inactive cankers have defined lateral
margins delimited by what Wilson (1939) calls a “roll” of new tissues which appear to be
partially callus in nature. Reactivation is marked by water soaking along the margins of canker
(Wilson, 1939). Infected canker tissues are buried by either the vascular cambium or phellogen
to minimize the spread of canker. Cambial activity is not the sole explanation of why cankers
extend in late fall to early spring, but it seems to be an important part of the process (Wilson,
1939). Furthermore, the period of time when cankers could be induced coincides with same time
that existing cankers are active (Wilson, 1939). In Prunus, between late January to mid-February
the number of PSS bacteria in cankers increased by 1000% while tissue was undergoing rapid

necrosis (Wilson, 1939).
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DISEASE CYCLE AND PROGRESSION

To summarize the disease cycle, PSS bacteria overwinter in cankers or healthy-looking
buds. In the spring, the bacteria epiphytically colonize the tree but do not cause disease without
an entry point such as damage from spring frosts or wounding from pruning. Infection of the
blossoms (known as blossom blast) can lead to canker formation similar to pruning wounds.
During the spring and early summer, epiphytic bacteria can infect developing leaves and fruit,
causing the “shot hole” symptom in leaves and dark water-soaked lesions on fruit. These
infections do not generally lead to cankers, but fruit infections can be more susceptible to other
pathogen infections. In the fall, symptomless infection can occur through leaf scars and bacteria
can migrate into the buds where they may overwinter. Knowledge of the important entry points

within the disease cycle helps guide possible control programs.

POTENTIAL CONTROL STRATEGIES

Chemical sprays commonly are used to control pests and diseases of fruit trees, but
effective spray materials for bacterial canker are limited. Copper or Bordeaux mixture have been
used for control of bacterial canker (Ogawa and English, 1991); however, resistance to copper
has been reported (Sundin et al., 1989; Sundin et al., 1994). One study found that copper, and
copper with streptomycin, spray programs had similar leaf populations of PS on Pyrus
calleryana (ornamental pear) in nurseries (Sundin et al., 1994). One nursery that did not spray
copper or streptomycin had a distinctly different population compared to a nearby (2 km away)
nursery that did spray, but 43% of PS isolates were still resistant to either copper or streptomycin

(Sundin et al., 1994).
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In Michigan, plasmid-mediated copper resistance has been found in PSS, and copper-
resistant isolates maintain the plasmid and resistance in the presence of copper (Sundin et al.,
1989). Resistance plasmids could transfer between PSS isolates both in vitro and in planta
(tested in bean) but didn’t transfer to PSM (Sundin et al., 1989; Sundin et al., 1994). It was found
that copper is no longer an effective way to reduce PSS populations in surveyed Michigan
orchards (Sundin et al., 1989) or to reduce bacterial canker infection of pruning wounds (Carroll
et al., 2010). Streptomycin, which has been used in apple for control of the bacterial disease fire
blight (cause by Erwinia amylovora), also is ineffective for bacterial canker control (Ogawa and
English, 1991; Sundin et al., 1994). It has been hypothesized that the failure of protective sprays

could be due to endophytic colonization (Cameron, 1970; Sundin et al., 1988).

Bactericides

The lack of effective bactericides has led to the search for other possible spray controls.
There are few new antibiotics available for agriculture due to competing needs in the medical
and animal industries and the fear that resistance of importance to human health might develop
from widespread agricultural use. Oxytetracycline and kasugamycin are two antibiotics that are
used for control of fireblight. Kasugamycin (Kasumin, Arysta Lifescience, Cary, NC) has been
shown to be effective in controlling fireblight and kasugamycin resistance has not yet been found
in Erwinia amylovora (McGhee and Sundin, 2011). The study also included non-target bacteria,
and 3 of the 26 PS isolates recovered from orchards were resistant to 100 pg/mL of
kasugamycin. Further testing found two of the PS isolates were resistant on Kings B medium
amended with Kasugamycin at 100 pg/mL but susceptible to Kings B with Kasumin having a

comparable amount of kasugamycin (McGhee and Sundin, 2011). Kasugamycin was tested on
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sweet cherry fruit and had no impact on infection when applied before inoculation, and about
25% control after inoculation. This study also found that oxytetracycline achieved about 44%
control when sprayed before inoculation and 54% after inoculation of sweet cherry fruit (Carroll

etal., 2010).

When tested against PSS, essential oils from the herbs Oregano (Origanum compactum
Benth. and Origanum vulgare L.) and Thyme (Thymus vulgaris L.) were over 50% more
effective than streptomycin (Kokoskova et al., 2011). These oils could be used as possible
control candidates or as templates for new compounds to fight bacterial canker. Another
potential control would be CAMAL, a synthetic peptide with antimicrobial activity, because it

reduced populations of both PSS and PSM in assays (Golanowska et al., 2012).

Plant defense inducers

Another option would be to upregulate plant defenses to prevent bacterial invasion. An
apple and pear (Pyrus communis L.) field trial was conducted to assess the efficacy of several
products that induce systemic resistance to apple and pear scab (caused by Venturia inaequalis
and Venturia pirina, respectively) (Percival et al., 2009). Messenger (Harpin protein), Phoenix
(potassium phosphate), and Rigel (salicylic acid, SA, derivative) were compared with
penconazole (a conventional control) and all provided some protection. At least three sprays
were needed to achieve a detectable level of control, and penconazole still provided better
protection than any of the resistance inducers. The authors recommended possibly using them in

conjunction with other spray programs, but exclusive use would provide insufficient control.
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Another possible control which has been studied in several species is acibenzolar-S-
methyl (also known as Actigard, Bion, BTH, or ASM). Lee et al. (2012) used BTH which is a
synthetic agonist of SA to try and induce resistance to PSS in Nicotiana benthamiana leaves.

They found lower bacterial populations and lower disease ratings in BTH-sprayed treatments.

In apple, Actigard upregulated PR gene expression (PR genes are associated with
Systemic Acquired Resistance) in seedlings beginning 2-5 days after treatment (Maxson-Stein et
al., 2002). When tested in the field, weekly sprays were required for the best control and it was
not any more effective than streptomycin in reducing fireblight infection. It is recommended as a
supplement rather a replacement for the bactericides currently in use and to be used in

combination to help reduce the development of resistance to streptomycin.

In Japanese pear (Pyrus pyrifolia), ASM gave some control over Japanese pear scab
(caused by Venturia nashicola) (Faize et al., 2004). ASM appeared to prime the plant’s defense
response, because neither ASM or pathogen challenge alone had as pronounced a response as

plants that had both ASM and subsequent inoculation.

Several phosphorus acid (possible defense inducer) sprays and Bion were tested on Arctic
Bramble (Rubus arcticus) for protection against downy mildew (caused by Peronospora sparsa)
(Hukkanen et al., 2008). Bion at 0.2 g/L provided 80-90% control and some of the phosphorus
acid products had about 50% control. However, phosphite did not reduce bacterial canker

infection in pruning wounds in sweet cherry (Carroll et al., 2010).
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Biocontrols

Several biocontrol products are available to combat fireblight of apple. However, some of
these are specifically selected to compete with Erwinia amylovora on the flower stigma.
BloomTime (a Pantea agglomerans strain) is one such product that is a good stigma colonizer
but also produces antibiotics highly specific to Erwinia amylovora (Pusey et al., 2008). Stigma
surfaces are not an important entry point for PSS or PSM, and the strain of PS tested was
resistant to the antibiotic. However, some Pantoea agglomerans strains tested to evaluate
suppression of basal kernel blight in barley, which is caused by Pseudomonas syringae pv.

syringae, reduced disease 45-74% in field trials (Braun-Kiewnick et al., 2000).

Other biocontrol products have been developed to fight fireblight and might be worth
testing as possible bacterial canker controls. These include: BlightBan A506 (Pseudomonas
fluorescens strain A506), Blossom Protect (Aureobasidium pullulans strains 14940 and 14941)
and Serenade (Bacillus subtilis strain QST 713). BlightBan A506 and Blossom Protect have both

reduced Erwinia amylovora symptoms in control environments (Mikicinski et al., 2016).

Testing of bacteria is still ongoing to find new potential biocontrols. Putative strains of
Pseudomonas putida and Pseudomonas fluorescens were able to create inhibition zones on PSS
and PSM on media plates, but have not been field tested (Golanowska et al., 2012). There is also
a strain of Pseudomonas graminis (49M) that shows promise against fireblight (Mikicinski et al.,

2016) and possibly could be tested against PSS or PSM.

Phage therapy has been considered for biocontrol of some organisms that have developed

resistance or have few other control options such as PSA, the cause of bacterial canker of
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kiwifruit. One phage candidate was found for possible control of PSA, and two PSM strains
tested also were susceptible (Di Lallo et al., 2014). Phage therapy has been tested in peach for
control of Xanthamonas campestris pv. pruni and showed some disease reduction, but not
sufficient control with the phage alone (Saccardi et al., 1993). Some bacteriophage isolates of
PSS specifically were investigated for host range (Nordeen et al., 1983) and in the United States,
there is one phage biocontrol product available (AgriPhage from Omnilytics, Sandy, UT) for
control of Pseudomonas syringae pv. tomato and Xanthomonas campestris pv. vesicatoria.
However, due to the specific host range of some phages, this product may not be effective

against PSS.

Other potential controls

Without reliable sprays to control bacterial canker, it is critical to utilize any other control
options available. Selecting resistant varieties, reducing inoculum in the orchard, and reducing

the amount of susceptible entry points can reduce the risk of infection.

Variety selection

Ideally, cultivars should be selected that are more resistant to bacterial canker. Both
rootstocks and scion cultivars can vary in their susceptibility to bacterial canker. It is important
to recognize that a cultivar’s susceptibility could be caused by either increased susceptibility to
initial infection or increased susceptibility to canker progression once infected (Wilson, 1939).
Unfortunately, most comparisons of resistance are usually between only 2 or 3 cultivars, as large

variety trials to evaluate bacterial canker susceptibility have not been done.
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Rootstocks with more observed resistance include: P. avium clone F 12/1 (a vegetatively-
propagated selection of Mazzard) (Long and Kaiser, 2012), Colt (more tolerant than Mazzard),
and Krymsk 5 (similar tolerance to Mazzard) (Long and Kaiser, 2010; Spotts et al., 2010Db).
Although in lab assays Gisela 6 appeared nearly as tolerant as F 12/1 (Krzesinska and Azarenko,
1992), in field tests and observations, it appears to be more sensitive than Mazzard (Long and

Kaiser, 2010; Spotts et al., 2010b).

Resistant rootstocks can be high-budded with scion cultivars to slow down or stop a
branch infection before it extends into the trunk. The stock is grown to the height of the desired
lower branches and then scion wood is budded onto the rootstock (Long and Kaiser, 2010;

Ogawa and English, 1991).

There is little agreement on cultivar susceptibility (Ogawa and English, 1991). ‘Corum’
has been reported to be more resistant in Oregon (Ogawa and English, 1991), and ‘Rainier’ and
‘Regina’ to be more resistant, while ‘Bing’ and ‘Sweetheart” were more susceptible (Spotts et al.,
2010b). ‘Gold’ and ‘Roundel’ were more resistant than ‘Napoleon’ (Crosse, 1966; Melakeberhan
etal., 1993) and ‘Nelson’ had less cankers than ‘Emperor Francis’ (Melakeberan et al., 1993).
Bacterial canker also was worse on ‘Schmidt’ and ‘Hardy Giant’ in Michigan (Jones, 1971).
‘Early Robin’ appears to be very susceptible to bacterial canker (personal observation).
Susceptibility during dormancy also can be variety dependent. In twigs given a freezing
treatment, ‘Hedelfingen’ was more resistant as dormancy increased; however, the susceptibility
of ‘Gold’ increased as dormancy increased (Sobiczewski and Jones. 1992). Active cambium is
important for suppression of bacterial canker infection, which could contribute to the effect of

dormancy stage on infection.
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Cultural

There are horticultural practices that can help reduce bacterial canker infections. Field
observations show that trees with moderate vigor have lower levels of infection than trees that
are stressed. Planting in well-drained soil, and maintaining proper nutrition, pH, and irrigation
can promote tree vigor. Minimizing tree wetness reduces free moisture available for bacterial
population growth and for movement of bacteria via water splashing. This can be done by
planting in areas that will dry quickly and keeping irrigation off aboveground tree parts for the
first few years when trees are most susceptible. Planting in frost-free areas is recommended to
reduce infections associated with spring frost. In high infection areas, trees may be planted later

in the spring to avoid cool wet conditions (Spotts et al., 2010Db).

High bacterial populations are key to successful infection. Minimizing inoculum sources
in the orchard can help reduce high bacterial populations. This can be done by removing and
destroying all branches and trees killed by PSS. Weeds (especially grasses) harbor PS
populations and growers should consider using clean cultivation with grass-less alleyways for the

first three years (Spotts et al., 2010b).

Reduce entry points

Since PS is an opportunistic pathogen, it is important to eliminate as many plant entry
points as possible. Avoidable entry points can occur due to frost, pest, and mechanical injury.
Frost in spring can be mitigated by planting in frost-free areas and using frost fans or heated high
tunnels. Training for wide crotch angles can reduce bark inclusions. Southwest injury caused by

freezing and thawing of trunks in winter can be reduced by painting trunks white to minimize
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thawing during the day. Pests such as scale or nematodes should be managed to reduce

infections.

Careless management can also create plant injuries due to damage from tractors or
herbicides. However, other mechanical injury may be unavoidable, like that from trellis wires or
pruning cuts. Some high density training systems or dwarfing rootstocks require trellising for
support. Rubbing caused by trellis wires can create wounds that can become infected by PSS.
Growers should consider either using non-traditional trellising materials, or consider planting
orchards that don’t require a trellis. Pruning, however, is utilized in all modern cherry orchards.
Researchers have compared stub versus flush cuts to see if canker expansion could be contained
in the stub and prevent cankers from reaching the trunk or scaffolds. Unfortunately, stub cuts did
not have less canker expansion than flush cuts, and a few stub infections still progressed to the
trunk or scaffolds (Carroll et al., 2010). Heading cuts in Oregon during May and June caused the
most tree death when inoculated; all inoculated wounds, and 93-100% of uninoculated wounds,

became infected (Spotts et al, 2010a).

Wounds to the periderm of peach and sweet cherry achieve suberin continuity in 14-24
days (Biggs, 1985, 1986). Suberization stops moisture loss and also impedes microbial invasion
(Biggs, 1985). In peach, infection of bark wounds by Cytospora leucostoma dropped to 10% at
14 days after wounding, which coincided with an average thickness of 3 cells of necrophylactic
periderm; at 24 days, the necrophylactic periderm was 6 cells thick and no infection occurred
(Biggs, 1986). These wounds were only to the periderm. Pruning wounds cut through the whole
branch, thereby exposing more area to pathogen attack. Given the amount of time that wounds

take to heal, it is clearly important to prevent wounds when bacterial populations are high.
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Traditionally, pruning is done during the dormant season. However, heading cuts made
during the summer were susceptible to infection for about 1 week, whereas the cuts made in
winter were susceptible for up to 3 weeks (Spotts et al., 2010a). Current recommendations are to
prune during dry weather in summer, or if that is not an option, when it is dry in winter and
temperatures are around or slightly above freezing (Spotts et al., 2010b). Summer pruning in
August resulted in less, though still significant amounts of, infection, with 50-81% of inoculated
wounds and 50-97% of uninoculated wounds becoming infected (Spotts et al, 2010a). Another
study showed pruning during July reduced canker expansion (measured in October) by at least
50% compared to pruning in March, April, or May. However, fewer lateral shoots grew from
stubs that were pruned in May and July than at the earlier pruning dates (Carroll et al., 2010). If
the pruning goal is renewal of fruiting limbs, later pruning would probably not produce new

shoots until the following spring.

OUTLOOK

Bacterial canker is a difficult pathogen to control because of its wide host range, multiple
periods of tree susceptibility to infection, and the lack of effective spray materials for control.
With the wide host range of PSS, it is difficult to eliminate it from the orchard. However, sprays
to temporarily reduce bacterial populations during highly infectious periods could be beneficial.
PSS has developed resistance to streptomycin even though it is not labeled for use in cherry,
likely due to its use in nearby apple orchards. Consequently, resistance to other antibiotics used
for fireblight or other diseases could carry over into PSS populations as well. Allowing the use of
new agricultural antibiotics in sweet cherry could provide some control of bacterial canker

before resistance develops in other plant pathogen populations and carries over into PSS.
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Conver