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Foreword by Farooq A. Zaki

Strawberry is a delicious fruit with a special economic position in the fruit industry
because of its post-harvest processing and antioxidant functional value. There are a
large number of cultivars grown worldwide, encompassing major regions distributed
across all six continents. Despite its importance, I have come across only a few books
dedicated exclusively to the subject of the strawberry. This book provides a broad,
well-structured review of strawberries and their cultivation under current environmen-
tal conditions.

Methods of strawberry cultivation have undergone many improvements, and this book
covers aspects from plant propagation, architecture, genetic resources, breeding, abiotic
stresses and climate change to evolving diseases and their control. The book is aimed at
those involved in strawberry research and development, and also to those who are inter-
ested in cultivation of strawberry for commercial gain.

The first chapter gives a general introduction to strawberry with some important stat-
istics. It is followed by Section 1 on Genetics, Breeding and Omics, which contains five
chapters. Chapters 2 and 3 discuss modern aspects related to available genetic resources
and breeding for yield, quality and disease traits. The scope of metabolomics is discussed
with special reference to white strawberry in Chapter 4. Chapter 5 is an interesting study
on the transcriptomic profile of some key genes in relation to systemic acquired resistance,
while Chapter 6 discusses different aspects of genetic transformation in strawberry. Section 2
on Cultivation Systems and Propagation contains three chapters. These chapters discuss
at length the plant growth, flowering, root growth and architecture, replant problems and
plant propagation techniques. Section 3 on Disease and Stress Management contains six
chapters dealing with biotic and abiotic stresses of strawberry. The first four chapters dis-
cuss traditional and emerging fungal diseases, their diagnosis and modern biointensive
management strategies. Chapters 14 and 15 deal with the emerging challenges posed due to
climate change and its impact on the changing magnitude and dimensions of abiotic stresses
on strawberry.

This book is different on many accounts from the available compilations. It is up to
date, containing the latest information available on the subject and is quite comprehen-
sive. Each chapter is on a specialized theme, contributed by leading researchers across
the globe. Figures and tables are included to make the subject comprehensible and
informative. The book also provides an insight into the different aspects of emerging
challenges.

XVii
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xviii Foreword

Overall, this is a job well done by the authors and editors. I am confident that re-
searchers, teachers, students and commercial growers will find this book useful, interesting
and informative.

I congratulate the authors on their endeavour and wish them success.

Dr Farooq Ahmad Zaki

Dean

Faculty of Horticulture

Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir
India
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Foreword by Nazeer Ahmed

Strawberry is a fruit of immense significance in temperate and subtropical regions of the
world. It generally fetches a high price in the market if supplied fresh. It is in demand in
large quantities, both fresh as well as its products like juices, jams, jellies, ice creams, choc-
olates, pies, syrups and milkshakes. Artificial strawberry flavourings and aromas are also
widely used in many products like candies, sanitizers, perfumes, lip sticks etc. Straw-
berries are rich in nutrients like vitamin C, potassium, folic acid and fibre. These are of
medicinal importance. Quercetin, a flavonoid contained in them, has been shown to reduce
the risk of atherosclerosis and to provide protection against the damage caused by
low-density lipoprotein cholesterol. The high polyphenol content in them may be helpful
in reducing the risk of cardiovascular diseases. Due to their high potassium content, straw-
berries are recommended to people with high blood pressure as it helps to counter the ef-
fects of sodium in the body. Furthermore, their low glycaemic index and high fibre content
may help in regulating blood sugar and hence they are a smart choice for diabetics.

There are some challenges to strawberry cultivation. Scientists have been successful in
making headway in addressing some of these challenges. The most common issues pertain
to strawberry improvement for traits that help improve shelf-life as well as increased toler-
ance against diseases and pests.

This book is an excellent contribution by a group of international strawberry experts.
I congratulate CABI and Drs Amjad M. Husaini and Davide Neri for their painstaking efforts
in bringing forth such an up-to-date book relevant to strawberry researchers, academics,
growers and industry. I am happy to recommend this book to all those interested in strawberry
and believe they would find it useful.

Prof. Nazeer Ahmed
Vice-Chancellor

Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir
India
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H,DFFDA  2’,7’-dichlorodihydrofluorescein diacetate
HPLC-DAD high-performance liquid chromatography with diode array detection

HR hypersensitive response

HSP heat-shock protein

HST heat stress tolerance

IAA indole-3-acetic acid

IBA indole-3-butyric acid

IFAD International Fund for Agricultural Development
ISR induced systemic resistance

ITC isothiocyanate

ITS internal transcribed spacer

JA jasmonic acid

Kan kanamycin

MeBr methyl bromide

MS/MS tandem mass spectrometry

NAA 1-naphthaleneacetic acid

NAM non-AMF-inoculated

0, superoxide anion

p.t post-treatment

PA phytic acid

PAL phenylalanine ammonia-lyase

PAMP pathogen-associated molecular pattern
PCR polymerase chain reaction

PCR-DGGE polymerase chain reaction with denaturing gradient gel electrophoresis
PEG polyethylene glycol

PGPB plant growth-promoting bacteria
PGPR plant growth-promoting rhizobacteria
PR pathogenesis-related

PRD partial root zone drying

ProCa prohexadione-calcium

PRR pattern-recognition receptor

PRX peroxidase

PTI PAMP-triggered immunity

Q-3-Gluc  quercetin 3-O-glucuronide

RAPD random amplified polymorphic DNA
Rf retardation factor

RFLP restriction fragment length polymorphism
ROS reactive oxygen species

rRNA ribosomal RNA

RT reverse transcription

SA salicylic acid

SAR systemic acquired resistance

SCAR sequence characterized amplified region
SOD superoxide dismutase

SSR simple sequence repeat

TDZ thidiazuron

TIF totally impermeable film

USDA US Department of Agriculture

VAM vesicular—arbuscular mycorrhiza

VCG vegetative compatibility group

VIF virtually impermeable film

VvOC volatile organic compound

WFP United Nations World Food Programme
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1.1. Origin and History of Strawberry Cultivation

1.2. Taxonomy and Biology
1.3. Area, Production and Yield
1.4. Health-promoting Properties

1.1. Origin and History of Strawberry
Cultivation

The genus Fragaria belongs to the family
Rosaceae. Recorded history of the Fragas
dates back to 23-79 ap in the writings of
Pliny (Darrow, 1966). Early colonists in
North America cultivated the native straw-
berry, Fragaria virginiana, which was a
hardy plant with the ability to withstand
cold temperature and drought. In the early
1600s, F. virginiana was imported to Europe
from North America. In the 1700s, explorers
found a wild strawberry in Chile, Fragaria
chiloensis, which grew large fruit but was
not well suited to a wide range of climates.
Northern Europe, including France, culti-
vated the woodland strawberry, Fragaria
vesca (L.), as early as 1300. It was appreci-
ated as much for its flowers as for the fruit.

* amjadhusaini@skuastkashmir.ac.in

N N NGy

Additionally, musky strawberries, Fragaria
moschata, were also cultivated in Europe
and Russia for centuries. Musky straw-
berries are light red to purple, and have a
strong vinous flavour like Muscat grapes.

In 1714, the most important event in
the history of the modern strawberry took
place (Darrow, 1966). Amédée-Francois
Frézier, a member of the French army, re-
turned from duty in Peru and Chile with
some plants of F. chiloensis. When he arrived,
he distributed his plants. One of them was
interplanted alongside F. virginiana in Brest,
France (Hancock and Luby, 1995). A natural
hybrid comprising a hardy plant with large
fruit developed by natural crossing and was
therefore noticed. This natural hybrid was
called Fragaria x ananassa Duch., and many
former species have been supplanted by its
cultivation ever since.

© CAB International 2016. Strawberry: Growth, Development and Diseases
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1.2. Taxonomy and Biology

The French botanist Antoine Nicolas Duchesne
is credited with identification of the natural
hybrid Fragaria x ananassa. The cultivated
strawberry F. x ananassa Duch. is a member
of the family Rosaceae, subfamily Rosoideae,
along with blackberries and raspberries.
There are about 34 species of Fragaria found
in Asia, America (North and South) and Europe,
of which two are cultivated commercially for
their fruit: F. moschata, the musky or Hautboy
strawberry, and F. vesca, the woodland or
alpine strawberry. These species were culti-
vated for centuries, but there is very little
production of them today, due to the success
of F. x ananassa.

The F. x ananassa is a perennial and
arises from a crown of meristematic tissue or
compressed stem tissue. The leaves, stems,
runners, axillary crowns, inflorescences and
roots all arise from the crown. The plant has
trifoliate leaves that spiral around the crown,
with buds in the leaf axils giving rise to the
runners. The runners have two nodes, with a
plant produced at the distal node. Straw-
berry blossoms contain many pistils, each
with its own style and stigma attached to the
receptacle. Botanically, the strawberry fruit
is an ‘accessory fruit’ and is not a true berry.
When fertilization occurs, the receptacle de-
velops into a fleshy fruit. The flesh consists
of the greatly enlarged flower receptacle and
is embedded with the many true fruits, or
achenes, which are popularly called seeds.
These seeds are arranged on the outside of
the receptacle tissue. The growth of the re-
ceptacle is dependent on successful fertiliza-
tion of the ovules, with its size and shape

dependent on the number of achenes formed
(Darnell, 2003).

Strawberries can be diploid, tetraploid,
hexaploid, octoploid and even decaploid.
The woodland strawberry, F. vesca, and most
of the native species around the world are
diploid. They range from dioecious to herm-
aphroditic and self-fertile to self-incompatible.
Three known tetraploids are Fragaria moupin-
ensis, Fragaria orientalis, and Fragaria corym-
bosa. F. moschata is a hexaploid strawberry
and is known for its musky flavour. F. chilo-
ensis and F. virginiana are both octoploid,
with their flowers mostly being dioecious
although some are hermaphroditic (Hancock
et al., 1996). This polyploidy of the Fragaria
spp. makes selection of desirable traits via
traditional breeding using cross-pollination
of the flowering plants tedious and time con-
suming (Husaini et al., 2011).

1.3. Area, Production and Yield

Strawberry is a highly popular crop and is
in great demand for fresh markets as well as
in the fruit processing industry for prepar-
ing jams and other products (Husaini and
Abdin, 2008). Its popularity can be judged
from the fact that the production of straw-
berries has increased considerably in recent
years (Table 1.1, Figs 1.1-1.3).

The figures clearly show that worldwide
strawberry production has shown a remarkable
increase of about 53.5% and an expansion in
area of about 12% in the period between 2003
and 2013. The steepest increase has been ob-
served in Africa, where the production in-
creased by 125.9% and area increased by 70.7 %

Table 1.1. Total area and production of strawberry across major regions.

Production (t) Area (ha)
Region 2003 2013 2003 2013
World 5,041,331 7,739,622 320,990 361,662
Europe 1,224,692 1,484,987 162,543 162,315
Asia 2,334,869 3,845,553 113,121 143,036
USA 977,945 1,360,869 19,587 23,549
Africa 184,582 417,135 6,250 10,671

Source: http:/faostat.fao.org/.
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Fig. 1.1. Trend in strawberry area harvested across major regions. K, thousand.
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Fig. 1.2. Trend in strawberry yield across major regions. K, thousand.

in this decade. Next in rank comes Asia,
where there has been 64.7% increase in pro-
duction and 26.4% increase in area. The pro-
duction and area in USA have increased by
39.1 and 20.2%, respectively. Europe has re-
corded an increase of 21.2% in production,
despite a small decrease of 0.1% in the area
under cultivation. Overall, the figures are
encouraging, revealing the profitability and
popularity of this glamour fruit across all
major regions of the world.

There are hundreds of different straw-
berry cultivars. These have been produced

by plant breeders to fit particular environmental
or marketing niches, and generally no single
cultivar is grown worldwide or even nation-
wide. Each cultivar performs differently, de-
pending on the climate and conditions in
which it is grown. Octoploid strawberry
accessions are extremely variable in morph-
ology, photoperiod sensitivity and fruit qual-
ity (Husaini, 2010). To maximize strawberry
production, it is important to choose a suit-
able strawberry cultivar that is well suited to
a growing region. A good source of this infor-
mation can be found on websites such as

. Al use subject to https://ww.ebsco. confterms-of-use
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Fig. 1.3. Trend in strawberry production across major regions. M, million.

Strawberry Plants.org (http://strawberryplants.
org/2010/05/strawberry-varieties/). Due to
the difficulties imposed by the complicated
octoploid genome on conventional breeding
strategies, manipulation through recombin-
ant DNA technology, Golden Gate cloning
and CRISPR (clustered regularly interspaced
short palindromic repeats)/Cas systems are
favourable options in strawberry improve-
ment. The problem of strawberry fruit soft-
ening is a classic example of this kind of
intervention by biotechnological tools. Gen-
etic transformation has also improved straw-
berries for many traits that confer adaptive
advantage to these plants such as the chal-
lenges imposed by climate change (Husaini
et al., 2012) (see Chapter 14, this volume).

1.4. Health-promoting Properties

In the past few years, the antioxidant power of
fruit has been considered an indicator of the
beneficial bioactive compounds present in
foodstuffs and therefore of their healthfulness.
Indeed, strawberry phenolics are best known
for their antioxidant and anti-inflammatory
action, and possess direct and indirect anti-
microbial, anti-allergy, and anti-hypertensive
properties, as well as the capacity for inhibit-
ing the activities of some physiological en-
zymes and receptors, preventing oxidative

printed on 2/13/2023 12:48 PMvia .

stress-related diseases (Wang ef al., 1996). The
major class of strawberry polyphenols is fla-
vonoids, mainly anthocyanins. The most
quantitatively important phenolic compounds
present in strawberries are in the form of pel-
argonidin and cyanidin derivatives (Giampieri
et al., 2012, 2013, 2014).

There is consolidated evidence to clas-
sify strawberries as a functional food with
several preventive and therapeutic health
benefits (Basu et al., 2014). Strawberries
possess anticarcinogenic, antioxidative and
genoprotective properties against multiple
human and mouse cancer cell types both
in vitro (Wang et al., 2005; Zhang et al.,
2008) and in vivo in animal models (Carlton
et al., 2001; Stoner et al., 2007), but human
studies are still rare, and investigations
particularly focused on patients with pre-
cancerous conditions are strongly advisable.
Strawberry phenolics are able to: (i) detox-
ify free radicals, blocking their production;
(ii) modulate the expression of genes in-
volved in metabolism, cell proliferation and
antioxidant defence; and (iii) protect and
repair DNA damage. Several polyphenolic
compounds such as anthocyanins, kaemp-
ferol, quercetin, fisetin, ellagitannins and el-
lagic acid have been reported in strawberries
(Giampieri et al., 2012, 2013, 2014). Fisetin
possesses antioxidant, anti-inflammatory and
anti-proliferative effects in a wide variety
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of cancers (Ravichandran et al., 2011). Most
of the studies have been performed in vivo,
in particular in lung cancer (Ravichandran
etal., 2011; Touil et al., 2011), prostate can-
cer (Khan et al., 2008), teratocarcinoma
(Tripathi ef al., 2011) and skin cancer (Syed
et al., 2011).

A highly prevalent problem affecting
nearly 21% of the world population is de-
pression, and its prevalence has increased
significantly by 6% during the past two
decades. According to the World Health
Organization, depression will become the
second leading cause of disease-related dis-
ability by the year 2020. The antidepressant
potential of fisetin has been investigated in
two classical mouse models of despair
tasks: tail suspension and forced swimming
tests. Fisetin application (10 and 20 mg kg™,
per os) inhibited the immobility time in
both behavioural tests in a dose-dependent
way, while the doses that affected the im-
mobile response did not affect locomotor
activity. In addition, neurochemical assays
showed that fisetin produced an increase
in serotonin and noradrenaline levels in
the frontal cortex and hippocampus (Zhen
et al., 2012). These findings indicate that
fisetin could serve as a novel natural anti-
depressant agent.

Anticarcinogenic effects of strawberries
are mediated mainly through the detoxifi-
cation of carcinogens, scavenging of react-
ive oxygen species, the decrease in oxidative
DNA damage (Xue et al., 2001; Stoner
et al., 2008), the reduction of cancer cell
proliferation through apoptosis (Seeram
et al., 2006) and cell-cycle arrest (Stoner
et al., 2007), downregulation of activator
protein 1 and nuclear factor-kB, inhibition
of Wnt signalling, tumour necrosis factor-a

(Zhang et al., 2008) and angiogenesis (Atalay
et al., 2003; Duthie, 2007).

Strawberries (F. x ananassa Duch.) are
a rich source of a wide variety of nutritive
compounds such as sugars, vitamins and
minerals, as well as non-nutritive, bioactive
compounds such as flavonoids, anthocya-
nins and phenolic acids. The most abun-
dant class of phytochemicals in strawberries
is ellagitannins (i.e. sanguiin-H-6), followed
by flavonols (i.e. quercetin and kaempferol-
3-malonyl glucoside), flavanols (i.e. cate-
chins and procyanidins), and phenolic
acids (i.e. caffeic and hydroxybenzoic acid
derivatives) (Wang et al., 1996; Giampieri
et al., 2012, 2013, 2014). All of these com-
pounds exert a synergistic and cumulative
effect on human health promotion and in
disease prevention. Of its many positive
characteristics, the nutritional value of
strawberries is nearly perfect (Table 1.2).
Eight medium strawberries contain more
vitamin C than an orange, 20% of the re-
commended daily allowance for folic acid,
no fat and no cholesterol, and are con-
sidered high in fibre. Another significant
nutritional feature is the concentration of
folate (24 g per 100 g of fresh fruit): among
fruit, strawberries are one of the richest nat-
ural sources of this indispensable micronu-
trient, which represents an essential factor
in health promotion and disease prevention
(Tulipani et al., 2008, 2009). Strawberries
are also a notable source of manganese, and
a good source of iodine, magnesium, cop-
per, iron and phosphorus. Moreover, both
their dietary fibre and fructose contents may
contribute to regulating blood sugar levels
by slowing digestion, while the fibre con-
tent may control calorie intake by its satiat-
ing effect.
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Table 1.2. Nutritional composition of strawberry (Fragaria x ananassa Duch.). (From US Department of Agriculture: http://ndb.nal.usda.gov/ndb/search/

list?glookup=09316&format=Full.)

Component Per 100 g Standard error ~ Component Per 100 g Standard error
Nutrient Lipids

Water (g) 90.95 0.214 Fatty acids, total saturated (g) 0.015 -
Energy (kcal) 32 - 16:00 (g) 0.012 -
Energy (k) 136 - 18:00 (g) 0.003 -
Protein (g) 0.67 0.026 Fatty acids, total monounsaturated (g) 0.043 -
Total lipid (fat) (g) 0.3 0.047 16:1 undifferentiated (g) 0.001 -
Ash (g) 0.4 0.021 18:1 undifferentiated (g) 0.042 -
Carbohydrate, by difference (g) 7.68 - Fatty acids, total polyunsaturated (g) 0.155 -
Fibre, total dietary (g) 2 0.152 18:2 undifferentiated (g) 0.09 -
Sugars, total (g) 4.89 - 18:3 undifferentiated (g) 0.065 -
Sucrose (g) 0.47 0.328 18:4 (g) 0 -
Glucose (dextrose) (g) 1.99 0.194 20:4 undifferentiated (g) 0 -
Fructose (g) 2.44 0.198 20:5 n-3 (EPA) (g) 0 -
Lactose (g) 0 0 22:5n-3 (DPA) (g) 0 -
Maltose (8 0 0 22:6 n-3 (DHA) (g) 0 -
Galactose (g) 0 0 Cholesterol (mg) 0 -
Starch (g) 0.04 0.029 Phytosterols (mg) 2 -
Vitamins Amino acids

Vitamin C, total ascorbic acid (mg) 58.8 2.473 Tryptophan (g) 0.008 -
Thiamin (mg) 0.024 0.003 Threonine (g) 0.02 -
Riboflavin (mg) 0.022 0.008 Isoleucine (g) 0.016 -
Niacin (mg) 0.386 0.037 Leucine (g) 0.034 —
Pantothenic acid (mg) 0.125 0.003 Lysine (g) 0.026 -
Vitamin B-6 (mg) 0.047 0.012 Methionine (8) 0.002 -
Folate, total (pg) 24 5.465 Cystine (g) 0.006 -
Folic acid (pg) 0 - Phenylalanine (g) 0.019 -
Folate, food (pg) 24 5.465 Tyrosine (g) 0.022 -
Folate, DFE (pg) 24 - Valine (g) 0.019 -
Choline, total (mg) 5.7 - Arginine (g) 0.028 -
Betaine (mg) 0.2 - Histidine (8 0.012 -
Vitamin B-12 (pg) 0 - Alanine (g) 0.033 -
Vitamin B-12, added (pg) 0 - Aspartic acid (g) 0.149 -
Vitamin A, RAE (pg) 1 0.031 Glutamic acid (g) 0.098 -
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Retinol (pg)

Carotene, B (pg)

Carotene, a (ug)
Cryptoxanthin, B (pg)
Vitamin A, (IU)

Lycopene (pg)

Lutein + zeaxanthin (pg)
Vitamin E (a-tocopherol) (pg)
Vitamin E, added (mg)
Tocopherol, B (mg)
Tocopherol, y (mg)
Tocopherol, 3 (mg)

Vitamin D (D2 + D3) (ug)
Vitamin D (IU)

Vitamin K (phylloquinone) (ug)
Anthocyanidins

Petunidin (mg)

Delphinidin (mg)

Malvidin (mg)

Pelargonidin (mg)

Peonidin (mg)

Cyanidin (mg)

Flavan-3-ols

(+)-Catechin (mg)
(-)-Epigallocatechin (mg)
(-)-Epicatechin (mg)
(-)-Epicatechin 3-gallate (mg)
(-)-Epigallocatechin 3-gallate (mg)
(+)-Gallocatechin (mg)
Flavanones

Hesperetin (mg)

Naringenin (mg)

Flavones

Apigenin (mg)

Luteolin (mg)

ON O OO

0.29

0.01

0.08

0.01

2.2

0.1
0.3

24.8

1.7

0.22

0.625

8.04
0.024

0.002
0.01
0.005

0.29

0.1

0.28
0.01
0.69
0.05
0.05

0.19
0.35
0.13
0.02
0.06
0.005

0.25

0.001

Glycine (g)

Proline (g)

Serine (g)

Minerals

Calcium (Ca) (mg)

Iron (Fe) (mg)

Magnesium (Mg) (mg)
Phosphorus (P) (mg)
Potassium (K) (mg)

Sodium (Na) (mg)

Zinc (Zn) (mg)

Copper (Cu) (mg)

Manganese (Mn) (mg)
Selenium (Se) (ug)

Fluoride (F) (pg)

Flavonols

Isorhamnetin (mg)
Kaempferol (mg)

Myricetin (mg)

Quercetin (mg)

Isoflavones

Daidzein (mg)

Genistein (mg)

Glycitein (mg)

Total isoflavones (mg)
Formononetin (mg)
Coumestrol (mg)
Proanthocyanidin
Proanthocyanidin monomers (mg)
Proanthocyanidin dimers (mg)
Proanthocyanidin trimers (mg)
Proanthocyanidin 4-6mers (mg)
Proanthocyanidin 7-10mers (mg)

Proanthocyanidin polymers (>10mers) (mg)

0.026
0.02
0.025

16
0.41
13
24
153

0.14
0.048
0.386
0.4
4.4

0.8
1.89
2.27
6.47
3.47
13.36

Al use subject to https://ww.ebsco.con terns-of-use

JUN0DDY [BI2UDN) Y ALIdgMENS



EBSCChost -

8 A.M. Husaini and F.A. Zaki

References

Atalay, M., Gordillo, G., Roy, S., Rovin, B., Bagchi, D., Bagchi, M. and Sen, C.K. (2003) Anti-angiogenic prop-
erty of edible berry in a model of hemangioma. FEBS Letters 544, 252-257.

Basu, A., Nguyen, A., Betts, N.M. and Lyons, T.J. (2014) Strawberry as a functional food: an evidence-based
review. Critical Reviews in Food Science and Nutrition 54, 790-806.

Carlton, PS., Kresty, L.A., Siglin, J.C., Morse, M.A., Lu, J., Morgan, C. and Stoner, G.D. (2001) Inhibition of
N-nitrosomethylbenzylamine-induced tumorigenesis in the rat esophagus by dietary freeze-dried straw-
berries. Carcinogenesis 22, 441-446.

Darnell, R.L. (2003) Strawberry growth and development. In: Childers, N.F. (ed.) The Strawberry: A Book for
Growers, Others. Gainesville, FL: Dr Norman F. Childers.

Darrow, G.M. (1966) The Strawberry: History, Breeding and Physiology. Holt, Rinehart and Winston, New York.

Duthie, S.J. (2007) Berry phytochemicals, genomic stability and cancer: evidence for chemoprotection at sev-
eral stages in the carcinogenic process. Molecular Nutrition and Food Research 51, 665-674.

Giampieri, F., Tulipani, S., Alvarez-Suarez, J.M., Quiles, J.L., Mezzetti, B. and Battino, M. (2012) The straw-
berry: composition, nutritional quality, and impact on human health. Nutrition 28, 9-19.

Giampieri, F., Alvarez-Suarez, J.M., Mazzoni, L., Romandini, S., Bompadre, S., Diamanti, J., Capocasa, F.,
Mezzetti, B., Quiles, J.L., Ferreiro, M.S., Tulipani, S. and Battino, M. (2013) The potential impact of straw-
berry on human health. Natural Product Research 27, 448-455.

Giampieri, F., Alvarez-Suarez, J.M. and Battino, M. (2014) Strawberry and human health: effects beyond anti-
oxidant activity. Journal of Agricultural and Food Chemistry 62, 3867-3876.

Hancock, J.F. and Luby, J.J. (1995) Adaptive zones and ancestry of the most important can strawberry cultivars.
Fruit Varieties Journal 49, 85-89.

Hancock, J.F, Scott, D.H. and Lawrence, FJ. (1996) Strawberries. In: Janick and J.N. Moore (eds) Fruit Breeding,
Vol. II. Vine and Small Fruits. John Wiley & Sons. New York, pp. 419-470.

Husaini, A.M. (2010) Pre- and post-agroinfection strategies for efficient leaf disk transformation and regener-
ation of transgenic strawberry plants. Plant Cell Reports 29, 97-110.

Husaini, A.M. and Abdin, M.Z. (2008) Development of transgenic strawberry (Fragariaxananassa Duch.)
plants tolerant to salt stress. Plant Science 174, 446-455.

Husaini, A.M., Mercado, J.A., Schaart, J.G. and Teixeira da Silva, J.A. (2011) Review of factors affecting or-
ganogenesis, somatic embryogenesis and Agrobacterium tumefaciens-mediated transformation of straw-
berry. In: Husaini, A.M. and Mercado, J.A. (eds) Genomics, Transgenics, Molecular Breeding and Bio-
technology of Strawberry. Global Science Books, UK, pp. 1-11.

Husaini, A.M., Abdin, M.Z., Khan, S., Xu, Y.W., Aquil, S. and Anis, M. (2012) Modifying strawberry for better
adaptability to adverse impact of climate change. Current Science 102, 1660-1673.

Khan, N., Asim, M., Afaq, F., Abu Zaid, M. and Mukhtar, H. (2008) A novel dietary flavonoid fisetin inhibits
androgen receptor signaling and tumor growth in athymic nude mice. Cancer Research 68, 8555-8563.

Ravichandran, N., Suresh, G., Ramesh, B. and Vijaiyan Siva, G. (2011) Fisetin, a novel flavonol attenuates
benzo(a)pyrene-induced lung carcinogenesis in Swiss albino mice. Food and Chemical Toxicology 49,
1141-1147.

Seeram, N.P., Adams, L.S., Zhang, Y., Lee, R., Sand, D., Scheuller, H.S. and Heber, D. (2006) Blackberry, black
raspberry, blueberry, cranberry, red raspberry, and strawberry extracts inhibit growth and stimulate apop-
tosis of human cancer cells in vitro. Journal of Agricultural and Food Chemistry 54, 9329-9339.

Stoner, G.D., Wang, L.-S., Zikri, N., Chen, T., Hecht, S.S., Huang, C., Sardo, C. and Lechner, J.F. (2007) Cancer
prevention with freeze-dried berries and berry components. Seminars in Cancer Biology 17, 403-410.

Stoner, G.D., Wang, L.-S. and Casto, B.C. (2008) Laboratory and clinical studies of cancer chemoprevention
by antioxidants in berries. Carcinogenesis 29, 1665-1674.

Syed, D.N., Afaq, ., Maddodi, N., Johnson, J.J., Sarfaraz, S., Ahmad, A., Setaluri, V. and Mukhtar, H. (2011) In-
hibition of human melanoma cell growth by the dietary flavonoid fisetin is associated with disruption of
Whnt/B-catenin signaling and decreased Mitf levels. Journal of Investigative Dermatology 131, 1291-1299.

Touil, Y.S., Seguin, J., Scherman, D. and Chabot, G.G. (2011) Improved antiangiogenic and antitumour activity
of the combination of the natural flavonoid fisetin and cyclophosphamide in Lewis lung carcinoma-
bearing mice. Cancer Chemotherapy and Pharmacology 68, 445-455.

Tripathi, R., Samadder, T., Gupta, S., Surolia, A. and Shaha, C. (2011) Anticancer activity of a combination of
cisplatin and fisetin in embryonal carcinoma cells and xenograft tumors. Molecular Cancer Therapeutics
10, 255-268.

printed on 2/13/2023 12:48 PMvia . All use subject to https://www ebsco. conf terms-of - use



EBSCChost -

Strawberry: A General Account 9

Tulipani, S., Romandini, S., Suarez, ].M.A., Capocasa, F., Mezzetti, B., Battino, M., Busco, F., Bamonti, F. and
Novembrino, C. (2008) Folate content in different strawberry genotypes and folate status in healthy sub-
jects after strawberry consumption. Biofactors 34, 47-55.

Tulipani, S., Mezzetti, B. and Battino, M. (2009) Impact of strawberries on human health: insight into margin-
ally discussed bioactive compounds for the Mediterranean diet. Public Health Nutrition 12, 1656-1662.

Wang, H., Cao, G. and Prior, R.L. (1996) Total antioxidant capacity of fruits. Journal of Agricultural and Food
Chemistry 44, 701-705.

Wang, S.Y., Feng, R., Lu, Y., Bowman, L. and Ding, M. (2005) Inhibitory effect on activator protein-1, nuclear
factor-kB, and cell transformation by extracts of strawberries (Fragaria x ananassa Duch.). Journal of Agri-
cultural and Food Chemistry 53, 4187-4193.

Xue, H., Aziz, R.M., Sun, N., Cassady, J.M., Kamendulis, L.M., Xu, Y., Stoner, G.D. and Klaunig, J.E. (2001)
Inhibition of cellular transformation by berry extracts. Carcinogenesis 22, 351-356.

Zhang, Y., Seeram, N.P,, Lee, R., Feng, L. and Heber, D. (2008) Isolation and identification of strawberry phe-
nolics with antioxidant and human cancer cell antiproliferative properties. Journal of Agricultural and
Food Chemistry 56, 670-675.

Zhen, L., Zhu, J., Zhao, X., Huang, W., An, Y., Li, S., Du, X., Lin, M., Wang, Q., Xu, Y. and Pan, J. (2012) The
antidepressant-like effect of fisetin involves the serotonergic and noradrenergic system. Behavioural
Brain Research 228, 359-366.

printed on 2/13/2023 12:48 PMvia . All use subject to https://ww.ebsco.confterms-of-use



- printed on 2/13/2023 12:48 PMvia .

2 Genetic Resources of the Strawberry

M. Gambardella* and S. Sanchez
Pontificia Universidad Catdlica de Chile

2.1. Historical Background and Botanical Classification of the Genus Fragaria 10
2.2. Evolution and Origin of the Genome 12
2.2.1. Diploid species 12
2.2.2. Tetraploid species 14
2.2.3. Hexaploid species 15
2.2.4. The genome of octoploid species 15
2.3. Breeding Programmes Involving Native Germplasm 16
2.3.1. Fragaria chiloensis 17
2.3.2. Fragaria virginiana 19
2.4. Sources of Genes of Agronomic Interest in Native Germplasm 19
2.5. Germplasm Collections 22

2.1. Historical Background and Botanical
Classification of the Genus Fragaria

The history of the strawberry dates back to
Roman times, and perhaps even to Greek
times; however, it is difficult to find ancient
references to this species. Darrow (1966), in
his book The Strawberry: History, Breeding,
and Physiology, discusses a large part of
the early history of the strawberry, through
which it is possible to establish the origins
of this species. For example, Darrow refers to
Natural History, Book 21, of Pliny (23—-79 ap),
which mentions the use of the strawberry as
a natural product in Italy. There are other
references, especially in medical documents,

* mgambardella@uc.cl

as therapeutic properties were attributed to
this plant. However, the strawberry was not
grown in Europe until 1300 ap. The first ref-
erences mention the use of Fragaria vesca
as ground cover in French gardens. Initially,
the strawberry was used as an ornamental
plant, although interest in its fruit increased
over time. Wilhelm and Sagen (1974) men-
tion the species description in the Latin
Herbarius, published in Mainz, Germany, in
1484, in which one of the first drawings of
the plant appeared under its botanical name,
Fragaria, which comes from the Latin fragans,
meaning fragrance.

In 1500, three European species of straw-
berry were described: F. vesca, Fragaria

© CAB International 2016. Strawberry: Growth, Development and Diseases

10

(A.M. Husaini and D. Neri)

Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

printed on 2/13/2023 12:48 PMvia .

Genetic Resources of the Strawberry 11

moschata and Fragaria viridis. The most com-
mon was F. vesca, of which two subspecies
were cited, one with white fruits and the
other with red fruits. The species Fragaria
sylvestris semperflorens, which blossoms
and fructifies throughout the entire growing
season, was later described (Darrow, 1966).
Historically, the most significant event re-
garding the cultivated strawberry occurred
in 1714, when the French explorer Amédée-
Francois Frézier, commissioned by Louis XIV,
collected Fragaria chiloensis plants on the
shores of Concepcién, in southern Chile.
Although Frézier was an engineer, and the
expedition’s objective was to study the
Spanish fortifications, he had a great interest
in botany and natural science. Frézier was
attracted by a strawberry species (F. chilo-
ensis) that had unusually large fruits and
was cultivated by local communities. On
his trip back to France, he carefully kept
five plants on the ship’s deck during the
6-month voyage. When Frézier arrived in
France, he gave one of the plants as a pre-
sent to the Director of the Royal Garden in
Paris, who placed it together with plants of
Fragaria virginiana. Frézier’s plant had only
female flowers, whereas the Fragaria virgin-
iana specimens had only male flowers, which
favoured the spontaneous cross between both
species. The progeny of this cross exhibited
exceptional characteristics in terms of fruit
size, shape and colour. This was the begin-
ning of the dynamic and fruitful improve-
ment process of the cultivated strawberry,
Fragaria x ananassa Duch. (Darrow, 1966).
In contrast, the background of the intro-
duction of F. virginiana into Europe is not
known precisely. In 1623, nearly a century
before Frézier’s expedition, in a book about
native and exotic plants grown in Parisian
gardens, J. Robin and V. Robin mention an
American Fragaria, which would correspond
to F. virginiana (Staudt, 1999). This species
was supposedly collected in the early 16th
century in eastern North America by colon-
ists and explorers, and was soon introduced
into Europe. In 1629, Perkinson referred to
‘Virginia strawberry’, noting that, even though
its plants had abundant flowers each year, it
had not been possible to harvest even a
single fruit in seven seasons (Staudt, 1999).

In all likelihood, Perkinson’s plants com-
prised only one sex, as we now know that
F. virginiana is a trioecious species.

In 1766, Duchesne was the first to pro-
vide a complete description of American
strawberries in a monograph on the genus
Fragaria, although the nomenclature codes
he used did not follow accepted taxonomic
standards. In 1768, Miller published the
correct names of the species F. chiloensis and
F. virginiana in the Gardener’s Dictionary
(Staudt, 1999). Although, as mentioned above,
most of the strawberry plants cultivated
today correspond to the hybrid Fragaria x
ananassa, whose parents are of American
origin, the genus Fragaria includes more
than 150 species widely distributed in cold,
temperate and subtropical regions. If we
take into account only the most important
species, this number can be reduced to 20
(Hancock, 1999; Staudt, 1999), which are
grouped according to the number of chromo-
somes into diploid, tetraploid, hexaploid
and octoploid species, with a basic haploid
number of seven chromosomes (Table 2.1).

These 20 species and their geographical
distribution are represented in the map
shown in Fig. 2.1, as proposed by Rous-
seau-Gueutin et al. (2009) and adapted ac-
cording to information compiled from other
publications (Hancock and Luby, 1993;
Staudt, 1999).

As shown in Fig. 2.1, diploid species
are distributed throughout Eurasia, although
one species, F. vesca, has a wider distribu-
tion, and may also be found in America.
Tetraploid species, on the other hand, are
restricted to East Asia, while the only
hexaploid species, F. moschata, is found in
Europe. F. chiloensis grows along the en-
tire Pacific coast of America, from southern
Chile to Alaska (Staudt, 1999). Fragaria
iturupensis was described by Staudt (1973)
as the only Asian octoploid species. How-
ever, Hummer et al. (2009) postulated it is a
decaploid species. It should be noted that
F. iturupensis ploidy is not completely re-
solved, so it is generally considered as a
species with varying ploidy (octoploid and
decaploid). F. iturupensis can be found in
north Pacific islands, specifically the Kuril
Islands.
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Table 2.1. Main species of the genus fragaria and their ploidy.

Ploidy Species Ploidy Species
Diploids (2x)* F. vesca Tetraploids (4x) F. corymbosa
F. viridis F. orientalis

F. nilgerrensis
F. daltoniana

F. nubicola

F. innumae

F. yesoensis

F. mandshurica
F. nipponica

F. gracilis

F. pentaphylla

F. moupinensis
Penta and hexaploids F. bringhurstii

(5x and 6x)

Hexaploids (6x) F. moschata
Octoploids (8x) F. chiloensis
F. virginiana

F. iturupensis®
F. x ananassa

Decaploids (10x) F. iturupensis®

X, Basic chromosome number in the haploid genome (x=7).

"There is no complete clarity on the ploidy of F. iturupensis; apparently, some accessions are octoploid, while others are

decaploid.

The possible origins and evolutionary
processes of this genus can be understood
by analysing the distribution map of species
from the genus Fragaria. These are complex
processes that involve mainly the species that
currently grow spontaneously in America.

2.2. Evolution and Origin of
the Genome

There is no certainty yet about the origin
of the genome of Fragaria, nor about the
key species that are present in the hybrid
F. x ananassa. Compatibility studies have
been carried out through interspecific crosses,
chromosomal analysis and, more recently,
molecular studies with the aim of clarifying
genome evolution in the genus Fragaria.

2.2.1. Diploid species

Most diploid species of the genus Fragaria
can cross normally, and meiosis of hybrids
occurs regularly. Nevertheless, in some cases
sterile hybrids are produced, suggesting that
among these species there are genomes with
hidden structural differences. According to
compatibility characteristics and molecular
analyses, there would be three affinity groups

of diploid species (Bors and Sullivan, 1998;
Potter et al., 2000; Rousseau-Gueutin et al.,
2009; Njuguna et al., 2013). Table 2.2 shows
the composition of these three groups ac-
cording to analyses conducted by various
authors, using different methodologies.

In a first approach, and as a result of
interspecific crosses between nine diploid
species of the genus Fragaria, Bors and Sulli-
van (1998) proposed three affinity groups,
which overlapped with each other (Table 2.2a).
The authors also pointed out that F. vesca
would be the common ancestor of all dip-
loid species, as there is a strong affinity be-
tween this species and most diploid species
described, even with F. nilgerrensis, which
is sexually isolated from the rest of the spe-
cies studied. Geographical distribution areas
also overlap with each other (Fig. 2.1).

Thanks to the development of various
molecular techniques, in the last decade
there has been great progress in the genetic
study of the genus Fragaria. Potter et al.
(2000) conducted a phylogenetic study that
included 43 accessions, based on variations
of DNA non-coding region sequences in
chloroplasts and in the nucleus (Table 2.2b).
They determined that diploid species could
be classified into three groups. The species
F. iinumae, from western Japan, would form
a monophyletic group, independent of the
other diploid species studied. Furthermore,
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Table 2.2. Classification of diploid species of the genus Fragaria.

Group

Methodology

(a) lnterspeciﬁc crosses
(Bors and Sullivan, 1998)

| F. vesca, F. pentaphylla, F.iinumae
F. viridis, F. nubicola

Il F. vesca, F. pentaphylla, F. vesca,
F. daltoniana, F. nubicola
F. nilgerrensis

] F. pentaphylla, F. pentaphylla,
F. nipponica, F. nipponica,
F. iinumae, F. daltoniana,
F. gracilis F. gracilis,

F. nilgerrensis

(b) Phylogenetic
(Potter et al., 2000)?

(c) Phylogenetic
(Rousseau-Gueutin

(d) Phylogenetic
(Njuguna et al.,

et al., 2009)" 2013)°
F. iinumae F. iinumae
F. vesca, F. vesca,
F. mandshurica, F. mandshurica,
F. viridis F. bucharica
F. pentaphylla, F. pentaphylla,
F. nipponica, F. nipponica,
F. daltoniana, F. daltoniana,
F. nubicola, F. chinensis
F. nilgerrensis,
F. yezoensis

*Nuclear internal transcribed spacer region and a region of the chloroplast genome.

"Nuclear genes CBSSI-2 and DHAR.
Chloroplast genome sequencing.

they established that F. vesca and F. nubicola,
which belong to a second group, would be
the closest diploid species to the octoploid
F. chiloensis and F. virginiana. F. pentaphylla,
F. nipponica, F. daltonian, F. gracilis and
F. nilgerrensis would form a third group of
diploid species. Later, Rousseau-Gueutin et al.
(2009) studied the evolution of ploidy in the
species of the genus through phylogenetic
analyses of nuclear genes, also giving rise to
three affinity groups (Table 2.2¢). They pro-
posed that F. iinumae stands apart from the
other diploid species studied. In a second
group, F. vesca and F. mandshurica would
have greater genetic proximity, in contrast
to F. viridis. In this case, the third group
would be composed of six diploid species,
including F. nilgerrensis, although this spe-
cies had a higher genetic distance with re-
spect to the rest of group III.

In a recent study conducted by Njuguna
et al. (2013), in which phylogenetic analysis
of chloroplast genome sequences was car-
ried out, it was determined that the diploid
species studied could be classified in three
groups similar to those described by
Rousseau-Gueutin et al. (2009) (Table 2.2d).
In this study, the location of F. viridis and
F. nilgerrensis remains uncertain; however,
there is a strong relationship between
F. viridis and group II, in accordance with

printed on 2/13/2023 12:48 PMvia .

what was suggested by Rousseau-Gueutin
et al. (2009).

To sum up, the information available to
date indicates there are three affinity groups
among diploid species. Different authors
have made progress regarding the compos-
ition of each group, although some contra-
dictions remain. New studies are needed to
move forward, which should include vari-
ous accessions of the different diploid spe-
cies, in conjunction with species from other
ploidies in order to establish the genomic
components of octoploid species with greater
certainty.

2.2.2. Tetraploid species

Among tetraploid species, F. orientalis has
been one of the most studied, and two hy-
potheses have been proposed about its ori-
gin. The first states that this species is an
autotetraploid, with F. vesca or F. mandshurica
being the parental species. According to the
second hypothesis, F. orientalis has an allo-
tetraploid origin, where the species F. vesca
and F. mandshurica correspond to the pa-
rentals (Rousseau-Gueutin et al., 2009).
With respect to other tetraploid species, the
same authors established that F. corymbosa,
F. gracilis, F. moupinensis and F. tibetica

Al use subject to https://ww. ebsco.conl terns-of - use



EBSCChost -

printed on 2/13/2023 12:48 PMvia .

Genetic Resources of the Strawberry 15

would be genetically related to the diploid
species F. nipponica, F. nubicola, F. penta-
phylla and F. yezoensis, but were unable to
clearly determine the parental relationships
between them.

2.2.3. Hexaploid species

In the case of F. moschata, although the
chromosomes have high affinity during
meiosis, they have been suggested to have
different origins. Staudt (1959) suggested
that possible diploid ancestors of this species
would be F. nubicola, F. viridis or F. vesca.
Results obtained by Potter et al. (2000) are
consistent with the hypothesis proposed by
Staudt (1959), suggesting that F. moschata
would be a hybrid between F. vesca and
F. nubicola. Meanwhile, Rousseau-Gueutin
et al. (2009) suggested that F. moschata would
come from a natural cross between the dip-
loid species F. vesca and F. viridis, with the
latter probably being the maternal donor.
They also proposed that unreduced gametes
from one of the parents would provide two
sets of haploid chromosomes and that du-
plication of the resulting triploids would
follow.

2.2.4. The genome of octoploid species

Compatibility studies based on crosses be-
tween species and data obtained through
molecular techniques both confirm the par-
ticipation of different genomes in configur-
ing the ancestors of F. x ananassa.

Polyploidy in the genus Fragaria is
probably due to the union of 2n gametes, as
several authors have pointed out that non-
disjunction is very common in the different
strawberry species (Hancock, 1999). A study
on natural populations of F. chiloensis and
F. vesca showed that approximately 1% of
pollen grains corresponded to unreduced
gametes, and that more than 10% of natural
hybrids between these species arose from
the union of these gametes (Bringhurst and
Senanayake, 1966).

According to analyses performed by
Rousseau-Gueutin et al. (2009), there is

evidence of the allopolyploid origin of the
octoploid species F. chiloensis, F. iturupensis
and F. virginiana. It is proposed that these
three species are the result of hybridization
events that combined the genomes of the
group formed by the diploid species F. vesca
and F. mandshurica, and the group repre-
sented by the diploid species F. iinumae.
It is suggested that the first group is the ma-
ternal genome donor and the second is the
paternal genome donor. In all likelihood,
the octoploid F. iturupensis, the common
ancestor, migrated from East Asia into North
America through the Bering Strait. Subse-
quently, the two octoploid species differ-
entiated themselves, and extended their
distribution range towards the south as
F. chiloensis, and towards the east as F. vir-
giniana (Potter et al., 2000; Rousseau-Gueutin
et al., 2009).

Inheritance studies have shown that oc-
toploid species would have a diploidized
genome, as well as the presence of a large
number of bivalents in the meiosis of
F. x ananassa (Bringhurst, 1990). Molecular
markers confirmed the genome’s diploid be-
haviour in the octoploid F. x ananassa. Us-
ing CAPS (cleavage amplified polymorphic
sequence) markers, it was determined that
most loci of the cultivated strawberry are
transmitted to the progeny according to
Mendelian laws of inheritance, and present
a disomic inheritance (Kunihisa et al., 2005).
Afterwards, through comparative genetic
mapping, a prevalence of linkage groups in
the coupling/repulsion phase was observed
in the progeny from crosses of one diploid and
one octoploid species (F. vesca x F. bucharica),
also demonstrating disomic behaviour during
meiosis of cultivated strawberry (Rousseau-
Gueutin et al., 2008).

Despite the advanced molecular tech-
niques currently available, the composition
of the octoploid genome of F. x ananassa is
still under discussion. Initially, and based
on cytological comparison studies, it was
thought that the octoploid genome of F. x
ananassa was composed of the structure
AA A’A’ BB BB (Senanayake and Bring-
hurst, 1967). However, the most widely ac-
cepted theory is that proposed by Bringhurst
(1990), who suggested that the genomic
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structure of F. x ananassa corresponds to
the polyploid composition AA A’A’” BB
B’B’. While both hypotheses indicate that
cultivated strawberry corresponds to a poly-
ploid species with multiple independent
genomes, Bringhurst’s approach is consist-
ent with the thesis that the octoploid gen-
ome of F. x ananassa has undergone
diploidization, and that its inheritance be-
haves in a predominantly disomic manner.
Figure 2.2 shows an adaptation of the dia-
gram proposed by Bringhurst (1990) with
respect to the origin of octoploid genotypes
of the genus Fragaria, generated by combin-
ing Bringhurst’s hypothesis with the theory
proposed by Rousseau-Gueutin et al. (2009),
who suggested that the genome of octoploid
species would be composed of species of
group I (A and A’) and group II (B), while
the B genome would come from a single
diploid, F. iinumae.

2.3. Breeding Programmes Involving
Native Germplasm

Over the past half century, strawberry
breeding programmes have expanded rap-
idly. This is one of the fruit species in which
many more varieties have been registered:

up to 92 registrations per year (UPOV, 2013).
Nevertheless, it has been determined that
the genetic basis of modern varieties is sur-
prisingly narrow. Until 1990, most varieties
had originated just from ten parental geno-
types (Dale and Sjulin, 1990). Despite this,
harmful effects of this situation are not par-
ticularly evident, due to the fact that this
species is an octoploid, which has allowed
preservation of a large percentage of vari-
ability in the genome copies. RAPD (ran-
domly amplified polymorphic DNA) markers
applied to a large number of commercial
cultivars have shown that there is sufficient
variability among cultivated octoploid geno-
types (Gambardella et al., 2005). Other au-
thors have corroborated these results, noting
that 200 years of breeding have produced a
slight reduction in the genetic variability of
the cultivated strawberry (Gil-Ariza et al.,
2009).

Another factor that contributes to main-
taining genetic variability is the use of wild
germplasm. Bringhurst and Voth (1984)
found that only three generations of back-
crosses were required to recover the size
of the fruit in varieties of F. x ananassa
after the cross with F. virginiana, and that
autofertility was strongly restored in the
same three generations. In general, the
introduction of wild genes is a strategy used

Diploid Tetraploid Octoploid
UNREDUCED
g VeSCéI’I A A GAVETES
roup UNREDUCED
AAA A GAMETES
Fmandshurica a1 A W
Group Il GAMETES
AAA A BBB' B
UNREDUCED
F iinumae BB m‘
Group | UNREDUCED
B BB' B GAMETES
B B uweoucn

GAMETES

Fig. 2.2. Diagram of the origin of polyploidy in Fragaria spp. (Adapted from Bringhurst, 1990.)
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by very few breeders. In most cases, it is in
public programmes where introgression with
wild genes has been carried out, as these
programmes normally have greater access
to germplasm banks with long-term stable
funding, ensuring long periods of crosses,
backcrosses and selection. However, it must
be considered that, in recent years, straw-
berry genetic breeding activity has shifted
to the private sector. Fruit marketing com-
panies and plant nurseries increasingly de-
velop their own programmes, associating
their varieties with business strategies. In
the coming years, therefore, there will be a
greater probability of narrowing the genetic
basis among commercial varieties of straw-
berries. Such a narrow genetic base should
be a cause for concern due to the possibility
of harmful inbreeding effects.

The cultivation of strawberries world-
wide also faces multiple challenges that
could not be addressed if it were not for the
search for new genes among wild popula-
tions. Fruit quality characteristics, such as
better flavour and aroma, as well as a higher
content of dietary substances that benefit
human health (e.g. high levels of antioxi-
dants), are the qualities required by the mod-
ern consumer. The need to minimize the use
of pesticides in order to make agriculture
environmentally sustainable requires the
continual introduction of plant pest- and
disease-resistant genes in new varieties.
Furthermore, the need to expand cultivation
areas and to face changing climates require
the presence of abiotic stress resistance genes.
These are some of the goals of modern gen-
etic breeding for this species.

Octoploid species, especially F. chiloensis
and F. virginiana, have been the species most
used as sources of genetic variability becasue,
as species of the same ploidy level, they can
easily be crossed. These species also grow
in a wide geographical distribution area and
are subject to selection pressures in extreme
environments, where biotic and abiotic
stress resistance genes are present. When
analysing the history of the main varieties
developed in the USA, it is worth noting the
work performed by Albert Etter in the early
20th century (1903-1920) in California, who
obtained more than 50 strawberry cultivars

by crossing plants of F. x ananassa with
wild accessions of F. chiloensis. Later, C.L.
Powers and A.C. Hildreth, from the Depart-
ment of Agriculture (USDA), used F. virgin-
iana subsp. glauca in the programmes they
conducted between 1930 and 1940. R.S.
Bringhurst and V. Voth, from the University
of California, used F. virginiana to produce
day-neutral varieties. They also used F. chilo-
ensis, primarily to increase fruit size in short-
day cultivars (Hancock and Luby, 1993).

Recent studies have shown that an
interesting breeding strategy is the independ-
ent selection of wild genotypes of F. virgin-
iana and F. chiloensis, which are then used
to rebuild the hybrid F. x annanassa from
outstanding clones. In this way, it is pos-
sible to reduce the presence of unfavourable
genes, which are often closely linked to
genes of agronomic interest (Hancock et al.,
2001a, 2003, 2010). Some interesting char-
acteristics have also been found in other
species, such as F. vesca, F. moschata and
F. viridis. However, given the wide distribu-
tion range of the species F. chiloensis and
F. virginiana, it is likely that there is still a
large amount of genetic resources in natural
populations of these two parental species,
as well as in natural populations of the hy-
brid between the two.

2.3.1. Fragaria chiloensis

From the point of view of its botanical clas-
sification, Staudt (1962, 1999) identified two
forms of this species: F. chiloensis subsp.
chiloensis, chiloensis form, and F. chiloensis
subsp. chiloensis, patagonica form.

The chiloensis form corresponds to the
cultivated Chilean strawberry, which was
domesticated by pre-Columbian inhabitants
in southern Chile. It is distinguished by its
vigorous growth habit, thick stems, strong
runners and thick, greyish-green, densely
hairy leaves. The calyx of the flower is large,
with female and hermaphrodite flowers,
which always have more than five (five to
nine) white petals. Fruits are large (about
35 mm long) and are pale red, pink or white
in colour, with large, dark-coloured achenes.
These are the most salient characteristics,
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giving it an exotic feature. The fruits are
also very aromatic and with great sweetness,
albeit with low firmness (Fig. 2.3a, b).

The patagonica form, on the other
hand, designated as the wild Chilean straw-
berry, is characterized by being smaller than
the chiloensis form, being about 21 cm high.
Its leaves are thick, coriaceous, dark green
and shiny. The plants are usually dioecious
or trioecious (female, male and hermaphro-
dite) with more than five flower petals (five
to seven) in most cases. The red fruits are
significantly smaller, 22 mm long on aver-
age, with arounded conical shape (Fig. 2.3c, d).

In the south of Chile, F. chiloensis
grows spontaneously under diverse envir-
onmental conditions, from coastal areas,
directly on the sand near the breakwater, to
foothill areas, often associated with native
undergrowth in volcanic soils. This species
is also found under cultivation in small
family gardens where propagation material

has been preserved from generation to gen-
eration.

In surveys conducted in southern Chile
by a group of breeders between 1996, 1998
and 1999 (Gambardella et al., 2000a,b, 2005),
different phenotypic forms were observed,
which could not be restricted to only two bo-
tanical forms as proposed by Staudt. Charac-
terization of material collected in terms of
growth habit and the morphological charac-
teristics of leaves, flowers and fruits enabled
researchers to distinguish four different types,
which varied according to the type of habitat
in which they were collected. The four mor-
phological types of F. chiloensis were charac-
terized morphologically and molecularly.

Another important collection was made
in the southern region of the North American
range from California to British Columbia.
This collection was compared for morpho-
logical characteristics, yield component and
isozyme traits (Hancock and Bringhurst, 1988).

Fig. 2.3. Morphological types of F. chiloensis. (a, b) F. chiloensis subsp. chiloensis f. chiloensis. (c, d)

F. chiloensis subsp. chiloensis f. patagonica.
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2.3.2. Fragaria virginiana

This species also grows under a wide range
of ecological conditions. It can be found in
open forests and wetland meadows, as well
as on dry rocky slopes. The plants are thin
and very tall, with many stolons, and their
leaves are bushy and dark green, with highly
toothed margins. They are dioecious plants,
with large imperfect flowers. Staminate
flowers are larger than pistillate ones. The
fruit is soft, with many seeds, rounded, bright
red, and with a white pulp and an acid and
aromatic flavour (Staudt, 1999).

Four subspecies of F. virginiana have
been described: subsp. virginiana, glauca,
platypetala and grayana. However, the most
studied are F. virginiana subsp. virginiana
and F. virginiana subsp. glauca. F. virginiana
subsp. virginiana is found throughout the
eastern area of North America, from the
boreal forests in Ontario, Quebec and New-
foundland, bounded in the north by the
subarctic open forest, to the deciduous for-
ests in the Appalachian Mountains and the
Piedmont Plateau in the south (Staudt, 1999).

F. virginiana subsp. glauca is character-
ized by its macroscopically glabrous peti-
oles, peduncles, pedicels and runners. Its
habits are similar to those of F. virginiana
subsp. virginiana, and it grows from Alaska
to New Mexico, Iowa and New York. It is
common in the Yukon Territory and the
Rocky Mountains in British Columbia. Un-
like subsp. virginiana, subsp. glauca grows
on the Pacific coast, at the Fraser River’s
mouth (Staudt, 1999).

Exploration of F. virginiana germplasm
has intensified in recent years, in part
stimulated by the successful incorporation
of the day-neutrality gene. Two collections
sponsored by the USDA have concentrated
on F. virginiana subsp. glauca. These collec-
tions are composed of seed and clonal
accessions, collected from 23 sites in the
Cascade, Olympic, Siskiyou and Coast
mountains in Washington State and Oregon,
in 1985. Luby and Hancock collected al-
most 1000 clones from the northern Rocky
Mountains in 1989 (Luby et al., 1991).
These collections were variable in terms of
fruit size, shape, firmness, skin colour and

flavour. The species occurred over a broad
range of habitats, inclusding dry ponderosa
and lodgepole pine forests, mesic subalpine
forests, high wet mountain meadows, and
bogs and openings in dense rain forests. The
plants appeared to tolerate well the drought
prevailing at the time of collection.

2.4. Sources of Genes of Agronomic
Interest in Native Germplasm

Regarding genetic improvement, it is not al-
ways possible to find the desired character-
istics in commercial varieties of the hybrid
F. x ananassa; therefore, searches and char-
acterization of wild genotypes are required.
While interspecific crosses have been car-
ried out in some breeding programmes,
overall the introduction of wild germplasm
is unusual and there is a risk of excessively
reducing the genetic base of commercial
varieties.

It is possible to find works in the litera-
ture aimed at finding genes of agronomic
interest in wild plants, mainly from F. chilo-
ensis, F. virginiana and F. vesca. However,
more information is still needed regarding a
detailed characterization of collections in
germplasm banks and the study of heredi-
tary mechanisms involved in each charac-
teristic, as well as the interactions between
them. There is also a need to know the cap-
acity of wild genotypes to transfer favour-
able characteristics to commercial varieties.

One of the most interesting examples is
the introduction of the day-neutral charac-
teristic, led by Bringhurst and Voth (1984).
These breeders used the genotype F. virgin-
iana subsp. glauca, collected from the
Wasatch Mountains in Utah, as the genetic
source of this characteristic (Hancock and
Luby, 1993). The mode of inheritance has
not been fully elucidated; most studies indi-
cate that it is governed by a dominant locus
and that it is also affected by some minor
genes (Ahmadi et al., 1990; Shaw and Fam-
ula, 2005). Other authors suggest it would
be a quantitative character, i.e. polygenic
inheritance (Serce and Hancock, 2005b;
Weebadde et al., 2008). Nevertheless, the
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diversity of responses to photoperiod, and
interaction with other environmental and
epigenetic factors make the analysis diffi-
cult. Moreover, classification normally used
to describe the response of flowering to
photoperiod — consisting of short-day, long-day,
infra-day and day-neutral cultivars — seems
too rigid, and it is not always possible to
clearly identify the expression of the geno-
type. Depending on the objectives of the
study and the amplitude of the response
observed in the progeny, classification as
remontant and not remontant is often
preferred.

Another aspect indicated by Hancock
et al. (2002) is that there would be different
remontancy genes coming from various
sources, mainly from natural mutations in
clones of F. x ananassa and F. virginiana.
The same authors noted that it is relatively
easy to use germplasm of F. virginiana to
introduce the day-neutral character through
breeding. Recently, wild accessions of F. vir-
giniana have been described, with varying
degrees of photoperiod insensitivity or con-
tinuous flowering, although more informa-
tion and crosses are needed to incorporate
these new sources into commercial varieties
(Hancock et al., 2001a; Serge and Hancock,
2005a,b).

Thanks to the availability of F. vesca
genomic information, and to the amenabil-
ity of this species to genetic manipulation
techniques, it has been possible to identify
and characterize the gene that inhibits
photoperiod sensitivity, FvTFL1, as well as
to develop molecular markers for assisted
selection (Koskela et al., 2012). Results ob-
tained through this molecular approach re-
inforce the suggestion that it is a mainly
monogenic character or that only a few genes
are involved. However, it will be necessary
to make further progress in the study of this
complex characteristic, which is becoming
increasingly important in the modern
breeding of this species.

It is worth noting, moreover, that the
flowering habit of the strawberry is directly
related to temperature, and strongly inter-
acts with photoperiod. This factor affects
induction, initiation and differentiation of
flower buds. It has been shown that cool
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summer temperatures (17°C) allow induction
to occur under long photoperiods, even in
short-day varieties. This means that some
cultivars considered as short-day types be-
have as remontants in cool climates. High
temperatures inhibit flowering under any
conditions regarding photoperiod or var-
iety, although it has been observed that the
critical temperature is higher in day-neutral
cultivars (Manakasem and Goodwin, 2001;
Stewart and Folta, 2010). It would be desir-
able to find genotypes that are able to
bloom under high-temperature conditions,
although apparently there is no information
on wild material with this characteristic.

In relation to pest and disease resistance
genes, various authors agree that F. vesca
would be a natural source of resistance to
important diseases affecting the crop, such
as powdery mildew, Verticillium wilt, and
root and crown rot (Gooding et al., 1981;
Hancock and Luby, 1993; Korbin, 2011).
Powdery mildew immunity in F. moschata,
and red stele, powdery mildew and leaf spot
resistance in clones of F. chiloensis have
also been described (Hancock et al., 1989).

Furthermore, a collection of native ger-
mplasm from the species F. virginiana and
F. chiloensis, which is kept at the US Clonal
Germplasm Repository in Corvallis, Ore-
gon, has been characterized with respect to
the response to several foliar diseases affect-
ing the crop, resistance to black root rot and
resistance to northern root-knot nematode
(Meloidogyne hapla) and root-lesion nema-
tode (Pratylenchus penetrans). These stud-
ies were able to identify various genotypes
resistant to a number of important of patho-
gens (Hancock et al., 2003).

Extensive studies carried out within the
USDA programme at Beltsville, Maryland,
have found various sources of resistance to
different pathogens. For example, they found
resistance to Xanthomonas fragariae in a
clone of F. virginiana from Minnesota, and
in a hybrid between F. virginiana and F. x
ananassa (Maas et al., 2000). This programme
deals with the selection of germplasm toler-
ant or resistant to the main fungal diseases:
red stele (Phytophthora fragariae), Verticil-
lium wilt, leaf spot (Mycosphaerella fragar-
iae), leaf scorch (Diplocarpon earlianum
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(Ellis & Everh) F.A. Wolf), leaf blight (Pho-
mopsis obscurans (Ellis & Everh) Sutton),
powdery mildew (Sphaerotheca macularis
f.sp. fragariae), fruit rot or ‘grey mould’ (Bo-
trytis cinerea) and crown rot. This is one of
the most complete programmes for search-
ing disease resistance (Galletta et al., 1997).

The chilling requirement, i.e. the accu-
mulation of chilling hours between 0 and
7°C, is another factor affecting reproductive
and vegetative growth in strawberry plants.
This vernalization period is required to
break bud dormancy and is highly depend-
ent on genotype. It is a mechanism intended
to prevent plants from developing (budding
and flourishing) early in the season, when
spring frost probability is still high. There-
fore, in areas with springs that are too cold,
cultivars with a high chilling requirement
should be chosen. In Norway, in a popula-
tion of F. vesca called ‘Alta’, a much delayed
budding and flowering was observed, attrib-
utable to a high winter chilling requirement,
compared with other studied populations of
the same species. However, most informa-
tion on this characteristic is reported for
cultivars of the hybrid F. x ananassa (Heide
and Sensteby, 2007).

In most cases, genotypes collected in
cold environments tend to show greater
hardiness and are usually more tolerant to
spring frost damage during flowering. In a
study that compared accessions of native
American octoploid genotypes, it was deter-
mined that those of F. virginiana, regardless
of their origin, had a greater resistance to
cold weather than those of F. chiloensis.
Within the latter, clones collected in North
America were more resistant than those col-
lected in South America (Hancock et al.,
2001b). In another study, which described a
wider collection of germplasm of F. chiloensis
and F. virginiana, a high degree of cold re-
sistance was found in clone PI 552091 of
F. chiloensis, collected in Chile at an eleva-
tion of 1900 m (Hancock et al., 2001a).

Another factor determining the degree
of a plant’s hardiness is its ability to adapt
to extreme drought or salinity conditions. In
this context, the harmful effect of salinity
on growth, yield, and fruit quality is widely
known, mainly because it affects photosynthetic

capacity. Several studies have aimed to de-
tect significant differences between geno-
types related to the ability of accumulating
chloride ions (Cl7) in different organs. An
individual that accumulates this ion in its
roots and crowns has a better performance
against salinity than one that accumulates
Cl- in its petioles and leaves (Saied et al.,
2005). Hancock et al. (2001a) pointed out
that individuals of F. chiloensis have been
collected in extremely arid zones, even
growing on sand in coastal regions of Chile
or the USA (clones PI 602567, P1 612317, PI
551728 and PI 612490); thus, they would be
highly tolerant to salt and drought, and
would be an important source of tolerance
to water stress for modern cultivars.
Through characterization of various
genotypes of F. chiloensis and F. virginiana
under five different environmental condi-
tions, it was determined that F. chiloensis is
usually superior to F. virginiana in param-
eters such as the number of crowns, fruit
size, soluble solid content and number of
seeds. In turn, F. virginiana was superior to
F. chiloensis in the production of stolons,
peduncle length, the number of fruits, and
external and internal colour. F. chiloensis
has an earlier budding (Hancock et al.,
2003). Some of these differences may relate
to the fact that F. chiloensis was subjected
to a process of domestication by the pre-
Columbian population of southern Chile,
and therefore yield and fruit size param-
eters were improved empirically. In recent
years, the trend has been to consume fruit
with beneficial health features, especially
with anticancer properties and the ability
to prevent cardiovascular diseases (Wang
et al., 2007; Zafra-Stone et al., 2007). These
benefits are attributed mainly to the total
antioxidant capacity, which is determined
by a set of bioactive compounds present in
the fruit. In general, the strawberry is con-
sidered a species with a high level of anti-
oxidants, and it has been observed that this
characteristic is strongly determined by
both the genotype and its interaction with
environmental conditions (Capocasa et al.,
2008). Regarding this characteristic, the strat-
egy of introducing greater genetic variability
through interspecific crosses of Fragaria
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wild material seems to be the most reason-
able alternative; therefore, studies aimed at
characterizing available germplasm are being
developed.

In a comparison of 19 strawberry acces-
sions of the species F. virginiana, F. chilo-
ensis and F. x ananassa, it was determined
that F. virginiana had higher antioxidant
activity compared with the rest of the geno-
types studied (Wang and Lewers, 2007).
Other studies have characterized the dif-
ferent antioxidant compounds present in
F. chiloensis genotypes native to South
America, and have compared them with
those of F. vesca and F. x ananassa ‘Chandler’.
Significant differences were found between
species in the types of antioxidant com-
pounds and their location in various fruit

tissues (Cheel et al., 2007; Simirgiotis
et al., 2009).

Finally, it is necessary to mention an
interesting study carried out by Luby et al.
(1991), who aimed to raise awareness of the
Fragaria germplasm base in North America
in the 21st century and the strategies to in-
crease genetic diversity of the genus. They
outlined the geographical distribution and
the economically important traits of 15 wild
Fragaria spp. (Table 2.3).

2.5. Germplasm Collections

Great part of strawberry germplasm is
maintained in the collections belonging
to the major breeding programs. Often

Table 2.3. Agronomic interest traits and geographic distribution of wild Fragaria species. (Data from Luby et al.,

1991; Hancock, 1999.)

Traits

Fragaria species Distribution
Diploid
F. vesca L. Northern hemisphere
F. viridis Duch. Europe, Asia
F. nilgerensis Schlect. South-east Asia
F. daltoniana ). Gay Himalayas
F. nubicola Lind1. ex Lac. ~ Himalayas
F. iinumae Makino Japan
F. yezoensis Hara Japan
F. nipponica Makino Japan
F. mandshurica Staudt Manchuria

Tetraploid

F. orientalis Losinsk

F. moupinensis (Fr.) Card.
Hexaploid

F. moschata Duch.
Octoploid

F. iterupensis Staudt

F. virginiana Duch.

Western Asia
South-west China

Northern Europe

Juril Island
North America

North and
South America

F. chiloensis (L.) Duch.

Wide adaptation, aroma
Firmness, high pH, cold tolerance
Fruit size

Fruit size, cold tolerance
Unknown

Complete dormancy

Complete dormancy

Cold tolerance

Cold tolerance

Cold and drought tolerance
Cold tolerance

Aroma, uniform ripening, cold tolerance

Disease resistance (red stele, Verticillium wilt,
powdery mildew, leaf spot, scorch, leaf blight,
root knot nematode, root-lesion nematode),
stress tolerance (waterlogged soil, heat, drought,
high soil pH, cold, frost), aroma, photosynthetic
efficiency at high temperatures

Disease resistance (red stele, Verticillium wilt,
powdery mildew, leaf blight, viruses, root-lesion
nematode), pest resistance (two-spotted mite,
strawberry weevil, black vine weevil), stress
tolerance (drought, high soil pH, salinity, cold),
low chilling, fruit firmness, fruit size, high
photosynthesis level
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Table 2.4. Major germplasm collections. (Data from FAO, 2010; Jiajun et al., 2012; USDA 2015.)

Institution Country Accessions (n)
National Germplasm Repository, Corvallis USA 1807
Vavilov Research Institute of Plant Industry Russia 940
National Institute of Agrobiological Sciences Japan 912
Julius Kiihn Institute, Federal Research Centre for Cultivated Plants Germany 622
National Strawberry Germplasm Repository, Beijing China 580
Centro Regional de Investigacion, Instituto de Investigaciones Chile 500
Agropecuarias, Quilamapu
East Malling Research United Kingdom 329
Consiglio per la Ricerca e la Sperimentazione in Agricoltura, Italy 220
Unita di Ricerca per la Frutticoltura
Fruit Growing Research Institute Maracineni-Arges Romania 201

resources to maintain and characterize
collections are not available, since the

genotypes of interest and it is the job of
breeders to take advantage of available gen-

work is slow, requires a high degree of spe-
cialization and high costs are involved.
Thus, much of the genetic diversity is lost
or not available. Part of the variability pre-
sent in wild species has been incorporated
into modern cultivars, but there are many
traits of interest in wild germplasm that
could be used to improve crop characteris-
tics. In order to accomplish this, it is neces-
sary to describe, collect and maintain the

etic resources. Usually there are very few
examples of official germplasm collections,
centralized and dependent on public insti-
tutions.

FAO made a compilation of such gene
banks worldwide, this compilation along
with information obtained from the USDA
and the latest strawberry symposium, has
combined to give rise to a list of the largest
public germplasm banks (Table 2.4).
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3.1. Introduction

The strawberry (Fragaria x ananassa) is an
octoploid species derived from the hybrid-
ization of two wild octoploid species,
Fragaria chiloensis and Fragaria virginiana,
in the middle of the 1700s in a botanical
garden of Versailles in France. The few
plants born from this interspecific cross
showed a large-sized fruit, larger than either
of the parental fruits. Antoine Nicolas
Duchesne, working at the Court of France at
that time, was the first botanist to describe
the hybrid F. x ananassa in his Histoire Na-
turelle des Frasiers in 1766. These first
plants were the ‘ancestors’ of all current
cultivars now cultivated in many areas of

* gianluca.baruzzi@crea.gov.it

the world, from the coldest to the warmest
regions. The high level of ploidy and im-
portant interactions with the environment
still allow a large phenotypic variability.
Since the early 19th century, a strong breed-
ing programme aimed at creating new culti-
vars with innovative and improving charac-
teristics of plants, and particularly of fruits,
has been carried out.

3.2. Historical Breeding

The first breeding activities were carried out
in the UK in the 19th century by Michael
Keens and Andrew Knight. Keens had a more
practical approach and, in 1821, released the
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strawberry cultivar ‘Keens’ Seedling’, which
was then grown successfully for about a cen-
tury. This cultivar also became a common
parent in the pedigrees of the cultivars that
followed.

In the early 19th century, Knight, a
founding member of the Royal Horticultural
Society, with a more scientific and aca-
demic approach, bred two important straw-
berry cultivars (‘Downton’ and ‘Elton’) in
the UK, both of which were cultivated
largely by the English growers of that time.
‘Laxton Noble’ (1887), and especially ‘Royal
Sovereign’ (1898), the latest cultivars ori-
ginating from a ‘Laxton Nobl’ x ‘King of
Earliest’ cross, can be considered the first
important cultivars at a European level.
‘Royal Sovereign’ has been widely culti-
vated starting from the early 20th century in
France, Germany, the UK and Holland.

In France, Duchesne’s studies did not
improve on the breeding activity. For several
years, selections of the original F. x ananassa
hybrid were cultivated; later, the French
growers cultivated ‘Keens’ Seedling’. The
first successful French cultivar was probably
‘Vicomtesse Héricart de Thury’ obtained by
J.L. Jamin in 1849 from a random pollination
of ‘Keens’ Seedling’. Other important culti-
vars were ‘Duc de Malakoff’ (1854), ‘Docteur
Morére’ (1867) and ‘Madame Moutot’ (1906),
the latter bringing about an important improve-
ment in fruit size. ‘Madame Moutot’, obtained
from a ‘Royal Sovereign’ x ‘Docteur Morere’
cross, had wide success across Europe. Until the
1960s, it was considered the first strawberry cul-
tivar to be cultivated at an ‘industrial’ level.

Some successful cultivars were ob-
tained in Germany, starting from the early
20th century: ‘Deutsch Evern’ (1902), ‘Koénigen
Luise’ (1905), ‘Osterfee’ (1917), ‘Oberschlesien’
(1919) and ‘Frau Mieze Schindler’ (1933).
These cultivars bred in different countries,
together with ‘Lucida Perfecta’, Johannes Miil-
ler’, ‘Markee’, ‘Sieger’, ‘Deutsch Evern’, “Tardiva
di Leopoldo’, ‘Surprise des Halles’, ‘Surprise de
Campentras’, ‘Ville de Paris’, ‘Macherauch
Spaternte D.P. Wallbaum’, ‘Regina’, ‘Cambridge
Favourite’, ‘Senga Precosana’, ‘Souvenir de
Charles Machiroux’, ‘Senga Sengana’ and
‘Belrubi’, now represent an important heritage
of the old European cultivar germplasm.

In the USA, breeding activity was started
by C.M. Hovey who bred cross combinations
among clones of F. virginiana and F. chiloen-
sis and the English cultivar ‘Keens’ Seed-
ling’. With the first US cultivar, obtained in
1834 and named ‘Hovey’, the first US straw-
berry cultures started in the Atlantic coast
(Boston area). In the mid-1850s, James Wil-
son obtained the cultivar ‘Wilson’, character-
ized by a larger fruit than ‘Hovey’, which
contributed to extend strawberry culture be-
yond the Atlantic coast (in 1850—1860 about
1000 ha was cultivated). The strawberry cul-
tivar ‘Dunlap’ (1890) was later released and
cultivated for more than 70 years.

At the end of the 19th century, Arthur
Howard started another breeding pro-
gramme leading to the release of ‘Howard
17’ (1907), a parent now present in the pedi-
gree of many modern cultivars. At the be-
ginning of the 20th century, Albert Etter se-
lected new cultivars using some clones of F.
chiloensis in his breeding programme. He
obtained ‘Ettesburgh 80°, known as ‘Huxley’
in Europe and widely cultivated in the UK.
In the USA, the success of ‘Marshall’ was
also remarkable: this cultivar, characterized
by high yield and high adaptability to many
different cultural areas, was obtained in
1890 by F. Marshall and cultivated until
1930-1940.

3.3. Modern Breeding

In the 20th century, strawberry breeding ac-
tivity expanded further around the world
(Rosati, 1993). Initially, programmes were
carried out at public research institutes,
universities in particular, but many private
programmes were also then started as a re-
sult of the sale of plant propagation and
commercialization rights. The programmes
have become so numerous that a recent sur-
vey registered that more than 900 new culti-
vars were obtained from 1982 to 2008
worldwide (Della Strada and Fideghelli,
2011). The USA topped the list, with more
than 190 cultivars, followed by Italy (74),
France (70), Japan (65), the UK (56), Canada
(51) and other countries (33).
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The number of cultivars has increased
gradually, especially starting from the early
1990s, and has stabilized from 2000 (40-50
new cultivars per year). The number of cul-
tivars obtained by private breeding pro-
grammes has increased progressively,
reaching, in 2008, more than 50% of the
number of cultivars released by public pro-
grammes. The cultivars introduced up until
1999 were developed by 79 public research
institutes and by 32 private companies.
This production of new cultivars derived
from the development of breeding pro-
grammes currently present in more than 40
countries (Faedi et al., 2002).

Most of the cultivars that have been
introduced belong to the octoploid species
F. x ananassa, but there also exist culti-
vars with diploid (Fragaria vesca), hexa-
ploid (Fragaria moschata) and decaploid
(Fragaria x vescana) chromosomes. Some
Fragaria x Potentilla intergeneric hybrids
have also been obtained. All breeding pro-
grammes generally aim to increase the
plant yield, as well as an increase in fruit
size, fruit organoleptic quality and resist-
ance/tolerance to pests and diseases, and
extension of the ripening calendar. Some
studies have quantified the results ob-
tained in terms of yield, fruit size and flesh
firmness (Faedi et al., 1997; Shaw and Lar-
son, 2008). In California, during 50 years of
breeding activity at the University of Cali-
fornia, large increases in plant yield, aver-
age fruit weight and flesh firmness were
obtained (Table 3.1). Similar results were
obtained during more than 30 years of ac-
tivity by the Italian breeding programme
carried out in the Po Valley, Italy.

3.3.1. Yield

The high yield of the plant continues to be a
characteristic of key importance in straw-
berry breeding. Yield depends on the com-
bination of a series of characteristics includ-
ing the number of flowers, and consequently
of fruits, their size, the plant crown number,
hardiness and resistance to disease (Han-
cock, 1999). The results obtained by some
programmes questioned whether it would be
possible to increase plant yield further, espe-
cially as it has a negative effect on fruit sugar
content. However, in some areas (especially
those with temperate climate and fresh sum-
mers, such as southern Canada and central
and northern Europe), the day-neutrality
characteristic was used to increase the plant
yield. This trait allows an extended harvest
calendar (3—4 months or more) and allows
the production of a larger number of inflores-
cences per plant (Dale, 2005).

3.3.2. Harvesting time and fruiting habit

Most breeding programmes aim to extend
the harvest calendar of the June-bearing
(short-day) cultivars to both early and late
seasons. This has becoming increasingly
important to achieve a culture deseasonali-
zation and better management of farm la-
bour. Earliness is a very important charac-
teristic in breeding programmes carried out
in warm winter areas (e.g. California, Flor-
ida, Spain, Israel, southern Italy), search-
ing for genotypes with low winter chilling
requirements; in areas that use bare-root

Table 3.1. Results obtained in the breeding programmes carried out in California, USA, and Po Valley, Italy.

(From Shaw and Larson, 2008.)

Location Yield (g per plant) Fruit size (g) Firmness (N)

California® 1945-1966 595 14.9 0.245
1993-2004 1.429 249 0.456

ltalyb 1970-1980 768 16.5 0.389
2000-2010 1.390 26.1 0.572

*Average data from the two cultural techniques of winter planting and summer planting of the reference varieties.
Average data from the five best advanced selections (summer planting).
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plants (winter planting system), the harvest
time is further extended compared with cold-
stored plants (summer planting). In areas
with particularly warm winters (subtropical
areas), low winter chilling requirement culti-
vars are able to fruit in winter time.

Despite the early ripening time, a late
harvest time is particularly important in
countries with colder temperatures, espe-
cially in winter. New genotypes have been
obtained recently that have a very late
ripening season, being able to postpone
the blooming and harvesting time of trad-
itional cultivars for more than a month,
due to the characteristic of extended dor-
mancy present in the European cultivars
‘Malwina’ and ‘Judibell’ (Simpson et al.,
2009). Many programmes aim to extend
harvest time using the ‘ever-bearing’ charac-
teristic. One of the best-known and com-
mon criteria of cultivar classification is
fruiting habit (June-bearing and ever-
bearing), which depends on the reaction of
the plant to photoperiod. The June-bearing
cultivars bloom only once in a year follow-
ing differentiation and require a daily photo-
period of 14 h and temperatures higher
than 15°C for flower induction. The ever-
bearing cultivars are divided into two
branches depending on their reaction to
photoperiod: long-day and day-neutral plants.
However, classification of the ever-bearing
genotypes into one of the two categories is
not always easy (Nicoll and Galletta, 1987).
Various authors have described different
possible origins of the ever-bearing charac-
teristic, which have been summarized by
Hancock (1999):

1. The ever-bearing long-day characteristic
present in the spontaneous diploid F. vesca
in Europe could have been transferred in

Tufs
Brighton* {
CA 65.65-01*

CA 59.41-1*

CA 58.45-11*

the first octoploid accessions introduced
into Europe in the 19th century; an ex-
ample is ‘Climax’, one of the first ever-bear-
ing cultivars grown in Europe, which can
rebloom although with difficulty when
summer temperatures are too high — typical
behaviour of the long-day ever-bearing
type.

2. The ever-bearing characteristic present
in the cultivar ‘PanAmerican’ (which can
be considered the first ever-bearing culti-
var having an American origin) could have
originated from a mutation of ‘Bismark’ dis-
covered at the end of the 19th century.

3. The ever-bearing, day-neutral characteris-
tic is present in F. virginiana subsp. glauca
growing spontaneously in the Rocky Moun-
tains; some clones have been used in crosses
with the cultivar ‘PanAmerican,” obtaining
ever-bearing genotypes but with intermediate
characteristics between the long-day and
day-neutral types; a single clone of F. virginiana
subsp. glauca, found in 1955 by R. Bringhurst
in the mountains of Utah near Salt Lake City,
had remarkable success in strawberry breeding.
Through backcrosses with the best June-bear-
ing accessions of F. x ananassa, breeders at the
University of California introduced this charac-
teristic, which is now present in almost all of
the main ever-bearing cultivars cultivated
worldwide.

The first day-neutral cultivars, which
were introduced commercially in 1979
(‘Aptos’, ‘Brighton’ and ‘Hecker’), were de-
rived from the third generation of back-
crosses where a single clone of F. virginiana
subsp. glauca was used as the first pollinat-
ing parent, i.e. the donor of the day-neutral
characteristic. Figure 3.1 shows the pedigree
of the Californian ever-bearing day-neutral
cultivar, ‘Brighton’.

CA 39.117-4

Shasta

CA 55.32-1*

F. virginiana
subsp. glauca*

Fig. 3.1. Pedigree of the Californian ever-bearing day-neutral cultivar ‘Brighton’. *, Day-neutral genotype.
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Following the release of ‘Brighton’, the
University of California introduced the culti-
vars ‘Selva’ (1893), ‘Seascape’ (1991), ‘Diamante’
(1997), ‘Albio’ (2004) and more recently ‘Mon-
terey’, ‘Portola’ and ‘San Andreas’ (2008).

High summer temperatures negatively
affect flower bud formation in most day-
neutral types (Durner, 1984); however, this
aspect has improved remarkably in the cul-
tivars obtained recently from breeding pro-
grammes carried out mainly in Europe; the
problem of the limited production of run-
ners by day-neutral types (Simpson and Sharp,
1988) has also partly been resolved, with
the most recent cultivars generally not show-
ing this problem.

The genetics underlying the ever-bearing
trait are still not clear. Initially, it was thought
that this characteristic was controlled by a
single dominant gene (Bringhurst et al., 1989).
However, recent studies have demonstrated
polygenic control (Shaw and Famula, 2005).
There exists great variability in the expression
of this characteristic depending on both geno-
type and environmental factors, especially
temperature (Faedi et al., 1994; Maltoni et al.,
1996).

Most breeding programmes aim to cre-
ate both ‘June-bearing short-day’ and ‘ever-
bearing day-neutral’ cultivars. Currently, the
Californian strawberry industry is domin-
ated by day-neutral cultivars, and in Europe
the new ever-bearing cultivars will play an
increasingly important role, especially in
the strawberry industry of northern Europe
where the climate is temperate (fairly cool
summer) and the harvest could last four or
five summer/autumn months using cold-stored
plants planted from the middle of March to
early April.

Some June-bearing cultivars, in specific
environmental conditions, can have a second
flowering after the main bloom caused by a
second period of differentiation, taking place
in spring when there are the right tempera-
ture and photoperiod conditions (before the
end of March in the northern hemisphere).
This trait is common in southern areas, but
happens occasionally in northern areas, most
frequently only in protected culture. In the
Po Valley in Italy, some crossed combinations
between very productive short-day genotypes
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and day-neutral ones have produced weak
day-neutral selections that perform like
short-day plants (Faedi et al., 2002).

3.3.3. Average fruit weight

In the past, many programmes had the spe-
cific objective of increasing fruit size in
order to improve plant production and re-
duce harvest costs. In Italy in particular, the
constant increase in labour costs acceler-
ated the research, aiming to improve this
characteristic in order to limit the costs of
production. The increase in average fruit
weight has certainly improved the har-
vested yield per hour, leading to remarkable
savings in labour. In Italy, in 1985, a study
carried out by researchers at the University
of Bologna showed that a 1 g increase in
average fruit weight allowed savings of
1 million Lire (about 500 Euros) per hectare
to get the best harvested yield per hour, in-
creasing from 11-13 kg/h with the cultivar
‘Gorella’ to 18-19 kg/h with the ‘Addie’
(Malagoli and Pirazzoli, 1986). A similar
study carried out in 1998 with ‘Onda’
fruits showed a further increase in the har-
vest output of about 4 kg/h — from 19.6 to
23.4 kg/h — obtained by increasing the
average fruit weight (Baruzzi, 1998). This
trend of increasing fruit size can, however,
lead to some problems in commercializing
fruits, especially in packaging.

In order to reduce picking costs, long
fruit stems (pedicels) is a sought-after char-
acteristic, particularly in southern areas
where fresh plants (winter planting system)
are used, as they have limited plant devel-
opment during the coldest months.

3.3.4. Organoleptic quality of fruit

Combining high yield and high fruit quality
has always been a main objective in breed-
ing programmes but is difficult to achieve.
In some programmes, the fruit quality has
been considered for a long time as a ‘sec-
ondary objective’, with the preference being
to obtain large fruits to improve the yield
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(Faedi et al., 2002). A remarkable genetic
variability has been recorded for all of the
main fruit quality traits, all of which are
quantitatively controlled: flesh firmness
and skin resistance (correlated positively)
(Ourecky and Bourne, 1968), fruit sweet-
ness, skin and flesh colour (slightly correl-
ated) (Shaw, 1991), acidity and vitamin C
content, and flavour.

The negative correlation between yield
and sugar level (measured on the Brix scale)
(Wenzel, 1980) makes it difficult to select
new genetic material with both high plant
yield and very sweet fruits. The levels of
aromatic substances and of flesh firmness
are also negatively correlated with in-
creased size, so the trend to improve flesh
firmness results in a progressive loss in fruit
aroma (Ulrich et al., 2014). However, an in-
crease in both flesh firmness and skin resist-
ance allows a lower rot susceptibility to be
obtained, resulting in a longer shelf-life.

The nutritional parameters (antioxidant
compounds and phenolic content) seem to be
the most innovative characteristics on which
research is focusing its attention due to their
benefits on human health. The variability be-
tween the existing germplasms is remarkable,
and these can be used to improve these param-
eters in specific breeding programmes (Wang
and Lewers, 2007; Capocasa et al., 2008b; Batti-
no et al., 2009; Olbricht et al., 2011; Giampieri
et al, 2012). Some specific breeding pro-
grammes have already been started, aiming to
improve these characteristics using clones of
wild species (in particular of F. virginiana subsp.
glauca) as parents (Capocasa et al., 2008a).

3.3.5. Pest and disease resistance

Disease resistance is a primary objective for
all the main breeding programmes and will
be even more important in the future with
the increasing quest for sustainable agricul-
ture. The pathogens causing problems to
strawberries have different levels of import-
ance in different cultural areas. For this rea-
son, breeding programmes focus on different
pathogens depending on their importance in
the area where the programme is carried out.

One of the first goals pursued was re-
sistance to Phytophthora fragariae (red
core or red stele), which has caused serious
damage in strawberry fields of northern Eur-
ope and the USA since the mid-1950s. In the
middle of the 20th century, two programmes
were specifically finalized to combat this
pathogen; one of these programmes was car-
ried out in Scotland, UK, and the other one at
USDA, Maryland, USA. ‘Auchincruive Cli-
max’ (released in 1947); ‘Stelemaster’ (1954)
and ‘Surecrop’ (1956) were the first cultivars
resistant to Phytophthora fragariae released
in Europe and northern America. Later, pro-
grammes aimed at resistance against other
important pathogens: Colletotrichum acu-
tatum (anthracnose), Phytophthora cacto-
rum (crown rot), Verticillium dahliae (wilt),
Fusarium oxysporum (wilt), Sphaerotheca
macularis (mildew), Mycosphaerella fragari-
ae (leaf spot), Diplocarpon earliana (scorch),
Botrytis cinerea (grey mould) and Xantho-
monas fragariae (angular leaf spot). How-
ever, many successful cultivars do not show
complete or specific resistance to a particular
disease. Breeding has focused more on ob-
taining cultivars that are tolerant, or at least
less susceptible, to more pathogens at the same
time, rather than to a particular pathogen.

The phase-out of methyl bromide in
soil fumigation has added incentive to the
search to identify genotypes able to give
good results in non-fumigated, old and or-
ganic soils. From the mid-1990s, many in-
stitutions started the selection of genetic
material in non-fumigated soils. The screen-
ing of Californian genetic material carried
out in the mid-1990s on non-fumigated soils
showed a high susceptibility of all tested
genotypes to soilborne pathogens (Larson
and Shaw, 1995). However, in other breeding
programmes, similar studies showed geno-
types being able to adapt to non-fumigated
soils, registering a high performance both in
fumigated and non-fumigated soils (Baruzzi
et al., 2009).

3.4. Future Breeding Programmes

In future, breeding programmes are likely to
be carried out more frequently by private
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organizations only or in collaboration with
public organizations. The private organiza-
tions, especially growers’ associations, will
be increasingly involved in the final evalu-
ation of new genetic material. The primary
goals are likely to remain yield, extension
of the harvest period (especially with
day-neutral genotypes), fruit quality (nutra-
ceutical aspects) and, in particular, re-
search on plant resistance to reduce the use
of pesticides, especially soil fumigants,
which will undergo further restrictions.

An increasingly important aim will be
to reduce the labour necessary for the har-
vest through the selection of new genotypes
adapted to a faster harvest (easy-to-pick
fruits, compact plant habits and long-stem
fruits). Breeding programmes will need to
consider the climate changes in progress, es-
pecially the progressive increases and the
sudden change in temperatures. The geno-
types with a low winter chilling require-
ment traditionally grown in temperate areas
could be interesting in the future in northern
areas, especially for the earliest productions.
However, the resistance to spring cold tem-
peratures (causing frost damage during
blooming) resulting in serious damage to
flowers also needs to be considered. It will be
important to select genetic material charac-
terized by a small interval between blooming
and harvest in order to have a late blooming
and a medium to early ripening. Moreover,
the increase in temperatures in summer
causes a loss of flesh consistency in some
genotypes (e.g. in European 60-day cultures
of the cultivar ‘Elsanta’) with serious conse-
quences at a commercial level. Some geno-
types have been shown to be tolerant to high
summer temperatures than others, maintain-
ing high flesh firmness and skin resistance.

It will be necessary to take into account
the continuous evolution of cultural tech-
niques. For example, the increasingly im-
portant programmed cultures (60-day cul-
tures) in central and northern Europe have
led to the development of a breeding pro-
gramme aiming to select genotypes fully
adapted to this type of cultural technique
(Whitehouse et al., 2009).

The classic strawberry breeding method,
which has been well summarized by Chandler
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et al. (2012), based on crossing, selecting
the obtained seedlings and then evaluating
the selected seedlings, will continue to be
used, but it will be increasingly combined
with the use of genetic maps and molecular
markers, which will speed up the selection
times. Currently, strawberry molecular
markers are used mainly for analysis of gen-
etic diversity, in particular for cultivar iden-
tification (fingerprinting), which is import-
ant for the nursery industry and patent
protection, but it is reasonable to think that
in the future it will be possible to use the
marker-assisted selection for the most im-
portant agronomic and quality traits. It will
be possible to make a first selection in the
laboratory by the identification of genotypes
presenting one or more molecular markers
(quantitative trait loci) associated with the
characteristic of interest (e.g. fruit quality
and plant resistance). In this way, during
the selection phase in the field, it will be
possible to focus only on material having
the specific traits required by the breeder.
Continual refinement of these markers will
improve their use in genome mapping.
Some molecular markers associated with
important traits such as anthracnose resist-
ance and photoperiodic flowering have al-
ready been identified and even used in
breeding (Whitaker, 2011). However, their
application in selection work in breeding
programmes is still limited to few research
centres.

The recent completion of the genome
sequence of the diploid wild strawberry
will be important to determining the identi-
fication of new markers and also new genes
of interest (Shulaev et al., 2011). Some link-
age maps of F. x ananassa are already avail-
able (Lerceteau-Kohler et al., 2003; Sargent
et al., 2009, 2012; Spigler et al., 2010; Isobe
et al., 2013).

This new knowledge will improve the
further application of the gene transfer (re-
sulting in genetically modified organisms
(GMOs)) and the validation of genes con-
trolling important characters (e.g. resist-
ance, quality and nutritional characteris-
tics). Some genes have already been
identified and transferred to strawberry (e.g.
for the synthesis of anthocyanins), showing
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the possibilities available to improve the
nutritional quality of fruits without modify-
ing the other cultivar characteristics. It is
already known that the limit of GMO tech-
nology in strawberry, as for other crops, re-
mains the lack of acceptance by the con-
sumers of many countries.

3.5. The Main Breeding Programmes and
Released Cultivars Worldwide

There are currently more than 40 active
breeding programmes worldwide, with
most being located in North America and
Europe (Chandler et al., 2012), although the
number of programmes being carried out in
other areas, especially China, has increased
recently. Many breeding programmes have
had much success and their activities have
led to the release of cultivars adapted to
various cultural areas.

One of the most successful programmes
has been that carried out by the University
of California, which released in the past
some successful low winter chilling re-
quirement cultivars such as “Tioga’ (1963),

‘Aliso’ (1967), ‘Sequoia’ (1968), ‘Toro’
(1975), ‘Pajaro’ (1979), ‘Douglas’ (1979),
‘Chandler’ (1983), ‘Camarosa’ (1992),

‘Ventana’ (1997), ‘Albion’ (2004), Monterey,

Portola and San Andreas (2008). The last
four cultivars are day-neutral plants, with
‘Albion’ and ‘San Andreas’ currently being
predominant in California (Table 3.2). The
latest released cultivars are ‘Benicia’ and
‘Mojave’, both June-bearing, representing
the current main objectives of the Califor-
nian programme: early season harvest, easy
cultivation, high-quality fruit and limited
plant development to reduce harvest costs.
There are some important Californian
private breeding programmes. Proprietary
cultivars developed by these private pro-
grammes represent now 42% of the esti-
mated 16,500 total acreage of plantings
(Table 3.2). The most active private pro-
grammes are carried out by Driscoll Straw-
berry Associates and Plant Sciences (and its
affiliated company, Berry Genetics). Dri-
scoll’s headquarters are located in Watson-
ville, California, but it selects cultivars
adapted to specific growing regions through-
out the world. Proprietary cultivars are
grown only in associated farms (club sys-
tem) in some of the world’s growing regions
in northern and southern America, Europe,
Africa and Australia. To date, several culti-
vars, both June-bearing and ever-bearing,
have been released and the main cultivars
are ‘Alafia’, ‘Amado’, ‘Del Ray’, ‘El Dorado’,
‘Pasadena’, ‘Pilgrim’ and ‘San Juan’.

Table 3.2. Evolution of the Californian strawberry cultivar standard from 2008 to 2013. (From California
Strawberry Commission: http://www.calstrawberry.com.)

Dominant cultivars within California (%)

Cultivar 2008 2009 2010 2011 2012 2013

‘Albion’ 34.7 39.5 34.6 33.8 30.7 21.8
‘Benicia’ - - - 0.2 2.7 3.4
‘Camarosa’ 6.8 3.3 1.6 0.9 0.1 0.3
‘Camino Real’ 3.5 4.9 4.0 2.1 0.4 0.2
‘Chandler’ 0.4 0.4 0.2 0.3 0.5 0.2
‘Monterey’ - 0.3 0.9 2.4 3.0 6.9
‘Palomar’ 0.1 1.1 1.6 1.8 1.3 0.4
‘Portola’ 0.8 0.5 0.7 1.7 3.2 5.1
Proprietary cultivars 39.6 36.0 39.4 40.1 40.9 42.9
‘Radiance’ - - - 0.1 0.5 1.1
‘San Andreas’ 0.1 3.3 8.1 11.6 13.8 15.0
‘Ventana’ 12.4 10.6 8.5 4.8 2.7 2.4
Others 1.6 0.1 0.4 0.2 0.2 0.3
Total state acreage (ha) 14,779 15,634 15,220 15,109 15,529 16,518
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Since the mid-1980s, Plant Science Inc.
of Watsonville has been carrying out a pro-
gramme to select new early cultivars char-
acterized by low chilling requirements and
adapted to mild climate conditions. Cur-
rently, the most important cultivars are
‘Promise’, ‘Splendor’, ‘Valor’ and ‘Virtue’.
‘Splendor’ has also rapidly spread in Spain
(Huelva area) where in 2013 it represented
the main cultivar (25%; Table 3.3).

In Florida, there is an active breeding
programme aiming to select very low chill-
ing requirement cultivars that are able to
produce fruits in the winter time in the cen-
tral to western areas of the country. Its main
goal is to obtain cultivars producing very
regular-shaped fruits in the difficult winter
weather conditions (low temperatures and
frequent rainfall). In 2000, this programme
released the cultivar ‘Florida Festival’,
which is gaining in importance in many
strawberry areas throughout the world.
‘Florida Radiance’ (marketed as ‘Florida
Fortuna’ in Europe), released in 2009, has
become popular in Spain and in other Medi-
terranean areas (e.g. Sicily) due to its very
early ripening season.

In Australia, the University of Queens-
land and the Horticulture and Forestry Sci-
ence are carrying out a breeding programme
focused on subtropical areas. The most recent
cultivar is ‘Kalinda’ (day-neutral). Another
Australian breeding programme is being

carried out at the Department of Primary
Industries in Victoria. It has been breeding
strawberries that are better adapted to con-
ditions in southern Australia.

In Spain, a public-private breeding pro-
gramme is being carried out by the Institute
of Agricultural Research and Training (IF-
APA). Tt is supported by private partners
representing most of the growers in Huelva
and on Spanish nursery farms, and aims to
select improved early cultivars adapted to
the winter planting culture of the Huelva
area. The cultivar ‘Amiga’, released in 2006,
represents now a small share of the cultivar
standard of the important Spanish straw-
berry industry. The most recent cultivars are
‘Santaclara’ and ‘Fontanilla’ (Dominguez et al.,
2012). The Spanish private company Fresas
Nuevos Materiales (FNM) — as well as co-fi-
nancing the Spanish public project IFAPA —
has been carrying out its own private breed-
ing programme since 1999. ‘Antilla’, ‘Primoris’
and ‘Niebla’ are the most recent commer-
cially diffused cultivars (Refoyo and Arenas,
2009). ‘Antilla’ is a medium to late cultivar
similar to the cultivar ‘Sabrosa’, and is be-
coming widespread in the Huelva area
(Table 3.3). Another private programme in
Spain is being conducted by Planasa,
which is successful mostly for its cultivar
‘Sabrosa’, currently dominating in some
Mediterranean areas (e.g. southern Italy),
although in Spain its production is now

Table 3.3. Dominant cultivars in the Huelva area (%). (Data from Institute of Agricultural Research and Training
(IFAPA), https://www.researchgate.net/institution/Institute_of_Agricultural_Research_and_Training_IFAPA.)

Cultivar 2009 2010 2011 2012 2013
‘Amiga’ 1 1
‘Antilla’ 2 3
‘Benicia’ 3 4
‘Camarosa’ 45 35 22 16 4
‘Festival’ 10 4 3 1 1
‘Fortuna’ 9 5 13 17
‘Primoris’ 4 4 5
‘Sabrina’ 7 23
‘Sabrosa’ 35 35 40 26 10
‘San Andreas’ 2 3
‘Splendor’ 3 15 22 22 25
‘Ventana’ 2 1 2 2 2
Virtue’ 1
Others 5 1 2 1 1
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strongly reduced. ‘Sabrina’, which fruits earl-
ier than ‘Sabrosa’, has already fully established
itself in Spain where it represents, together
with ‘Splendor’, half of the strawberry plant-
ings. The latest released cultivars are ‘Sa-
hara’ and ‘Safari’, both June fruit bearers, and
the ever-bearing day-neutral ‘Cristal’.

The private programme of Darbonne
(France) has recently joined the programme
of Planasa (Spain) to select improved geno-
types with a medium to high chilling require-
ment. ‘Darselect’ released in 1996 is largely
grown in central to northern Europe. ‘Dream’,
‘Deluxe’ and ‘Starlette’ (June-bearing) and
‘Amandine’ (day-neutral) are the latest dif-
fused cultivars. Another successful private
programme in France has been carried out by
Marionnet. The most interesting result was
the release of the ever-bearing cultivar ‘Mara
des Bois’ characterized by an excellent or-
ganoleptic quality of the fruit. Recently, two
new cultivars were released: ‘Mariguette’
(ever-bearing) and ‘Magnum’ (June-bearing),
both having a similar aroma to ‘Mara des
Bois’. The French programme of Creation de
Variétés Fraises et Fruits Rouges (CIREF)
aims to select cultivars, both short-day and
ever-bearing (day-neutral), with excellent
fruit characteristics, similar to the old culti-
vars ‘Gariguette’ (Roudeillac and Markocic,
1997). Recently, the project has released the
cultivar ‘Rubis Des Jardin’.

In the UK, the historical programme
based at East Malling Research Station
aimed to create both June-bearing and
ever-bearing cultivars. Since 2008, the
breeding programme has been supported fi-
nancially by the East Malling Strawberry
Breeding Club and the Department for En-
vironment, Food and Rural Affairs (DEFRA).
During this period, three new cultivars have
been released; two short-day types, ‘Seren-
ity’ and ‘Malling Centenary’, and the ever-
bearing ‘Buddy’. ‘Serenity’ (2012) is a soma-
clonal variant of the late season cultivar
‘Florence’. ‘Malling Centenary’ (2013) is an
early to mid-season cultivar with outstand-
ing fruit quality, particularly in terms of its
flavour and appearance. ‘Buddy’ (2012) pro-
duces fruit during the summer but concen-
trates its harvest earlier than ‘Everest’ — the
reference cultivar for UK strawberry areas.

The UK private programme of Edward
Vinson Plants aims mainly to obtain ever-
bearing cultivars. The most successful culti-
vars are ‘Everest’ and ‘Evie 2’, which are
now grown in many European areas. The
most recently released cultivars are ‘Sweet
Eve’, ‘Velvet’ and ‘Verity’. The June-bearing
cultivar ‘Viva Patricia’, adapted to southern
areas, has been recently released.

The Dutch cultivar ‘Elsanta’, released
in 1981 in the framework of the historical
public breeding programme from the Uni-
versity of Wageningen, The Netherlands, is
still largely cultivated in northern European
areas. In the past, the same programme re-
leased the cultivar ‘Gorella’ (1960), which
met success in several European strawberry
areas. Currently, the cultivar ‘Sonata’ (2002)
is partly replacing °‘Elsanta’. This pro-
gramme has been renamed Fresh Forward,
and involves the participation of both pub-
lic and private groups. The programme recently
released the cultivars ‘Vivaldi’, ‘Musica’
and ‘Jive’. In the Netherlands, at least two
other private programmes are now in pro-
gress. One, carried out by Vissers, recently re-
leased the cultivar ‘Elianny’, while the
other, carried out by Goossens Flevoplants,
has most recently released the cultivars ‘Fe-
licita’, ‘Florin Florentina’, ‘Favori’, ‘Pink
Extra’, ‘Sussette’ and ‘Fleurette’.

In Poland, a breeding programme is being
carried out at the Research Institute of Horti-
culture of Skierniewice. A new medium to
early season cultivar named ‘Grandarosa’ has
been released recently (Masny et al., 2015).

In Finland, since 1991, the breeding
programme of the Maa-ja elintarviket-
alouden tutkimuskeskus (MTT) Agrifood
Research Finland in Piikkio has as its main
purpose the creation of cultivars adapted
to polyannual cultures, resistant to low
winter temperatures and to powdery mil-
dew. The most recent cultivars are ‘Suve-
tar’, ‘Valotar’ and ‘Lumotar’ (Hietaranta and
Karhu, 2014).

In Norway, the public programme was
recently fully privatized and named Grami-
nor Breeding Ltd. It aims to obtain cultivars
adapted to extreme weather conditions, such
as very cold and dry winters, often without
snow. Two medium to late season cultivars,
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resistant to powdery mildew, have recently
been released: ‘Gudleif’ and ‘Blink’, which
are adapted to the industrial transformation
(Alsheikh and Sween, 2012).

In Italy, the private organization Con-
sorzio Italiano Vivaisti (CIV) in Ferrara is
carrying out breeding programmes that have
released some very popular cultivars in
both Italy and Europe (‘Marmolada’ and
‘Clery’). The programme aims to select new
improved cultivars adapted to central and
northern European areas and to southern
Mediterranean areas. CIV has recently re-
leased many new cultivars, both June-bear-
ing and day-neutral (day-neutral: ‘Murano’,
‘Spargi’, ‘Lipari’, ‘Vivara’, ‘Gavi’, ‘Ischia’,
‘Linosa’ and ‘Capri’, all adapted to northern
areas; June-bearing: ‘Dely’ and ‘Joly’ for nor-
thern areas, ‘Nabila’, ‘Kami’ and ‘Rania’ for
the Mediterranean areas, and ‘Rubinociv’
and ‘DipRed’ for processing use. In the Po
Valley (Italy), the private company New-
Fruits in Cesena has released in the past
very successful June-bearing cultivars such
as ‘Alba’ and ‘Roxan’, which have spread
widely in the Po Valley and in central and
northern Europe. Recently, NewFruits re-
leased the June-bearing cultivar ‘Alina’ and
the day-neutral cultivars ‘Thelma’ and ‘Lou-
ise’. The Department of Agricultural, Food
and Environmental Sciences of the Univer-
sita Politecnica delle Marche is carrying out
its own breeding programme in Agugliano,
Ancona, which has led to the release of two
new June-bearing cultivars, ‘Romina’ and
‘Cristina’. The CRA Unita di Ricerca per la
Frutticoltura in Forli coordinates many
public/private breeding programmes car-
ried out in a number of Italian cultural
areas. In the past, some very successful cul-
tivars have been released in Italy (‘Eva’ is
the main cultivar of the Verona and Po Val-
ley areas). Two new cultivars have recently
been released for southern areas (‘Pircinque’
and ‘Jonica’) and two for northern areas
(‘Garda’ and ‘Brilla’) (Faedi et al., 2014).

In China, interest in strawberries has
constantly increased, confirmed by the
high number of public institutes carrying
out breeding programmes aiming to obtain
cultivars adapted to cropping areas often
characterized by very different weather

printed on 2/13/2023 12:48 PMvia .

conditions. Some breeding programmes are
currently in progress in various areas of
China. One has been conducted since 2003
in Zhejiang area, where the harvest takes
place from November to May in protected
culture, and this programme has recently
released two new cultivars, ‘Yuezhu’ and
“Yueli’, obtained from crosses among Japan-
ese cultivars. They are both early-season
cultivars, with light-coloured fruits that are
very sweet with little acid taste, typical of
the cultivars of Japanese origin. Another
breeding programme is being carried out in
the province of Hebei by the Baoding
Strawberry Research Institute and focuses
on the protected cultures of northern China
(Duan et al., 2012). ‘Baotong’ is the most re-
cent cultivar obtained from a Japanese cul-
tivar (‘Benihomalei’). In the province of
Shanxi, a programme is being carried out
by the Pomology Institute. The selection
CMO05-1-2 has recently been obtained and
released. At the Jiangsu Academy of Agri-
cultural Science, another breeding pro-
gramme focusing on the warmest areas is
being carried out (Wang et al., 2012).
‘Ningyu’ is the most recent released culti-
var obtained, also from Japanese cultivars
(‘Sachinoka’ x ‘Akihime’). ‘Shimei-7’ is a
new cultivar released in the framework of
a programme conducted by the Shijiaz-
huang Pomology Institute (Yang et al.,
2014). Obtained from a cross with the Jap-
anese cultivar ‘Tochiotome’, which has a
low winter chilling requirement, it is well
adapted to forced cultures. The breeding
programme conducted at the University of
Shenyang works on ornamental cultivars
characterized by violet-coloured flowers
(Xue et al., 2014). ‘Pink Beauty’ and ‘Pretty
Beauty’ are two recently released cultivars
obtained through crosses made with ‘Pink
Panda’, a pink-flowered cultivar released
in the UK in 1971. Another programme
being carried out in Chengdu in the pro-
vince of Sichuan at the Academy of Agri-
cultural Science is aiming to obtain new
genetic material by carrying out crosses
between commercial cultivars and native
clones of the species Fragaria nilgerrensis,
which is particularly interesting for its
fruit aroma (Li et al., 2012).
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A strong breeding programme is being
carried out in Japan. In northern Japan
(Hokkaido and Tohoku districts), two breed-
ing programmes for late June-bearers (in
cold regions: Hokkaido, Akita and Yamaga-
ta Prefectures) and early June-bearers (in
warm regions: the Pacific coast of Aomori,
Miyagi and Fukushima Prefectures) have
been conducted (Takahashi et al., 2009;
Morishita, 2012). Many cultivars were re-
leased in the framework of these pro-
grammes. The programme aim to release a
decaploid interspecific hybrid is particu-
larly interesting. ‘Karume’, obtained from a
cross between an octoploid cultivar and a
diploid wild species (F. nilgerrensis) (Nogu-
chi et al., 2009), presents a strong peach-
like sweet fragrance. The cultivar ‘Tokun’
was released recently (Noguchi et al., 2011).

Many breeding programmes are con-
ducted in North America, although compared
with the past they have been considerably
reduced (Hancock, 1999; Hancock et al.,
2008). Most programmes to produce new
cultivars are carried out through collabor-
ations among many research institutes.
The programme carried out at the US
Department of Agriculture/Agricultural
Research Service (USDA-ARS) in Beltsville
(Maryland) and Corvallis (Oregon) is cer-
tainly the longest running worldwide, and
stands out for having released many culti-
vars characterized by resistance to soilborne
pathogens. Some recently released cultivars
are ‘Valley Red’, ‘Charm’ and ‘Sweet Bliss’,
all short-day cultivars adapted to the north-
western Pacific area (Finn et al., 2013).

Other programmes are now in progress at
Washington State University (latest cultivar
released: ‘Puget Crimson’) and North Caro-
lina State University (latest cultivar released:
‘Galletta’).

In Canada, many breeding programmes
are now in progress, often working in col-
laboration with US institutions. In British
Columbia, a breeding programme is being
carried out at the Pacific Agri-Food Re-
search Centre, Agassiz, part of Agriculture
and Agri-Food Canada. ‘Nisgaa’ and ‘Stolo’
are the two most recently released
June-bearing cultivars, and ‘Puget Crimson’
(short-day) was commercially released in
collaboration with Washington State Uni-
versity and USDA-ARS, Corvallis, confirm-
ing the large collaboration among different
breeding programmes in northern America.
In Kentville, Nova Scotia, the Atlantic Food
and Horticulture Research Centre of Agri-
culture and Agri-Food Canada recently re-
leased ‘Valley Sunset’ (2009) and ‘ACC
Lila’ (2013). In Ontario, at the Ottawa East-
ern Cereal and Oilseed Research Centre of
Agriculture and Agri-Food Canada, some
selections (LL0210-60, LL0311-43 and
LL0312-23) were released. In Quebec, a
breeding programme carried out at the
Horticultural Research and Development
Center is now in progress. As well as some
cultivars (e.g. ‘Stolo’) released in collabor-
ation with other research centres, this pro-
gramme releases also ornamental cultivars
such as ‘Roseberry’ (day-neutral) with at-
tractive pink blooms and aromatic fruits
(Kempler et al., 2011).
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4.1. Introduction

The white Chilean strawberry, Fragaria chilo-
ensis subsp. chiloensis (L.) Mill. f. chiloensis
(Rosaceae), is becoming an interesting crop
in the coastal range of Chile. The plant was
selected and kept by small farmers and
peasants due to its colour, aroma and excel-
lent taste, and is now cultivated in a small
area in central Chile, between the latitudes
35 and 39°S. (Fig. 4.1) (Retamales et al., 2005).
The chemistry of this native berry has shown
differences compared with the red-coloured
commercial strawberry (Fragaria x ananassa),
as well as with other Fragaria spp. (Cheel et al.,
2005, 2007; Simirgiotis et al., 2009b). Recent

* schmeda@utalca.cl

studies have aimed to disclose the molecular
basis of the F. chiloensis response under dif-
ferent stress conditions (Gonzilez et al.,
2009, 2013), as well as the genes involved
in the fruit colour (Saud et al., 2009; Salvat-
ierra et al., 2010, 2013) and softening (Opazo
et al., 2010). However, less is known about
the chemical response of the plant under
biotic and abiotic stress. Research done by
Saud et al. (2009) and Salvatierra et al. (2010,
2013) has demonstrated the potential of
combining information on plant genomics
with that on some of the phenolic plant con-
stituents responsible for the fruit colour.
Therefore, both genomic and metabolomic
approaches to the Chilean white strawberry

© CAB International 2016. Strawberry: Growth, Development and Diseases
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Fig. 4.1. (a) White strawberry culture in Contulmo, Regién del Bio-Bio, Chile. (b) Infected plant. (c) Com-
mercialization of white and red strawberry at the Putu market, Regién del Maule, Chile. (a, b) From Rudi
Montenegro (Universidad Austral de Chile, Chile); (c) from Cristina Theoduloz (Universidad de Talca, Chile).
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are relevant for its development as an in-
dustrial crop.

Metabolomics is the large-scale chemical
analysis of plants, cells or tissues, and in-
cludes metabolite target analysis, metabolic
profiling and metabolic fingerprinting. The
compounds that constitute the metabolome
are the end products of gene expression and
are related to the chemical phenotype of the
living organisms (Sumner et al., 2003). Several
responses in living organisms that involve al-
tered gene expression, such as those arising
from environmental stimuli in plants, result in
qualitative changes in the secondary metab-
olite pools. Metabolomics requires selected
chemical profiling technologies that allow fast
and replicable separation of complex mixtures
and a fast, reliable characterization of the
individual constituents using databases. The
chemical profiles are compared to disclose dif-
ferences in gene expression that are associated
with changes in the secondary metabolite
pool. Due to the chemical complexity of the
metabolome, the inherent biological variabil-
ity in organisms of the same species and the
limitations of the instrumental approaches, a
comprehensive profiling of the complete me-
tabolome is not possible. At present, there is
no single analytical technique able to profile
all of the metabolome.

From an application point of view, me-
tabolomics focuses on high-throughput
characterization of selected groups of small-
sized metabolites (<1500 Da) in biological
matrices. Following this definition, Wishart
(2008) referred to it as ‘the collection of all
small molecule metabolites or chemicals that
can be found in a cell, organ or organisms’.
These selected compounds can, for instance,
be phenolics, terpenes or alkaloids. Metabo-
lomics is also known as metabolic profiling,
and requires systems for fast separation of
compounds, mixtures and instruments for
the spectrometric or spectroscopic charac-
terization of the compounds in the sample.
If required, selected compounds can be iso-
lated from the mixture for further identifica-
tion using standard methods.

Polyphenols are one of the principal
compounds related to the benefits of fruits,
vegetables, wine and herbal teas consumed
in the diet because of their antioxidant prop-
erties and other biological activities. Several

analytical methods have been proposed for
analysis of phenolic compounds in agricul-
tural products, differing in the extraction,
separation and quantification techniques.
A rapid dereplication of constituents in
complex mixtures is desirable to establish
similarities and differences that can be used
to assess metabolomic changes in the target
organism. High-performance liquid chroma-
tography with diode array detection coupled
with tandem mass spectrometry (HPLC-DAD-
MS/MS) is the method of choice for fast
dereplication of complex mixtures, using low
amounts of samples. The technique has been
applied successfully for fast characterization
of phenolics in berries (Mééttd et al., 2003;
Maitta-Riihinen et al., 2004), including straw-
berries (Seeram et al., 2006; Simirgiotis and
Schmeda-Hirschmann, 2010a; Schmeda-
Hirschmann et al., 2011), edible fruits (Simir-
giotis et al., 2009a,b, 2013a,b,c), herbal teas
(Simirgiotis and Schmeda-Hirschmann, 2010b;
Quispe et al., 2012; Simirgiotis et al., 2012),
propolis (Agiiero et al., 2010) and spices
(Viveros-Valdez et al., 2008).

This chapter reviews all relevant infor-
mation that will be relevant to set up a data-
base of phenolic constituents of the white
Chilean strawberry for metabolomic studies.

4.2. Phenolic Profile of Cultivated
Chilean White Strawberry

The plant samples were taken from com-
mercial plantations at Contulmo, Regién del
Bio-Bio, Chile, and can be considered repre-
sentative of the white strawberry plants re-
garded as healthy by producers. No visible
damage was observed for the botanical ma-
terial employed as the baseline for compari-
son purposes. The plants were taken to the
laboratory, separated into fruits, leaves,
flowers and rhizomes, washed with tap water
and immediately extracted three times with
methanol:formicacid (99:1) in a 1 g sample:20 ml
solvent ratio. The extracts were filtered and
taken to dryness for HPLC and HPLC-DAD-
MS/MS analysis. Plants presenting leaf
damage associated with a fungal pathogen
were collected and processed as described
above for comparison purposes (Fig. 4.1b).
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Different organs from the cultivated
Chilean white strawberry were analysed
separately for phenolic compounds using
HPLC-DAD-MS/MS. The HPLC system was
Merck-Hitachi equipment (LaChrom, Tokyo,
Japan) consisting of an L-7100 pump, an
L-7455 UV diode array detector and a D-7000
chromatointegrator. A 250 mm x 4.60 mm
internal diameter, 5 pm Kromasil 100-5C18
column (Eka Chemicals, Brewster, NY)
maintained at 25°C was used. The HPLC
analysis was performed using a linear gradi-
ent solvent system consisting of 1% formic
acid (A) and acetonitrile (B) as follows: 90
to 75% A over 30 min, followed by 75 to 40%
A from 30 to 45 min at a flow rate of 1 ml min™.
The extracts were dissolved in methanol:H,0
(1:1, v/v) (final concentration ~5 mg ml™),
filtered through a 0.45 pm PTFE filter (Waters,
Milford, MA) and submitted to HPLC-DAD
and HPLC-electrospray ionization (ESI)-MS
analysis. The volume injected was 20 pl.
The compounds were monitored at 250 nm,
and UV spectra were recorded at 200—600 nm
for peak characterization.

HPLC coupled to MS was performed
using a Squire 4000 plus ion trap spectrom-
eter fitted with ESI (Bruker Daltonics, Biller-
ica, MA). The capillary voltage was 4000 V.
Nitrogen was used as nebulizer gas at 350°C
at a flow of 8.0 1 min™, and the nebulizer
pressure was 27.5 psi. Spectra were recorded
between m/z 150 and 2000 in positive-ion
mode. Collision-induced dissociation spectra
were obtained with a fragmentation ampli-
tude of 1.00 V (MS/MS) using helium as the
collision gas.

Analysis of the constituents of the dif-
ferent organs was carried out under the same
experimental conditions to allow comparison
of the ‘baseline’ plants (i.e. plants considered
healthy) with those presenting phytopathogen-
induced damage. While the first approach
renders information on the main constitu-
ents and fingerprinting of different organs,
comparison with diseased plants might con-
firm whether the method is suitable for the
detection of a chemical response, measured
as changes in the qualitative and/or quanti-
tative composition of the plant phenolics.

Comparison of phenolics in leaves was
preferred for obvious reasons, as correlation
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with damage and the pathogen can both be
carried out using chemical markers or molecu-
lar biology tools. The HPLC chromatograms of
the different plant parts are shown in Fig. 4.2,
while the distribution of phenolic compounds
in the different plant parts is summarized in
Table 4.1.

4.2.1. HPLC analysis of white
strawberry leaves

The profiles of the leaves showed mainly
tannins and quercetin 3-O-glucuronide (Q-3-
Gluc), with kaempferol coumaroyl hexo-
sides as minor constituents (Table 4.2). The
main compounds were ellagic acid, quer-
cetin 3-O-glucuronide and ellagitannins.
The ellagitannins with an [M+1]* ion at m/z
785 and 769 were tentatively assigned to
platycaryanin D or pedunculagin, and as a
balanophotannin (Jiang et al., 2005), re-
spectively. Ellagic acid sulphate conjugate
(Souleman et al., 1998) was also present.
Quercetin and kaempferol coumaroyl hexo-
side were described in the leaves of the
wild-growing red-coloured form, F. chiloen-
sis var. chiloensis (Simirgiotis et al., 2009b).

4.2.2. HPLC analysis of white
strawberry flowers

The phenolic constituents of the white
strawberry flowers were described for the
first time, showing ellagic acid derivatives
and flavonoids as the main compounds. The
flavonoids included quercetin and kaemp-
ferol glycosides, with glucuronic acid as the
sugar moieties in both flavonoids.

4.2.3. HPLC analysis of white
strawberry rhizomes

The rhizomes contained mainly condensed
and hydrolysable tannins (Table 4.2) with
dimers and trimers based on catechin/epi-
catechin, in agreement with data in the lit-
erature (Yoshida et al., 1987; Nonaka et al.,
1989; Terashima et al., 1990; de Souza et al.,
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Fig. 4.2. High-performance liquid chromatography (HPLC) with diode array detection chromatograms at

250 nm of flowers (a), ripe fruits (b), rhizomes (c), healthy leaves (d) and infected leaves (e) of Fragaria
chiloensis subsp. chiloensis f. chiloensis. See Table 4.2 for a description of the peak labels.
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Fig. 4.2. Continued.

2008; Appeldoorn et al., 2009). Three trimers
and two dimers were tentatively identified,
while two additional related compounds re-
mained unidentified. The same trend was
observed for the rhizomes of F. chiloensis
f. patagonica, where tannins were the pre-
dominant compounds.

4.2.4. HPLC analysis of white strawberry fruits

The HPLC pattern of the ripe white straw-
berry fruits showed caffeoylquinic acid and
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several procyanidin trimers as minor com-
pounds. The main constituents were quer-
cetin derivatives, including quercetin-3-O-
glucuronide and ellagic acid pentoside
(Table 4.1).

4.3. The Plant Response under
Fungal Infection

The main phenolics detected in healthy
leaves of the cultivated white strawberry
were a hydrolysable tannin of molecular
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Table 4.1. Phenolic compound distribution in leaves, flowers, rhizomes and fruit of cultivated Chilean

white strawberry.
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Plant part
Molecular weight Tentative compounds identification Fl Rh F
354 Caffeoylquinic acid/chlorogenic acid F
354 Caffeoylquinic acid/chlorogenic acid F
224 Sinapinic acid F
620 Hydroxybenzoic acid derivative F
578 Procyanidin dimer isomer 1 Rh
578 Procyanidin dimer isomer 2 Rh
864 Procyanidin trimer isomer Rh
866 Procyanidin trimer isomer 1 Rh
866 Procyanidin trimer isomer 1 F
866 Procyanidin trimer isomer 2 F
866 Procyanidin trimer isomer 3 F
866 Procyanidin trimer isomer 4 F
866 Procyanidin trimer isomer Rh
302 Ellagic acid®
396 Methy! ellagic acid sulphate
434 Ellagic acid pentoside F
478 Digalloylshikimic acid
628 Ellagic acid hexoside Fl
656 Ellagic acid derivative Fl
766 Ellagitannin
768 Balanophotannin
784 Platycaryanin D or pedunculagin
566 K derivative F
594 K 3-O-coumaroy! hexoside isomer 1
594 K 3-O-coumaroyl hexoside isomer 2
624 K 3-O-glucuronide-hexoside Fl
478 Q 3-O-glucuronide? L Fl F
576 Q derivative F
578 Q hexose + unknown moiety F
866 Q derivative F
926 Taxifolin derivative F
380 Unknown L
684 Unknown Rh
704 Unknown Rh

L, leaves; Fl, flowers; Rh, rhizomes; F, fruit; Q, quercetin; K, kaempferol.
*Identified by spiking experiment with standard phenolic compound.

weight 784 Da (platycaryanin D or pedun-
culagin, peak 4, Rt 17.01 min), free ellagic
acid (as the main constituent, with Rt of
21.52 min) and quercetin 3-O-glucuronide
(Rt 23.84 min). After infection, the main
changes in the chromatogram were a de-
crease in the peak area of the tannin and an
increase in the ellagic acid content of the
sample. The biological significance of the
findings should be investigated further to
determine whether the modifications in

the phenolic pattern are specific to the
phytopathogenic organism (fungus, bacter-
ium or virus) or whether this is a general
chemical response of the plant under mi-
crobial challenge. The role of ellagitannins
in human health has been reviewed re-
cently by Landete (2011). Ellagic acid is re-
leased from tannins after hydrolysis and
plays several relevant biological roles as an
antioxidant as well as in modulating the
cell response.
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Table 4.2. High-performance liquid chromatography with diode array detection coupled with tandem mass spectrometry data of extracts from flower, fruit, rhizome
and leaf of white Chilean strawberry plants.

Peak Part Rt (min) UV max [M*H]* and MS" ions M Tentative identification

o Flower 22.64 364, 295 sh, 252 657,397, 303 656 EA derivative

B Flower 22.93 260 sh, 238 629, 465, 447, 303 628 EA hexose

Y Flower 24.69 352, 295 sh, 265 sh, 255 479, 303 478 Q 3-O-glucuronide?

) Flower 29.17 344, 295 sh, 265 625, 463, 287 624 K 3-O-glucuronide-hexoside
1 Fruit 2.59 276, 240 355, 183, 163, 85 354 CQ/chlorogenic acid isomer 1
2 Fruit 3.57 273,235 355,171,153, 136 354 CQ/chlorogenic acid isomer 2
3 Fruit 9.23 ND 867,579, 427, 409, 289 866 P-trimer isomer 1

4 Fruit 9.95 ND 867,579, 427, 409, 289 866 P-trimer isomer 2

5 Fruit 13.44 ND 867,579, 409, 287, 271 866 P-trimer isomer 3

6 Fruit 14.16 ND 867,579, 437,287,271 866 P-trimer isomer 4

7 Fruit 18.19 350, 290 sh, 251 579, 303 578 Q hexose+unknown moiety
8 Fruit 19.25 358, 290 sh, 251 867,579, 303 866 Q derivative

9 Fruit 20.64 364, 290 sh, 251 577,303, 289, 98 576 Q derivative

10 Fruit 22.05 ND 379, 333,131,103 378

11 Fruit 22.32 352, 285 sh, 254 479, 303 478 Q 3-O-glucuronide?

12 Fruit 23.47 ND 927, 895, 459, 437, 305, 259, 231 926 Taxifolin derivative

13 Fruit 24.88 ND 621,379, 333,311, 149, 131 620 Hydroxybenzoic acid derivative
14 Fruit 26.16 280, 228 435,303, 131, 103 434 EA pentoside

15 Fruit 36.48 ND 567,287, 131 566 K derivative

16 Fruit 40.91 ND 225,143, 100, 83 224 Sinapinic acid (C,,H,,0)
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Rhizome
Rhizome
Rhizome
Rhizome
Rhizome
Rhizome
Rhizome

Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf

2.64
7.47
9.04
10.69
22.59
38.13
46.19

2.62

3.57

7.12
17.01
19.33
21.52
22.37
23.84
38.43
39.17

278,242
278,237
278,240
278,239
278,239
278,239
278,239

235

236

276,216

237,260 sh

276

238, 260 sh
251,363

255, 305 sh, 352
238, 265, 313, 350
265, 305, 350

685, 523, 505, 381, 343, 325, 163
865, 632, 579, 409, 291
867,631,579, 427, 409, 301, 289
579, 409, 344, 291, 207, 139
867,579, 289

579, 409, 303

703,423,303, 240

381, 325, 163, 145, 127
479, 381, 187, 146
767,465,187, 146

785, 617,447,303, 187
769, 599, 465, 303, 187, 146
303,187, 146
397,303, 187, 146

479, 303

595, 309, 287, 187, 147
595, 287,187, 146

684
864
866
578
866
578
704

380
478
766
784
768
302
396
478
594
594

Unknown
P-trimer

P-trimer isomer 1
P-dimer isomer 1
P-trimer isomer 2
P-dimer isomer 2
Unknown

Unknown

Digalloylshikimic acid
Ellagitannin

Platycaryanin D or Pedunculagin
Balanophotannin

Ellagic acid®

Methyl EA sulphate

Q 3-O-glucuronide®

K 3-O- coumaroy! hexoside

K 3-O- coumaroyl hexoside

Rt, retention time; M, molecular mass (Da); sh, shoulder; EA, ellagic acid; Q, quercetin; K, kaempferol; CQ, caffeoyl quinic acid; P, procyanidin; no, not detected by UV-visible photodiode
array detector, or compound showing a weak UV-visible spectrum.
“ldentified by spiking experiment with standard phenolic compound.
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4.4. Future Perspectives

This chapter has presented the first in-
sights into the phenolic compound com-
position of different plant organs from the
cultivated Chilean white strawberry. The
study was undertaken with plants showing
no signs of disease, and the fingerprints ob-
tained were compared with plants that
were naturally infected with fungi. The
chemical profile of the leaves showed clear
changes according to the plant health status.
However, additional work should be carried
out with virus-free plants as well as with in-
dividuals selectively inoculated with dif-
ferent fungal and bacterial infections to
ascertain whether the changes observed in
the phenolic profiles can be related to the

infection source (virus, fungus or bacterium)
or whether the response is non-specific.
Quantitative studies measuring the indi-
vidual phenolic constituents content is
required to obtain a more robust basis for
a metabolomics study, giving support to a
better association between the plant gen-
ome, biotic and abiotic responses, and the
plant chemistry.
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5.1. Introduction

Plants are constantly being challenged by
potential pathogens; however, disease is a
relatively rare event because they have
evolved sophisticated defence mechanisms,
which include preformed physical and
chemical barriers, as well as inducible de-
fence mechanisms (Hammond-Kosack and
Parker, 2003; Jones and Dangl, 2006). The
induction of plant defence/plant immune
system occurs at two levels in plant cells:

* juan@fbgf.unt.edu.ar

membrane and cytosol. First, microbial or
pathogen-associated molecular patterns
(MAMPs or PAMPs) are recognized by trans-
membrane pattern-recognition receptors
(PRRS) (Chisholm et al., 2006; He et al., 2007;
Jones and Dangl, 2006). PAMPs are highly
conserved motifs of structures that play an
essential role in microbial lifestyle. Several
PAMP-like proteins have been identified
from phytopathogens, including flagellin
and ‘harpins’ from bacteria, xylanase from
fungi, invertase from yeast, and Pep13 and

© CAB International 2016. Strawberry: Growth, Development and Diseases

(A.M. Husaini and D. Neri)
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elicitins from oomycetes, as well as necrosis
and ethylene-inducing protein (NEP)-like
proteins (Nirnberger et al., 2004). Plants
can also recognize products generated from
damaged tissues, usually produced after
interaction with hydrolytic enzymes se-
creted by phytopathogens, which are known
as damage-associated molecular patterns
(DAMPs). Cell wall fragments released by
microbial xylanases, pectate lyases and en-
dopolygalacturonases are classic examples
of DAMPs (Darvill and Albersheim, 1984;
Lotze et al., 2007; Boller and Felix, 2009).
Chemically pure oligogalacturonides and
cutin monomers can also act as endogenous
elicitors (Galletti et al., 2008, 2011; Ferrari
et al., 2013). If recognition of PAMPs or/and
DAMPs occurs on the plant cell surface,
PAMP-triggered immunity (PTI) is acti-
vated. Usually, PTI is sufficient to prevent
the invasion of the plant. However, virulent
strains of phytopathogens have evolved
mechanisms to suppress PTI by interfering
with the recognition at the plasma membrane
or by secreting effector proteins into the plant
cell cytosol, altering the defence signalling
and leading to effector-triggered susceptibil-
ity (ETS) and therefore to disease (Jones and
Dangl, 2006). None the less, plants can still
resist by activating the second branch of the
innate immunity, which occurs at the cyto-
sol, known as effector-triggered immunity
(ETT). ETT is a yet more sophisticated mech-
anism that recognizes the effectors or its
function by plant resistance (R) proteins,
which in turn activate an R-protein-mediated
resistance, suppressing the microbial growth
(Jones and Dangl, 2006; Chisholm et al.,
2006). When a virulent effector is recognized
by a plant R-protein, the former is known as
an avirulence (Avr) factor.

The term elicitor is commonly applied
to agents that can stimulate any type of de-
fence response in plants, resulting in an en-
hanced resistance towards the invading
pathogen (Niirnberger and Brunner, 2002).
Elicitors of diverse chemical nature have
been characterized including (poly)pep-
tides, glycoproteins, lipids, glycolipids and
oligosaccharides, which can all be derived
from different phytopathogenic microbes
(Jones and Dangl, 2006; Chalfoun et al.,
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2011; Henry et al., 2012; Wiesel et al., 2014)
or host plants (Bonas and Lahaye, 2002).
The broad structural and functional diversity
exhibited by elicitors validates the view that
these molecules and the genes involved in
their synthesis are the target of the evolution-
ary forces that drive the antagonistic interplay
between pathogen and host (Kamoun, 2007).

Following PRR or R-protein-mediated
recognition, a complex network of defence
mechanisms is activated either locally or
systemically, accompanied by many meta-
bolic changes. MAMPs are able to stimulate
arapid and transient defence response char-
acterized by ion fluxes (e.g. K*, Ca*), the
production of reactive oxygen species (ROS)
(mainly H,O, and O,*), mitogen-activated
protein kinase signalling and the accumula-
tion of antimicrobial compounds (Jones and
Dangl, 2006). After these early events, the
response continues bringing about an in-
crease in the expression of defence-associated
genes (i.e. NPR1) (Pieterse and van Loon,
2004), pathogenesis-related (PR) genes (Tsuda
et al., 2008; Vlot et al., 2009) and deposition
of callose and lignin to reinforce the cell
wall at sites of infection, all of which con-
tribute to hinder microbial growth (Niirn-
berger et al., 2004). On the other hand, if
Avr proteins are involved, they usually trig-
ger a stronger defence reaction character-
ized primarily by rapid apoptotic cell death
and local necrosis, known as a hypersensi-
tive response (HR). When the plant recog-
nizes an Avr protein and the reaction is
enough to halt the pathogens intent to in-
vade the cell, the interaction is called in-
compatible, and the pathogen behaves as
avirulent, and the plant cultivar behaves as
resistant. In contrast, if the plant does not
recognize the Avr protein, no defence reac-
tion takes place and the plant acquires the
disease. In this case, the interaction is called
compatible, and the pathogen behaves as
virulent and the plant as a susceptible host
(Chaturvedi and Shah, 2007).

The defence initial stimulus can subse-
quently be amplified by pathogen- or elici-
tor-induced secondary signal molecules
synthesized by the plant, such as salicylic
acid (SA), ethylene, and jasmonic acid (JA)
and its derivatives. SA is a signal molecule
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in plant defence responses effective against
biotrophic and hemibiotrophic pathogens
(Glazebrook, 2005; Pieterse and Dicke, 2007;
Koornneef and Pieterse, 2008; Vlot et al., 2009).
It is required for both local defence at the
site of pathogen attack and for triggering a
systemic response, known as systemic ac-
quired resistance (SAR) (Malamy et al., 1990;
Métraux et al., 1990; Delaney et al.,
1994; Mauch-Mani and Métraux, 1998). SAR
is a secondary defence response occurring
at distal plant tissues but is activated by
local defence responses. SAR is long lasting
and effective against a broad spectrum of
pathogens, including fungi, bacteria and
viruses (Zhang et al., 2010). Finally, the
plant can also activate different signalling
pathways that include the synthesis of pro-
teins such as chitinase, glucanase and li-
pid-transfer proteins, and secondary metabol-
ites such as phytoalexins, with antimicrobial
activity (Pieterse and Dicke, 2007). Two phy-
toanticipins present in strawberry leaves
have been reported and were shown to ex-
hibit not only antimicrobial properties but
also defence activation activity (Filippone
et al., 1999; Mamanf et al., 2012).
Anthracnose disease, caused by fungal
species of the genus Colletotrichum, repre-
sents one of the major fungal diseases of straw-
berry (Fragariaxananassa Duch.), affecting all
tissues of the plant: fruits, flowers, leaves,
runners, roots and crowns (Howard et al.,
1992; Freeman and Katan, 1997). There are
three principal Colletotrichum spp. involved
in the disease: Colletotrichum acutatum
J.H. Simmonds, Colletotrichum fragariae
A.N. Brooks and Colletotrichum gloeospori-
oides (Penz.) Penz. & Sacc. (Smith and
Black, 1990; Howard et al., 1992).
Chemical control of the disease relies
on foliar application of fungicides. How-
ever, the use of fungicides often yields poor
results when the weather conditions favour
the disease development, or the treatment
must be limited due to restrictions imposed
on pesticide usage (Freeman et al., 1997).
Therefore, elicitor-induced plant resistance
represents one sustainable strategy to de-
velop new methods to control anthracnose.
However, to achieve reliable results, it is
necessary to understand the mechanisms

activated in plants during the interaction
with pathogens.

Using double infection experiments, it
was reported that an avirulent isolate of
C. fragarie (F7) provided strawberry plants
of the cultivar ‘Pdjaro’ with efficient protec-
tion against a virulent isolate of C. acutatum
(M11); the protection was due to activation
of a plant defence response (Salazar ef al.,
2007). Later, it was demonstrated that the
resistance acquired by strawberry plants
treated with this avirulent isolate was of the
SAR type and that it could be passed from
mother to daughter plants through the run-
ners (Salazar et al., 2013). Recently, it was
reported that this type of resistance could
also be induced by other avirulent patho-
gens, namely: isolate M23 of C. fragariae
(Chalfoun et al., 2011) and isolate SS71 of
Acremonium strictum (Chalfoun et al.,
2013), suggesting that avirulent fungal
pathogens may use a common mechanism
of activation of the defence response.

To analyse further the mechanisms in-
volved in the establishment of a defence re-
sponse against fungal pathogens in straw-
berries, the efforts of our group have been
directed towards studying the molecular
and biochemical bases of the defence sig-
nalling and towards identifying putative
elicitor molecules.

5.2. Temporal Accumulation of Salicylic
Acid Mediated by the Avirulent Strain
M23 of C. fragariae in Strawberry

As described above, it is well known that
strawberry plants can induce defence mech-
anisms against pathogens; however, little is
known about phytohormone signalling path-
ways. Some reports have demonstrated that
application of benzothiadiazole S-methyl
ester (BTH), an analogue of SA (Eikemo et al.,
2003; Hukkanen et al.,, 2007), or chitosan
(Bhaskara Reddy et al., 2000) to strawberries
could induce resistance against pathogens.
It was reported that the content of SA in
strawberry plants of cultivar ‘Pdjaro’ inocu-
lated with the avirulent isolate of C. fragariae
(M23) increased by almost twofold with
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respect to control non-treated plants at 48 h
post-treatment (p.t.) and decreased afterwards
(Fig. 5.1). These plants also showed an early
accumulation of ROS. In contrast, plants in-
oculated with a virulent isolate of C. acu-
tatum (M11) did not exhibit an early accu-
mulation of ROS after infection, and their SA
content did not change over the time interval
studied (Grellet-Bournonville et al., 2012).
As no disease symptoms were observed
in plants treated with the avirulent strain, it
was suggested that an SA-mediated defence
mechanism was taking place. This agrees
with the results of studies in various other
species, such as Arabidopsis, tobacco, cu-
cumber and barley (Malamy et al., 1990;
Meétraux et al., 1990; Rasmussen et al., 1991;
Summermatter et al., 1995; Delaney, 1997; Shah
etal., 1997; Vallelian-Bindschedler et al., 1998).
The association between SA accumula-
tion and activation of a defence response
was confirmed indirectly with plants treat-
ed with the virulent isolate M11. In this
case, plants that did not accumulate ROS
and SA exhibited disease symptoms after
72 h p.t. (Grellet-Bournonville et al., 2012).

5.2.1. Expression analysis of the PR-T7 gene

PR proteins have been defined as host
proteins that are induced either local and

0 24 48 72 96
Time (h p.t.)

Fig. 5.1. Changes in salicylic acid (SA) content in
strawberry plants of the cultivar ‘Pajaro” inoculated
with the fungal pathogen C. fragariae M23 (dark
bars) or C. acutatum M11 (light bars) at different
times post-treatment (h p.t.), relative to water-treated
plants (control). Values represent the means +
standard deviation of three independent experimental
replicates (n = 6).
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systemically in response to an avirulent or
virulent pathogen (van Loon and van Strien,
1999). SA accumulation often parallels or
precedes the increase in expression of PR
genes (An and Mou, 2011). In particular, ex-
pression of the gene PR-1 is closely associ-
ated with SA accumulation in several plant
species (Kawano et al., 2004; An and Mou,
2011).

In strawberry plants, clear upregulation
of the gene FaPR1 was observed during the
first 48 h p.t. with the avirulent isolate M23
but was abruptly downregulated after this
time point. In contrast, the expression of
FaPR1 in M11 (virulent strain)-treated plants
showed an increasing downregulation over the
period studied (Grellet-Bournonville et al.,
2012) (Fig. 5.2).

These results provide clear evidence
that accumulation of SA in strawberry trig-
gers PR-1 expression, and both events are
probably required for the full establishment
of the defence response and for plant pro-
tection. Furthermore, these outcomes strongly
suggest that M23 is responsible for the acti-
vation of an SA-dependent defence mech-
anism in plants of the cultivar ‘Péjaro’.

The fact that FaPR1 expression was also
downregulated after 48 h p.t. with M23 sug-
gests that a time-dependent regulatory pro-
cess is taking place. It is well known that SA
exerts an antagonistic effect on jasmonate and
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Fig. 5.2. Expression of the FaPR1 gene at different
times after treatment of plants with C. fragariae M23
(avirulent; dark bars) or C. acutatum M11 (virulent;
light bars). Results are expressed as the ratio of

the level of expression of the FaPRT gene in
inoculated plants compared with control
(water-treated) plants. Values represent the

means + standard deviation of four replicates and
two independent experiments (n = 6).
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ethylene signalling pathways (Pieterse et al.,
2009; Verhage et al., 2010). Therefore, we may
hypothesize that the activation of these sig-
nalling pathways could take place at 48 h p.t.

5.2.2. Expression analysis of the PAL-3 gene

SA in plants can be generated via two dis-
tinct enzymatic pathways that require
chorismate: the isochorismate synthase and
the phenylalanine ammonia-lyase (PAL)
pathways. Whereas the former is the main
source of SA synthesis during SAR in
plants, the latter is proposed to be respon-
sible for the rapid production of SA asso-
ciated with local cell death (Wildermuth
et al., 2001). However, there is evidence
that supports an important role of the PAL
pathway in pathogen-induced SA forma-
tion in many plant species (Elkind et al.,
1990; Meuwly et al., 1995; Mauch-Mani
and Slusarenko, 1996; Pallas et al., 1996;
Coquoz et al., 1998; Huang et al., 2010).
Therefore, both SA biosynthetic pathways
appear to participate in basal and patho-
gen-induced SA production, and the im-
portance of PAL and isochorismate syn-
thase for SA biosynthesis relies on the
intermediates generated in both pathways
(An and Mou, 2011).

Grellet-Bournonville et al. (2012) re-
ported that the strawberry gene FaPAL3 in
M23-treated plants shows a particular ex-
pression profile, exhibiting a discrete upreg-
ulation during the first 72 h p.t. but becom-
ing more widespread at 96 h p.t. (Fig. 5.3).
They suggested that, although the first in-
duction of FaPAL3 could contribute to syn-
thesis of SA at a very early stage of the in-
duction, it is later downregulated by SA
(Fig. 5.1); none the less, as soon as the con-
tent of SA decreases, the control over the
PAL pathway is released.

A further explanation of this behaviour
was proposed based on the fact that the M23
isolate of C. fragariae is a hemibiotrophic
pathogen. The authors speculated that M23 is
making a switch from the biotrophic to the
necrotrophic phase after 48 h p.t.; this event
is perceived by the plant and, with the aim
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Fig. 5.3. Expression of the FaPAL3 gene at different
times after treatment with M23 (dark bars) or M11
(light bars). Values are expressed as the ratio of the
level of expression of the FaPAL3 gene in inoculated
plants compared with control

(water-treated) plants. Values represent the

means =+ standard deviation of four replicates and
two independent experiments (n = 6).

of protecting itself, it induces the phenyl-
propanoid pathway to strengthen cell wall
components (e.g. callose, lignin). In con-
trast, plants challenged with the virulent
isolate M11 do not exhibit significant
changes in FaPAL3 expression over the
period studied (Fig. 5.3). This hypothesis is
also supported by the fact that FaPAL3 in-
duction at 96 h p.t. in M23-treated plants
was almost fourfold that of plants infected
with M11.

5.3. Salicylic Acid-induced Protection

Previous reports have shown that applica-
tion of exogenous SA or BTH activates ex-
pression of PR genes and induces disease
resistance against viral, bacterial, oomycete
and fungal pathogens in a variety of plant
species (An and Mou, 2011).

In agreement with results obtained in
infection experiments, Grellet-Bournonville
et al. (2012) observed a clear induction of
the FaPR1 gene at 72 h p.t. when SA was
applied exogenously (Fig. 5.4). In contrast,
the FaPAL3 gene was not upregulated at any
time point evaluated (Fig. 5.4), suggesting that
it is regulated through an SA-independent
signalling pathway or that SA can actu-
ally downregulate the PAL-dependent SA
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Fig. 5.4. Relative expression of FaPR1 (dark bars)
and FaPAL3 (light bars) genes at different times after
treating with salicylic acid. Values are expressed as
the ratio of the level of expression of the genes
FaPRT and FaPAL3 in treated compared with
non-treated plants (controls). Results correspond to
means =+ standard deviation of four replicates and
two independent experiments (n = 6).

pathway. However, the latter does not agree
with previous reports showing that exogen-
ous SA application could restore disease re-
sistance in plant species in which the PAL
gene was inhibited or mutated (Elkind et al.,
1990; Meuwly et al., 1995; Mauch-Mani and
Slusarenko, 1996; Pallas et al., 1996; Coquoz
et al.,, 1998; Nawrath and Métraux, 1999;
Wildermuth et al., 2001; Nawrath et al., 2002).

The effect of the exogenous application
of SA on plant resistance/protection was
also tested (Grellet-Bournonville et al.,
2012). The results showed that SA exerted
an induced protection on strawberry plants
towards the virulent isolate M11 and that
the level of protection increased with time
(Fig. 5.5). Similar results were reported by
Eikemo ef al. (2003) when inducing straw-
berry resistance to the pathogens Phytoph-
thora cactorum and Phytophthora fragariae
by BTH application; however, a gene ex-
pression study was not reported. An effect
of time elapsed between plant treatment
and challenge with the virulent pathogen
was also observed by Salazar et al. (2007)
when using an avirulent strain of C. fragari-
ae before infecting the plants with a viru-
lent strain of C. acutatum.
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Fig. 5.5. Protection mediated by the ectopic
application of SA to strawberry plants (cultivar
‘Pajaro’). Susceptibility was measured as disease
severity rating (DSR) of plants treated or not (C,
control) with SA (5 mM) at different times before
inoculation with M11. Control plants were treated
with 10% methanol. DSR was evaluated over

30 days after inoculation with M11. Bars represent
the means + standard deviation of three independent
experimental replicates (n = 6). Different lower-case
letters above bars represent statistically different
values (Fisher’s test, P < 0.05).

5.4. The Systemic Acquired Resistance
Response

As expression of the FaPR1 gene in straw-
berry plants treated with the avirulent iso-
late M23 was accompanied by accumulation
of SA, Chalfoun et al. (2011) investigated the
occurrence of SAR in strawberry plants of
the cultivar ‘Pdjaro’; plants were treated in
one isolated leaf with M23, and 96 h later
the whole plant was treated with the viru-
lent M11. The results showed that plants in-
fected with M23 activated a systemic resist-
ance, providing total protection against
M11. The SAR was confirmed by analysing
ROS, callose accumulation and the expres-
sion of FaPR1 in distal tissues. Similar re-
sults were also obtained when the avirulent
isolate SS71 of the opportunist strawberry
fungal pathogen A. strictum (Racedo et al.,
2013) was used as the inducer of the defence
and M11 as the challenging pathogen. Inter-
estingly, these authors reported that conidial
extracts of both avirulent isolates were also
able to induce a systemic defence response
and to grant protection against the virulent
isolate M11 of C. acutatum (Chalfoun et al.,
2011, 2013).
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The results presented in this section
provide strong evidence that strawberry
plants have an SA-signalling-associated de-
fence mechanism that can be activated by
avirulent fungal pathogens, and that the
defence response is effective against the
C. acutatum anthracnose causal agent.

Further investigations will be required
to elucidate the events that precede and fol-
low the accumulation of SA to explain and
understand the behaviour of SA observed in
plants challenged with avirulent pathogens.

5.5. Transcriptional Changes in
Strawberry Leaves in Response to
A. strictum Interaction

To investigate the genes involved in the
plant defence response reported above, a
differential display PCR technique was
used to compare the expression profiles of
strawberry leaves infected with the aviru-
lent isolate SS71 of A. strictum and the
virulent isolate M11 of C. acutatum at 48 h
p-t. (Agiiero et al, 2003). This condition
was chosen because infection assays had
shown that, at this time point, plants treated
previously with this isolate of A. strictum
did not develop anthracnose disease symp-
toms, even when they were reinfected with
a conidial suspension of the M11 isolate. By
using a combination of arbitrary and an-
choring primers, many expressed sequence
tags (ESTs) were isolated. Among these,
only 13 showed clear and consistent differ-
ential expression in the incompatible inter-
action with SS71 compared with the com-
patible interaction with M11. Based on their
homology to sequences included in the Na-
tional Center for Biotechnology Information
protein database (http://www.ncbi.nlm.nih.
gov/protein), putative identification and
function prediction was possible. The 13
ESTs sequences encoded: a class tau gluta-
thione S-transferase (GST), with roles in
cellular protection against stress (Dixon et al.,
2002); two calmodulin-like (CML) proteins
involved in sensing the cytoplasmic Ca?
concentration (McCormack and Braam,
2003); a protein kinase HT1 that regulates

stomatal movements in response to CO,
(Hashimoto et al., 2006); a THI1 enzyme in-
volved in thiazole biosynthesis (Ribeiro et al.,
1996); an H*-ATPase from the plasma mem-
brane (Ohno et al., 2004); an asparagine-rich
protein expressed in endoplasmic reticu-
lum stress (Ludwig and Tenhaken, 2001); a
hybrid proline-rich protein from the cell
walls (Dvofdkovd et al., 2007); a chloroplast
DGEP5 protease involved in the degrad-
ation of damaged proteins (Sun et al., 2007);
an enoyl-CoA hydratase-isomerase involved
in defence against pathogens (Reumann et al.,
2007); a PR protein activated by BTH treat-
ment (Bovie et al., 2004); a chlorophyll
a/b-binding protein (LHCII) involved in
stress defence (Kerchev et al., 2011); and a
uridine/cytidine monophosphate kinase
(Zhou et al., 1998). Among these sequences,
full-length ¢cDNAs were obtained for the
GST (FaGSTU1) and the two CML proteins
(FaCML1 and FaCML2) were selected for
further analysis.

GSTs are multifunctional proteins en-
coded by a large gene family involved in
protecting cells from biotic and abiotic stress
such as pathogen attack, heavy metal toxins,
oxidative damage and ultraviolet radiation,
and detoxification of xenobiotics (Frova,
2003). In plants, GSTs are divided into seven
classes: theta, zeta, tau, phi, lambda, dehy-
droascorbate reductase and tetrachlorohy-
droquinone dehalogenase (Lan et al., 2009).
The proteins of the tau and phi classes are
dimeric and catalyse the conjugation of en-
dogenous compounds and herbicides (Ed-
wards and Dixon, 2005). Each subunit consists
of a conserved N-terminal glutathione-binding
domain (G-site) and a variable C-terminal
o-helical domain that contains the binding
site for the hydrophobic substrate (H-site).
The predicted FaGSTU1 subunit has 223 aa
and shares 50% amino acid identity with
LeGSTU3 from Lycopersicon esculentum.
This protein was reported to be involved in
the control of cell death induced by oxida-
tive stress (Kilili et al., 2004). The transcript
level of FaGSTU1 showed clear upregula-
tion in the interaction with SS71, and was
repressed during infection with the C. acu-
tatum M11 isolate (Tonello et al., 2013). In
contrast, FaCML1 and FaCML2 exhibited
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similar expression patterns in response to
both fungal isolates; the level of transcripts
increased in leaves treated with the aviru-
lent SS71 isolate, but was slightly downreg-
ulated when the infection was performed
with the virulent M11 isolate (Tonello et al.
2013) (Fig. 5.6).

Ca** has a fundamental role as a sec-
ondary messenger during pathogen- and
elicitor-triggered immunity in plants (Le-
courieux et al., 2006; Kudla et al., 2010;
Reddy et al., 2011; Stael et al., 2012). It has
been reported that an increase in the cyto-
solic Ca** level is an essential signalling
event during plant—pathogen interactions,
and variations in its concentration are
sensed by Ca*-sensor proteins such as
CMLs (Hashimoto and Kudla, 2011). In
plants, CML proteins have a variable num-
ber of EF-hand motifs (Grabarek, 2006). The
binding of Ca* induces a conformational
change in the protein that promotes its
interaction with downstream effectors (Per-
ochon et al., 2011). The deduced sequences
of the FaCML1 and FaCML2 proteins con-
tained 125 and 157 aa and three and four
EF-hand calcium-binding motifs, respect-
ively (Tonello and Diaz Ricci, 2015). The
protein FaCML1 shares 79.6% amino acid
identity with FaCML2, and the absence of
the fourth EF-hand motif in FaCML1 was
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Fig. 5.6. Relative expression levels for the FaGST1,
FaCMLT and FaCML2 genes in strawberry leaves of
the cultivar ‘Pajaro’ at 48 h after treatment with the
avirulent SS71 isolate of A. strictum (dark bars) and
the virulent M11 isolate of C. acutatum (light bars)
relative to control (water-treated) plants. Values
represent the means + standard deviation of four
replicates and two independent experiments (n = 6).
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due to a deletion of 96 nt in the transcript
(Tonello and Diaz Ricci, 2015). Addition-
ally, FaCML2 shares 65% amino acid iden-
tity with AtCML24 from Arabidopsis thalia-
na, with a role in the pathogen perception
signalling network leading to innate im-
munity (Ma et al., 2008). The two tran-
scripts encoding members of the CML pro-
tein family, FaCML1 and FaCML2, were
differentially expressed during the in-
compatible interaction of strawberry with
A. strictum (Tonello and Diaz Ricci, 2015).
Recent research has revealed the role of
Ca*, CML proteins and another signalling
molecule as nitric oxide (NO) in the devel-
opment of HR in plants (Ma et al., 2008).
A loss-of-function mutant of A. thaliana,
Atcml24-4, inhibited pathogen-induced NO
generation and HR, suggesting that Ca** in-
flux to the cytosol activates AtCML24,
which in turn induces NO synthesis, lead-
ing to innate immunity in plants (Ma et al.,
2008).

These results revealed the participation
of the FaGSTU1, FaCML1 and FaCML2
genes in the strawberry defence response
during the interaction with the SS71 isolate
of A. strictum. The expression analysis con-
firmed that these genes are upregulated at
lower levels in plants infected with the
virulent M11 isolate of C. acutatum and at
higher levels in plants infected with the
avirulent SS71 isolate. The latter is in con-
cordance with the peak accumulation of SA
and FaPR1 reported previously and shown
above (Grellet-Bournonville et al., 2012).
Taken together, these results strongly sug-
gest an active role for these genes in the re-
sistance to Colletrotrichum in strawberry.
Plant GSTs are induced by diverse biotic
and abiotic stimuli, and are important for
protecting plants against oxidative damage.
The upregulation of orthologous genes has
been reported in several plant—pathogen
interactions. A tomato GST, Bax-inhibitor
(BI)-GST, has been identified as an inhibitor
of Bax lethality in yeast, and also enhanced
the resistance to ROS (Kilili et al., 2004).

A proteomic analysis in strawberry
seedlings at different times after infection
with a virulent strain of C. fragariae showed
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noticeable changes in plant metabolism and
redox balance, suggesting that, although it
was a compatible interaction, activation of a
defence response took place (Fang et al.,
2012). Although many proteins were ana-
lysed, the authors did not observe expres-
sion of GSTs or CML proteins. A possible
explanation of these observations is that, as
the interaction was compatible, the expres-
sion level of GSTs and CML proteins may
have been very low (and undetectable with
the approach used), as observed in straw-
berry plants infected with the virulent M11
isolate of C. acutatum (Fig. 5.6). Alterna-
tively, it might be explained because
the authors analysed protein levels rather
than RNA synthesis. Nevertheless, a tran-
scriptomic analysis of the genes differen-
tially expressed in two strawberry cultivars
infected with a virulent strain of C. acu-
tatum carried out by Casado-Diaz et al
(2006) did not report detection of either
GSTs or CML proteins. These authors
showed that, although many genes were up-
regulated (i.e. FaWRKY-1, FaLRRP-1, FaPR5-
1 and FaLPR10-1) or downregulated (i.e.
FaBGLN-1, FaPROX-1, FagTHIO-1 and Fa-
CHIT-1) in a complex manner, only one cor-
responded to a calcium-dependent protein
kinase (GenBank accession no. AJ871791)
and none corresponded to a GST (Casa-
do-Diaz et al., 2006). However, as these ex-
periments were performed with a virulent
strain of C. acutatum, perhaps the level of
transcription of GSTs and CML proteins did
not display any difference with respect to
non-infected plants (controls).

As expression of GSTs was not ob-
served in strawberry plants infected with
virulent strains of Colletotrichum (Casa-
do-Diaz et al., 2006; Fang et al., 2012), we
may conclude that GSTs participate more
actively in an incompatible interaction by
controlling the oxidative stress and indu-
cing plant defence mechanisms. The latter
would include a plant cell death pro-
gramme, usually regarded as an HR, that
would contribute to enhance the resistance
against virulent biotrophic or hemibi-
otrophic pathogens, as is the case with the
fungus Colletotrichum.

5.6. Defence Elicitor Produced by
A. strictum

The induction of a defence response medi-
ated by an avirulent pathogen results from
recognition of elicitors, many of which have
been identified, although only a few have
been characterized biochemically (Niirn-
berger et al., 2004; Kamoun, 2007). Recently
a new elicitor protein, designated AsES,
produced by the avirulent SS71 isolate of
A. strictum, was identified and character-
ized (Chalfoun et al., 2013). The protein
corresponded to a subtilisin of 34 kDa and
p! 8.8. Chalfoun et al. (2013) reported that
the AsES protein not only induced a local
defence response in treated leaf but also in-
duced systemic protection against the viru-
lent M11 isolate of C. acutatum, the causal
agent of anthracnose (Fig. 5.7).

The complete cDNA sequence for the
AsES protein was obtained, showing a gene
of 1167 nt. The deduced protein sequence
demonstrated a high amino acid similarity
with other extracellular serine proteases
produced by several fungal species, and be-
longed to the subfamily of proteinase K-like
subtilisins (S8A) (Chalfoun et al., 2013).
Subtilisin-like proteinases are considered to
be important virulence factors in the infec-
tion process of entomopathogenic, nemato-
phagous and mycoparasitic fungi (Wang et al.,
2009; Yang et al., 2011), but little is known
about those produced by phytopathogenic
fungi. It has been reported that proteins of
the family of subtilases exhibit the ability to
activate the innate immune system in Arabi-
dopsis (Rautengarten et al., 2005; Ramirez
et al., 2013).

Although the ASES protein exhibited
high similarity with subtilisins of many micro-
organisms, it nevertheless showed a relatively
low similarity (<45%) to two serine proteases
previously reported for Acremonium spp. (Liu
et al., 2007). These proteases, AS-E1 and AS-
E2, which are 34.4 and 32 kDa, respectively,
were biochemically characterized, and it
was shown that they were able to proteolytic-
ally activate prothrombin to meizothrombin
(desF1)-like molecules and inhibit plasma
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Fig. 5.7. Plant protection elicited by the protein AsES against anthracnose in strawberry plants of the cultivar
‘Pajaro’. (a) Susceptibility was evaluated as disease severity rating (DSR) at 21 days p.t. on plants sprayed on
one leaf with: AsES only (AsES), AsES and with the virulent isolate M11 of C. acutatum (AsES+M11), and
with water followed by infection with M11 7 days later (W+M11). Bars represent the means + standard
deviation of three independent experimental replicates (n = 6). Different lower-case letters above bars
represent statistically different values (Fisher’s test, P < 0.05). (b) Examples of strawberry plants treated as

described in (a) at 21 days p.t.

clotting (Liu et al., 2007). However, there was
no mention of their ability to activate plant
defences, and only their N-terminal regions
were sequenced.

Bioinformatic analysis has suggested
that AsES is synthesized as a 388 aa protein
precursor, comprising a signal peptide of
15 aa and two domains that are highly con-
served in precursors of subtilisin-like serine
proteases: a peptidase inhibitor 19 domain,
and a peptidase S8 domain (Fig. 5.8). Mat-
uration would involve two proteolytic
steps: first, cleavage of the secretory signal
peptide, which directs the protein to the
extracellular medium, and secondly, re-
moval of the peptidase inhibitor 19 domain.
In this way, the mature 283 aa active protein
would be obtained, which, in addition to its
plant defence-eliciting activity, retains its
protease activity in vitro.

It has been reported that AsES can trig-
ger a strong defence reaction in strawberry
plants, which is characterized by an early
transient oxidative burst (see below), fol-
lowed by the accumulation of SA and the
upregulation of defence-related genes such
as FaPR1 and FaChi2-1 (an SA-dependent
class II chitinase) (Chalfoun et al., 2013). The
systemic characteristic of the resistance in-
duced by AsES was tested by inoculating a
single isolated leaf of strawberry plants
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(cultivar ‘Pdjaro’) and then challenging the
whole plant with the virulent hemibiotrophic
isolate M11 of C. acutatum or treating the
same leaf with the virulent necrotrophic
isolate B1 of Botrytis cinerea. The results
showed that plants acquired a systemic re-
sistance against the former isolate (Fig. 5.7).
Additional studies revealed that AsES can
also confer protection to different straw-
berry cultivars against different virulent iso-
lates of C. acutatum (Chalfoun et al., 2013).
The latter was further confirmed with plants
of Arabidopsis treated with AsES, where ac-
cumulation of ROS (e.g. H,0, and O,™) and
callose was also observed, further suggesting
that the protein may act as a PAMP elicitor.
Experiments with AsES-treated plants,
when the elicitor was previously irreversibly
inhibited with PMSF (phenylmethanesul-
phonyl fluoride), suggested that the protease
activity of AsES would be required for the
defence elicitation (Chalfoun et al., 2013).
Thus, the question about whether other pro-
teases of the family would also exhibit a de-
fence-eliciting character was addressed in
experiments with plants treated with a pro-
tease of the same family as the proteinase
K. The results showed that the eliciting
activity was exhibited only by AsES. These
results disagree with previous experi-
ments carried out with an endoxylanase
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Fig. 5.8. Scheme showing the structure of the protein AsES. The secretory signal peptide is indicated by an

open square.

from Trichoderma viride, which stimulated
HR, ethylene and phytoalexin production
in tobacco and tomato (Sharon et al., 1993).
The eliciting activity of the endoxylanase
was independent of enzyme activity. In a
few cases, the defence-eliciting activity was
found to be determined by small fragments
of the intact elicitor molecule of PAMP, sug-
gesting the recognition of ‘epitope’-like
structures by receptors at the plant cell sur-
face (de Wit, 1997). Examples of the latter
are: an 8 aa glycopeptide fragment derived
from yeast invertase (gp 8c) (Basse et al.,
1993), and an internal peptide of 13 aa (Pep-
13) derived from the 42 kDa cell wall glyco-
protein of Phytophthora sojae, which ex-
hibits Ca*-dependent transglutaminase
activity (Sacks et al., 1995; Brunner et al.,
2002). In fungi, defence-inducing activity
was detected in a single group of proteases
(Chisholm et al., 2006). The cultivar-specific
Avr-Pita gene from Magnaporthe oryzae en-
codes a secreted pre-protein with homology
to fungal zinc-dependent neutral metallo-
proteases (Valent and Chumley, 1994), and
point mutations in the putative protease
catalytic residues resulted in gain of viru-
lence in rice cultivars carrying the cognate
R gene Pi-ta, although direct biochemical
evidence for the protease activity of Avr-Pita
is still required (de Wit, 1997; Orbach et al.,
2000).

This scenario led Chalfoun et al. (2013)
to propose that AsES may function by re-
leasing an active elicitor from a plant pre-
cursor molecule, rather than being an
elicitor itself. The latter has been described
for the gene avrD from Pseudomonas syrin-
gae pv. tomato, whose protein product is re-
sponsible for the generation of syringolide
elicitors (Keen et al., 1990) and for some
peptides such as systemin, hydroxypro-
line-containing glycopeptides and rapid al-
kalinization inducing factor, which appear

to come from protein precursors constitu-
tively present in plant cell walls or the cyto-
plasm and are activated by proteases fol-
lowing cell injury, acting as elicitors of the
DAMP type (Yamaguchi and Huffaker, 2011).
As elicitor activity was found only in AsES
from the A. strictum SS71 isolate and was
not found in a homologous subtilisin, Chal-
foun et al. (2013) concluded that the proteo-
lytic activity is necessary but is not sufficient
to induce defence, and suggested that AsES
might induce defence by means of proteoly-
sis of one or multiple host proteins that are
specific targets of this protease. Further ex-
periments using recombinant AsES protein,
site-directed mutants or synthetic peptides
derived from ASES are necessary to eluci-
date its defence activation mechanism.
AsES can be considered, therefore, a
new member of the fungal protein elicitors,
and its discovery is relevant, as it may con-
tribute to the development of possible strat-
egies for controlling diseases in the field.

5.7. Early Reactive Oxygen Species
Response of Strawberry Cells to
the AsES Elicitor Protein

In plants, ROS are continuously produced
as by-products of various metabolic path-
ways localized in different cellular com-
partments (Foyer et al., 1994), predomin-
antly in chloroplasts, mitochondria and
peroxisomes (Apel and Hirt, 2004). One of
the earliest events in the defence against
pathogen attack is oxidative burst, charac-
terized by the production of ROS, mainly
O, and H,0, (Apostol et al., 1989; Mittler
et al., 2011). Whereas H,O, can translocate
through the cell membrane through aqua-
porins (Dynowski et al., 2008; Jang et al.,
2012), the superoxide anion O, cannot
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because it is reactive in a hydrophobic en-
vironment such as the interior of the cell
membrane. Although the effect of the oxi-
dative burst in plants can be dependent on
tissue localization, timing and the level of
ROS attained (Mittler, 2002; De Gara et al.,
2003), after the induction of a defence re-
sponse, O, and H,0, are found inside and
outside of the cells. ROS can exert two op-
posite but not mutually exclusive effects:
they can activate pathways aimed at pro-
tecting the cell from oxidative damage (Pas-
tore et al., 1999; Pastore et al., 2000; Di
Cagno et al., 2001; Mittler, 2002; Vranova
et al., 2002), and/or they can impair the
cellular redox balance inducing pro-
grammed cell death (van Breusegem and
Dat, 2006). Therefore, as ROS accumula-
tion is required for the onset of the defence
responses, a tight control of ROS produc-
tion and scavengers is required to avoid
unwanted effects on cell metabolism
(Foyer et al., 1994).

As described above, Chalfoun et al. (2013)
reported that strawberry plants treated with
the elicitor AsES exhibited an early and tran-
sient ROS accumulation that was observed
at 4 h p.t. measured as H,0, using two differ-
ent dyes: diaminobenzidine and 2',7’'-dichlo-
rodihydrofluorescein diacetate (H,DFFDA).
The latter is interesting because, whereas
diaminobenzidine detects intra- and extra-
cellular H,0,, the fluorescent probe H,DFFDA
only detects intracellular H,0O, (Fig. 5.9).
This result agrees with previous reports in-
dicating that strawberry plants treated with
the avirulent Colletotrichum isolates F7 and
M23, and with SS71 of A. strictum, also ex-
hibited a notorious accumulation of H,0,

DAB [
£

H,DFFDA

and O, between 6 and 8 h p.t. (Salazar et al.,
2007; Grellet-Bournonville et al., 2012), but
disagrees with others who proposed that a bi-
phasic production of apoplastic ROS is a
hallmark of successful recognition of plant
pathogens (Lamb and Dixon, 1997; Grant
et al., 2000; Niirnberger et al., 2004).

To address this issue, and because in
previous experiments the detection of ROS
was performed histochemically in plant
leaves (Fig. 5.9), analyses were conducted
on disaggregated leaf tissue to evaluate with
more precision the evolution of H,O, in
strawberry (cultivar ‘Pédjaro’) cells treated
with AsES (Martos et al., 2012). By using the
fluorescent probe H,DFFDA, Martos et al.
(2012) observed that when the cell suspen-
sion was treated with AsES, the accumula-
tion of H,0, was biphasic, with a first peak
at 2 h p.t., and another at 7 h p.t. (Fig. 5.10).
This outcome thus supports the proposed
hallmark of a successful plant—pathogen
interaction described above (Lamb and
Dixon, 1997; Grant et al., 2000; Nirnberger
et al., 2004), although in plant leaves a sin-
gle event of oxidative burst was detected, as
reported also by Ponce de Le6n and Monte-
sano (2013), and Iakimova et al. (2013) in
Physcomitrella patens and Malus domestica
leaves, respectively.

5.8. Conclusions and Future Perspective

The development of alternative strategies
for the biocontrol of diseases requires an
understanding of the mechanisms induced
in plants during their interaction with

12h

4h 6h

Fig. 5.9. H,O, detected with diaminobenzidine (DAB) and the fluorescent probe 2',7"-dichlorodihydrofluorescein
diacetate (H DFFDA) (excitation wavelength 485 nm) in strawberry leaves of cultivar ‘Pdjaro’ treated with AsES at

different times post-treament.
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Fig. 5.10. Evolution of intracellular H,O, detected
in strawberry cell suspensions (cultivar ‘Pajaro’)
treated with the protein AsES, using the H,DFFDA
fluorescent probe (A, =485 nm, A =525 nm).
Values are expressed as the ratio of the fluorescence
intensity of cells treated with AsES with respect to
the fluorescence produced by untreated cells, at
different times. Mean values + standard deviation of
two independent experiments (n = 6) are presented.

pathogens. In this chapter, we have re-
viewed the advances obtained by our group
regarding the induction of the defence re-
sponse and SAR in strawberry plants medi-
ated by two avirulent fungal isolates of
C. fragariae and A. strictum. Evaluation of
plant susceptibility showed that plants
treated with both isolates acquired a strong
resistance against the virulent M11 isolate
of C. acutatum, the causal agent of anthrac-
nose disease. Plants treated with the aviru-
lent strains exhibited an early oxidative
burst, detected as the accumulation of H,0,
and O,' -, which was followed by an accu-
mulation of SA, callose and lignin. The up-
regulation of two genes related to SAR:
FaPR1, an SA-regulated PR protein, and
FaPAL3, an enzyme involved in the phenyl-
propanoid pathway and the synthesis of
many defence-related secondary metabol-
ites including SA, was observed. Upregula-
tion of the FaPR1 gene during the first 48 h
p-t. was correlated with the increase in SA
in the phloem sap of infected plants. At
48 h p.t. upregulation of the transcripts of

two CML genes (FaCML1 and FaCML2) and
a GST gene (FaGST), which are critical
regulators of defence responses, were also
observed. Finally, characterization of the
fungal elicitor AsES obtained from cul-
tures of A. strictum is reported. Plants
treated with this elicitor exhibited a simi-
lar behaviour to those treated with the
avirulent isolates.

The results presented in this chapter
confirm that strawberry plants exposed to
avirulent pathogens induce an efficient de-
fence mechanism that endows plants not
only with a suitable artillery to cope with
the stress provoked by the attack of a viru-
lent pathogen but also, and most import-
antly, with an effective protection against it.
The time course analysis reported revealed
that the defence response activated by the
avirulent pathogens takes place in at least
two stages: a first stage in which the SA
level is high, and a second stage in which
the SA level is low; and that the switch
takes place precisely when the SA level de-
creases. This scenario provides a new mode
to interpret how the defence response pro-
ceeds when strawberry plants are chal-
lenged with an avirulent fungal pathogen.
The latter suggests therefore that the signal-
ling pathway activating the defence re-
sponse can change with time according to
the level of SA attained.

Although these outcomes contribute to
our understanding of how strawberry plants
defend themselves against pathogens, they
represent only a small step forward in the
more extensive issue of plant defence re-
sponses. Hence, more work is needed to ar-
ticulate the valuable but disperse biochem-
ical and molecular data available. We also
expect that the availability of a plant de-
fence elicitor such as the AsES protein, ob-
tained from an avirulent fungus, will help
us to understand the early events involved
in plant—pathogen interactions and the acti-
vation of the defence response.
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6.1. Introduction

Cultivated strawberry (Fragaria x ananassa
Duch.) is an economically important berry
crop with immense demand for its fresh fruit,
as well as in the fruit-processing industry,
while its wild relative, the woodland straw-
berry (Fragaria vesca L.), is of scientific im-
portance due to its small genome size and
sequencing of its genome (Shulaev et al.,
2008). F. vesca is diploid (2n = 2x = 14) and
has a small genome (240 Mb) (Shulaev et al.,
2011), while F. x ananassa has a complicated
octoploid (2n = 8x = 56) genome and, due to
genetic limitations associated with high het-
erozygosity and polyploidy, it has limited
potential for improvement using traditional
breeding methods. The application of plant tis-
sue culture and genetic engineering has there-
fore been of special significance for strawberry

* amjadhusaini@skuastkashmir.ac.in

improvement (Husaini and Srivastava, 2006a).
Octoploid strawberry accessions are ex-
tremely variable from genotype to genotype,
and hence the variation in transformation
and regeneration abilities is as wide as the
agromorphological characters (Folta and
Dhingra, 2006). The response to factors affect-
ing genotype-specific regeneration makes stand-
ardization of an efficient regeneration system
for each strawberry genotype an indispensable
prerequisite for the successful development
of transgenic plants using Agrobacterium-
mediated transformation (Li and Tang, 2006;
Husaini et al., 2008).

Transgenic technology allows plants with
specific qualities to be developed in a much
shorter period of time than when using con-
ventional plant breeding, and also makes
possible the introduction of characteristics
that cannot be achieved through plant breeding
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alone. With its extensive host range, Agro-
bacterium is the favoured tool for plant
genetic engineering and is used extensively
for transformation of several crops. Over
more than three decades of Agrobacterium
biotechnology research, numerous genetic
transformation protocols have been estab-
lished for various plant species, and a wide
range of Agrobacterium-related patents
have been claimed. Agrobacterium-mediat-
ed transformation is a single-cell transform-
ation system, avoiding the production of
mosaic plants. Replacing its bacterial
T-DNA genes with genes of interest does not
affect the transformation process and is the
molecular basis for almost all Agrobacteri-
um-mediated genetic transformation proto-
cols. As the Agrobacterium transformation
process involves many stages, different pre-
and post-agroinfection strategies have been
employed by workers to achieve maximum
transformation efficiency. In this chapter,
we will discuss these strategies in the con-
text of strawberry transformation.

6.2. Factors Affecting Transformation
and Regeneration of Transformants

6.2.1. Robust in vitro regeneration protocol

Establishment of a regeneration system for
efficient recovery of transformed cells fol-
lowing agroinfection is of foremost import-
ance in Agrobacterium-mediated transform-
ation of strawberry (Husaini and Srivastava,
2006b; Debnath and Teixeira da Silva, 2007;
Husaini et al., 2008). Use of a high-efficien-
cy regeneration system greatly enhances the
induction of shoot organogenesis from the
transformed cells. The better the regener-
ation system, the greater are the chances of
successful recovery of transgenic plants
(Husaini, 2010).

In vitro regeneration is a complex pro-
cess and is influenced by a number of gen-
etic and environmental factors. As every
species seems to have its own specific re-
quirements, there are a number of reports
about the substances and conditions that
help cells to differentiate (Guha-Mukher-
jeem, 2002; Liu et al., 2011). Regeneration
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via shoot organogenesis has been described
in different cultivars of strawberry, and
many workers have investigated various
factors influencing organogenesis. These
studies have demonstrated the importance
of various factors including the balance of
plant growth regulators, incubation culture
conditions, genotype and explant type on
successful plant regeneration (Liu and San-
ford, 1988; Nehra et al., 1989, 1990c; Sor-
vari et al., 1993; Flores et al., 1998; Schaart
et al., 2002; Passey et al., 2003; Zhao et al.,
2004; Qin et al., 2005a; Husaini and Abdin,
2007; Husaini et al., 2008; Zhang et al.,
2010; Liu et al., 2011). Likewise, the import-
ance of plant growth regulators and growth
media in achieving regeneration via somatic
embryogenesis is well established (Wang et al.,
1984; Lis, 1987; Donnoli et al., 2001; Hu-
saini and Abdin, 2007; Husaini et al., 2008).
Wang et al. (1984) found that the most ef-
fective medium for inducing somatic em-
bryos contained 2,4-dichlorophenoxyacetic
acid (2,4-D; 22.62 uM), benzyladenine (BA;
2.22 pM) and casein hydrolysate (500 mg 1),
while Lis (1987) reported the formation of
adventitious buds and somatic embryos us-
ing the medium of Lee and de Fossard
(1977). Husaini and Abdin (2007) for the
first time achieved shoot regeneration in
strawberry plants simultaneously through
both somatic embryogenesis and shoot bud
formation. Leaf explants cultured on rela-
tively higher concentration of thidiazuron
(TDZ) (18.16 pM) achieve better results for
somatic embryogenesis, while at half concen-
tration (9.08 1M) they show more bud forma-
tion. The protocol was later improved fur-
ther, fine-tuning the effect of temperature on
the induction and maintenance of somatic
embryogenesis (Husaini et al., 2008).
Among a vast number of protocols de-
veloped for in vitro regeneration of straw-
berry plants (Table 6.1), some protocols
enable strawberry regeneration in a single
step where shoot multiplication and rooting
take place in the same culture medium
(Debnath, 2006; Husaini et al., 2008). In cul-
tivar ‘Chandler’, after induction of somatic
embryos on a medium containing TDZ, em-
bryos successfully germinated and developed
small shoots and roots on a medium con-
taining kinetin (Husaini ef al., 2008).
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Table 6.1. Studies on standardization of regeneration protocols in strawberry cultivars/genotypes.

Species

Cultivar

Explant used

Reference

Fragaria x ananassa
Fragaria x ananassa
fragaria x ananassa

Fragaria x ananassa
fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa

Fragaria vesca
Fragaria x ananassa

fragaria vesca
Fragaria vesca
Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa
fragaria x ananassa
Fragaria x ananassa

fragaria x ananassa
Fragaria x ananassa,
Fragaria vesca

Fragaria x ananassa
Fragaria x ananassa
Fragaria moschata

fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa

fragaria x ananassa
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‘Allstar” and ‘Honeoye’
‘Sengana’ and ‘Canoga’

‘Redcoat’
‘Redcoat’
‘Chandler” and ‘Totem’

‘Senga Sengana’

‘Alpine’

‘Surprise des Halles’,
‘Redgountlet” and
‘Sanga Sengana’

‘Saladin’

‘Hiku’ and ‘Jonsok’

‘Aiko’, ‘Dana’, ‘Gorella’,
‘Premial’

‘Redcoat’ and ‘Veestar’

‘Nyohou’

‘Elsanta’, ‘Kama’ and
‘Senga Sengana’
‘Chandler’, ‘Honeoye’
and ‘Redchief’

‘Samahberi’

‘Selva’

‘Camarosa’, ‘Parker’
and ‘Pajaro’

‘Teodora’ and ‘Clea’

‘Gorella’
‘Gorella’

‘Honeoye’

‘Elsanta’, ‘Senga Sengana’,
‘Kaster” and clones
K-1349 and K1356

‘Konvoy-Cascata’ and
‘Chandler’

‘Fengxiang’

Flower buds

Leaf, runner

Leaf mesophyll
protoplasts

Leaf

Immature leaf

Achenes (cotyledon
explants)

Meristem tip from
stolon buds

Leaf, petiole

Protoplasts isolated
from shoots

Callus

Protoplast

Stolons, peduncles

Anthers
Leaf discs
Leaf, petiole

Meristem, callus, leaf
discs

Shoot apex

Apical tip

Anther

Meristem tip

Runner tip

Anthers

Apical and lateral buds

Whole leaves, blade
fragments, petioles,
stipules

Protoplasts

Petiole, leaf

Axillary and adventitious
stipular shoots

Leaf disc, petiole

Axillary buds

Leaf lamina, whole leaf
with petiole and
stipule

Leaf discs

Dormant bud
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Lis (1987)
Liu and Sanford (1988)
Nyman and Wallin (1988)

Sarwar (1989)

Nehra et al. (1989)

Nehra et al. (1990b)

Miller and Chandler (1990)

Petrovic and Jacimovic
(1990)

Greene et al. (1990)

Nyman and Wallin (1991,
1992)

Bois (1992)

Infante et al. (1993)

Lis (1993)

Foley and Hennerty (1993)
Sorvari et al. (1993)

Isac et al. (1994)

Nehra et al. (1994)

Saito and Sakamori (1995)
Lis and Chlebowska (2000)

Owen and Miller (1996)
Kim et al. (1998)
Okasha et al. (1996)
Zhou et al. (1996)
Sutter et al. (1997)

Damiano et al. (1997)

Wallin (1997)

Popescu et al. (1997)
Jemmali et al. (1997)

Infante et al. (1998)
Hammoudeh et al. (1998)
Wawrzynczak et al. (1998)

Flores et al. (1998)

Zhao et al. (2009)
Continued
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Table 6.1. Continued.

Species

Cultivar

Explant used

Reference

Fragaria indica
Fragaria x ananassa

Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa

Fragaria vesca
Fragaria x ananassa
Fragaria x ananassa

Fragaria nilgerrensis
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa
Fragaria x ananassa

Fragaria x ananassa
Fragaria x ananassa

‘Redcoat’, ‘Pajaro’,
‘OsaGrande’, ‘Grace
and ‘Selva’

‘Calypso’, ‘Bolero’,
‘Pegasus’, ‘Elsanta’
and ‘Tango’

‘Sweet Charlie’ and
‘Pajaro’

‘Senga Sengana’

’

‘Hecker’ and ‘La Sans
Rivale’

‘Bounty’

‘Toyonoka’

‘Bounty’, ‘Jonsok’,
‘Polka’, ‘Korona’
and ‘Zephyr’

‘Chandler’

‘LF9’
‘Chandler’

’

‘Darserlect’, “Toyonoka
and ‘Allstar’
‘Benihoppe’

‘Hawaii 4’

‘Benihoppe’

‘Tochiotome’,
‘Benihoppe’, ‘Lijinv’
and ‘Wandde’

‘Miaozi’
‘Selva’
‘Allstar’
‘Totem’
‘Benihoppe’
‘Benihoppe’
‘Ningyu’

‘Toyonoka’, ‘Tochiotome’,

‘Sweet Charlie’,

‘Benihoppe’

and ‘Camarosa’
‘Benihoppe’ and ‘Sweet

Charlie’

Nodal explants
Leaf explant, runner tip,
crown node

Leaf disc, petiole, root,
stipule

Leaf disc
Leaf disc, petiole
Leaf disc, petiole

Leaf disc, petiole, sepal
Leaf disc
Leaf disc

Leaf disc, petiole

Leaf disc, petiole, stolon
Leaf disc

Shoot tip

Stolon tip, leaf, petiole,
stem

Leaf

Stem tip

Shoot tip, creeping stem

Shoot tip

Stalk section, shoot tip
Stem tip

Stem tip

Anther

Stem tip

Shoot tip

Stem tip

Stem tip

Buds

Stem tip, anther
Stolon tips

Bhatt and Dhar (2000)
Dhir et al. (2001)

Passey et al. (2003)

Singh and Pandey (2004)

Litwinczuk and Zubel
(2005)
Zhao et al. (2004)

Debnath (2005)
Qin et al. (2005a,b)
Hanhineva et al. (2009)

Husaini and Srivastava
(2006b)

Folta et al. (2006)

Husaini and Abdin (2007);
Husaini and Abdin
(2008a,b)

Zhang et al. (2010)

Feng (2011)

Feng (2011)
Chen et al. (2011)
Liu et al. (2011)

Wang et al. (2012c)
Liu et al. (2012)
Wang et al. (2012d)
Zhang (2013)
Lietal. (2013)

He et al. (2013)
Dong (2013)

Liu (2013)

Xia et al. (2014)
Xue et al. (2014)

Yuan et al. (2015)
Zhai et al. (2015)
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Some of the factors affecting transform-
ation efficiency are discussed below.

Explant type

There are a large number of reports on
shoot organogenesis from leaf discs (Jones
et al., 1988; Liu and Sanford, 1988; Nehra
et al., 1989, 1990c; Sorvari et al., 1993;
Flores et al., 1998; Passey et al., 2003; Deb-
nath, 2005, 2006; Qin et al., 2005a,b; Hu-
saini and Srivastava, 2006b; Husaini and
Abdin, 2007; Husaini et al., 2008), stems
(Graham et al., 1995; Chen et al., 2011;
Wang J. et al., 2012a; Wang Y. et al., 2012;
Liu, 2013; Zhang, 2013; Xia et al., 2014;
Yuan et al., 2015), petioles (Foucault and
Letouze, 1987; Rugini, 1992; Isac et al.,
1994; Damiano et al., 1997; Popescu et al.,
1997; Infante et al., 1998; Passey et al.,
2003; Debnath, 2005, 2006; Feng, 2011),
peduncles (Foucault and Letouze, 1987;
Lis, 1993), stipules (Rugini, 1992; Passey et al.,
2003), stolons (Lis, 1993; Feng, 2011; Zhai
et al.,, 2015), anthers (Owen and Miller,
1996; Li et al., 2013; Yuan et al., 2015), em-
bryos (Wang et al., 1984), runners (Liu and
Sanford, 1988), roots (Rugini, 1992; Passey
et al., 2003), buds (Xue et al., 2014) and
protoplasts (Nyman and Wallin, 1988) of
strawberries.

Most of the work in strawberry regen-
eration has been achieved using leaf discs
and petioles as explants. Of the 62 studies
listed in Table 6.1, 26 (42%) used leaf as the
explant material. Leaf tissue has the great-
est regeneration capacity of strawberry
plant tissue (Jones et al., 1988; Liu and San-
ford, 1988; Nehra et al., 1989, 1990c; Jelen-
kovic et al., 1991; Popescu et al., 1997; Pas-
sey etal., 2003). Passey et al. (2003) compared
regeneration in seven commercial cultivars
of strawberry using leaf discs, petioles,
roots and stipules as explant material. Leaf
discs had the highest regeneration rates for
all cultivars, with greater than 90% of ex-
plants producing shoots. Husaini and Ab-
din (2007) also achieved 85% regeneration
using leaf discs as explants. Callus pro-
duction was also more prolific from leaf
tissue than from petioles (Husaini and
Srivastava, 2006b).

Physical factors

DARK PERIOD. The problem of darkening of
culture medium of in vitro-cultured straw-
berry explants is well known and is attrib-
uted to phenolic compounds exuding from
these tissues. This process is initiated by
browning of the surface of plant tissues due
to the oxidation of phenolic compounds, re-
sulting in the formation of quinines, which
are highly reactive and toxic to plant tissue
(Taji and Williams, 1996; Xu et al., 2011a).
Incubation of leaf explants in the dark de-
creases browning of the culture medium
caused by exudation of phenolics by ex-
plants (Nehra et al., 1989; Rugini, 1992;
Blando et al., 1993; George, 1993; Popescu
et al., 1997; Barcel6 et al., 1998; Titov et al.,
2006; Husaini and Abdin, 2007; Xu et al.,
2011b). In addition, this seems to enhance
organogenesis in strawberry (cultivar ‘Chand-
ler’) leaf explants (Liu and Sanford, 1988;
Barcel6 et al., 1998; Husaini and Abdin,
2007). It also enhances somatic embryogen-
esis in leaf explants of the cultivars ‘Clea’
(Donnoli et al., 2001) and ‘Chandler’ (Hu-
saini and Abdin, 2007). Explant cultivation
in the dark during the first experimental step
could be a key factor influencing somatic
embryogenesis (Fiore et al., 1997), espe-
cially when the negative effect of light on
somatic embryo induction in strawberry has
been reported in ‘Clea’ (Donnoli et al., 2001).
In ‘Chandler’, dark treatment increased the
number of somatic embryos significantly in
leaf explants cultured on 18.16 pM TDZ and
later incubated under a 16 h photoperiod
(Husaini and Abdin, 2007). Surprisingly,
when the leaf explants of ‘Chandler’ were
cultured on 9.08 pM TDZ (half concentra-
tion) and kept under a 16 h photoperiod,
dark treatment increased shoot organogen-
esis considerably. However, when darkness
was accompanied by chilling, a decrease in
the number of shoots was observed (Husaini
and Abdin, 2007).

LIGHT AND PHOTOPERIOD. — Light affects somatic
embryogenesis through its effect on induc-
tion (Verhagen and Wann, 1989) and influ-
ences the morphological characteristics of
differentiated somatic embryos (Halperin,
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1966; Ammirato and Steward, 1971). Des-
pite these powerful effects of light, little at-
tention has been devoted to its role in in
vitro culture (Torné et al., 2001) and par-
ticularly in somatic embryogenesis. Photo-
period has been implicated in the regula-
tion of cytokinin levels (Forsline and
Langille, 1975), as well as in photoconver-
sion of phytochromes (Torné et al., 1996).
Incubation with a 16 h photoperiod is com-
monly used for shoot organogenesis (Nehra
et al., 1989; Nehra et al., 1990a,b,c; Barcel6
et al., 1998), as well as for somatic embryo-
genesis (Husaini and Abdin, 2007; Husaini
et al., 2008). A comparison of photoperiods
(24, 16 and 12 h) used for incubation of
strawberry leaf discs has revealed that a
16 h photoperiod is the optimum for shoot
organogenesis (Husaini and Abdin, 2007).
However, it should be noted that when ex-
plants were cultured on 18.16 pM TDZ and
given chilling treatment, a 12 h photoperiod
proved better than many other treatments of
16 h incubation (Husaini and Abdin, 2007).
This has led to the conclusion that, when
chilling and other treatments are applied to
strawberry explants, the photoperiod re-
quirement may also alter due to unknown
reasons. More studies are needed to under-
stand the interplay between photoperiod
and other factors.

In contrast, variation in light intensities
for incubation of cultures is not so uncom-
mon. For example in cultivar ‘Chandler’ after
a dark pre-treatment period (1-4 weeks),
Barcel6 et al. (1998) transferred the leaf discs
into a light intensity of 40 pmol m= s, while
Husaini and Abdin (2007) transferred the
leaf discs into a light intensity of 48 pmol m
s7'. A study by Nehra et al. (1990c) in which
identical sets of cultures of cultivar ‘Redcoat’
were incubated at 12.5 and 65.5 pmol m2 s™*
revealed that calli from in vitro leaves did
not form shoots under high light intensity on
any of the culture media, but at low light in-
tensity some calli developed into shoots.

cHitung.  Chilling is a type of stress treat-
ment that may increase the embryogenic
potential of strawberry (Husaini and Abdin,
2007). Chilling may have some effect on the
microtubule network of the cytoskeleton in
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strawberry, as has been reported in chicory
(Decout et al., 1994). While Husaini et al.
(2008) demonstrated that TDZ concentra-
tion is the primary factor responsible for in-
duction of somatic embryogenesis in straw-
berry, nevertheless incubation at a
temperature regime of 10 + 1°C has a com-
plementary effect on increasing the number
of somatic embryos per explant. Incubation
at an optimum temperature causes the re-
direction of the developmental programme
in cells and acquisition of competence in
the embryogenic process, most likely due to
temperature-regulated proteins (Giuliano
et al., 1984; Lo Schiavo et al., 1990; De Jong
et al., 1992; Baldan et al., 1997).

Chemical factors

PLANT GROWTH REGULATORs. There are various
plant hormones used for regeneration of
strawberry. Each cultivar has specific re-
quirements that are vital for regeneration.
BA and indole-3-acetic acid (IAA) were used
for shoot regeneration in the cultivars ‘Red-
coat’ (Nehra et al., 1989), ‘Sweet Charlae’
and ‘Pajaro’ (Singh and Pandey, 2004), while
BA and indole-3-butyric acid (IBA) gave
good results in ‘Jonsok’, ‘Hiku’ (Sorvari
et al., 1993), ‘Chandler’ (Barcel6 et al., 1998;
Husaini and Srivastava, 2006b) and ‘Totem’
(He et al., 2013). Finstad and Martin (1995)
obtained success with 2,4-D and BA in culti-
vars ‘Hood’ and ‘Totem’, while Qin et al.
(2005a,b) succeeded with IBA and TDZ in
‘Toyonoka’. BA and 1-naphthaleneacetic
acid (NAA) were best for proliferation of
cultivars ‘Benihoppe’, ‘Sweet Charlie’, ‘Selva’
and ‘Ningyu’ and Fragaria nilgerrensis
(Wang Y. et al., 2012; Wang Z.L. et al., 2012;
Dong, 2013; Liu, 2013; Zhang, 2013; Xia
etal., 2014; Zhai et al., 2015), while IBA was
best for rooting of cultivars ‘Benihoppe’,
‘Sweet Charlie’, ‘Selva’ and ‘Allstar’ and
F. nilgerrensis (Wang et al., 2012c,d; Dong,
2013; Liu, 2013; Zhang, 2013; Zhai et al,,
2015). NAA was best for rooting of ‘Ningyu’
(Xia et al., 2014). Chen et al. (2011) demon-
strated that the effect on rooting of ‘Beni-
hoppe’ was NAA > IBA > TAA.

There has been increased interest in the
use of TDZ for strawberry regeneration.
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TDZ greatly enhances the shoot regener-
ation percentage in strawberry leaf discs
(Nyman and Wallin, 1992; Sutter et al.,
1997; Flores et al., 1998; Hammoudeh et al.,
1998; Schaart et al.,, 2002; Passey et al.,
2003; Zhao et al., 2004; Qin et al., 2005a,b;
Husaini and Abdin, 2007; Nasri and Bah-
ramnejad, 2013; Haddadi et al. 2015). The
differences among these reports are in the
optimum concentration of TDZ for shoot re-
generation in different strawberry cultivars.
Interestingly, TDZ concentration in the
range of 18 + 2 pM (which approximately
equals 4 mg 1) has been found to be most
successful for shoot regeneration from leaf
explants of strawberry (Husaini and Abdin,
2007; Husaini et al. 2008; Nasri and Bah-
ramnejad, 2013; Haddadi et al. 2015).

VITAMINS AND  sALTS.  Murashige and Skoog
vitamins (Murashige and Skoog, 1968) or
Gamborg B, vitamins (Gamborg et al., 1968)
are generally combined with Murashige and
Skoog micro/macrosalts to generate basal
media. These are then supplemented with
organic substances, agar, auxins and cytoki-
nins to yield complete medium for growth
of plant tissue culture. Murashige and
Skoog salts are most commonly used in
strawberry regeneration studies, although
there are exceptions. For example, Lis
(1987) used the medium of Lee and de Fos-
sard (1977) for regeneration of adventitious
buds and somatic embryos in strawberry,
while Barcel6 et al. (1998) used Lopez-Aran-
da et al. (1994) for regeneration of the straw-
berry cultivar ‘Chandler’. Sucrose is gener-
ally used as a carbon source, but glucose
and table sugar have also been used occa-
sionally.

6.2.2. Robust transformation protocol

Over the last three decades, a number of
transformation studies with the objective of
standardizing Agrobacterium-mediated trans-
formation protocols for different strawberry
cultivars have been undertaken (Table 6.2)
(reviewed by Husaini and Srivastava, 2006a;
Husaini et al., 2011). A general protocol for

efficient Agrobacterium-mediated trans-
formation of strawberry, which may be
tailored by individual workers according to
their need, is described elsewhere (Husaini
et al., 2011; Schaart, 2014). Table 6.3 shows
the scope of alterations and adjustments
that can be made in the different medium
components to suit the different stages of
regeneration of strawberry transformants.

It is well known that a rigorous trans-
formation process can reduce the regener-
ation capacity of a strawberry tissue (leaf)
drastically, and may slash it from approxi-
mately 95% to 1-6% (Passey et al., 2003). In
Agrobacterium-mediated transformation, a
sufficient quantity of bacteria during co-cul-
tivation, a long enough co-cultivation
period, use of vir gene inducers such as ace-
tosyringone and stringent selection pres-
sure are important to obtain stable trans-
formations (Sriskandarajah et al., 2004).
Using the ‘leaf disc transformation tech-
nique’, as defined by Horsch et al. (1985),
Husaini (2010) examined a number of vari-
ables that affect transformation of straw-
berry, such as choice and concentration of
antibiotics in the selection medium, effect
of pre-culture and/or pre-selection on the
regeneration of kanamycin (Kan)-resistant
shoots, effect of the plant phenolic acetosy-
ringone and length of the co-cultivation
period. This aided in the improvement of
the transformation protocol developed by
Barcel6 et al. (1998) (Table 6.4).

Efficient Agrobacterium strain

The efficiency of shoot production varies
with the type of Agrobacterium tumefaciens
strain and vector, even on the same selec-
tion medium (Vergauwe et al., 1998). Most
binary vectors used to transform strawberry
are derived from pBIN19 (Bevan et al.,
1989) and contain the neomycin phospho-
transferase II (nptll) gene for Kan selection
of transgenic shoots (Mercado et al., 2007).
As a combination, Agrobacterium strain
LBA4404 and gene construct pBI121 have
been used extensively in strawberry trans-
formation of the cultivars ‘Rapella’ (James et al.,
1990), ‘Melody’, ‘Rhapsody’, ‘Symphony’
(Graham et al., 1995), ‘Chandler’ (Barcel? et al.,
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Table 6.2. Studies on Agrobacterium-mediated reporter/marker gene transfer in strawberry cultivars/

genotypes.
Species and cultivar/genotype Explant Reporter gene(s) Reference
Fragaria x ananassa ‘Rapella’ Leaf, petiole nos/nptll James et al. (1990)
Fragaria x ananassa ‘Redcoat’ Leaf nptll/gus Nehra et al. (1990a,b)
Fragaria x ananassa ‘Tristar’ Leaf nptll/gus Mathews et al. (1995)
Fragaria vesca Leaf nptll/gus El Mansouri et al.
(1996)
Fragaria x ananassa Leaf, stipule, nptll Martinelli et al. (1997)
‘Marmolada Onebor’ petioles
Fragaria x ananassa ‘Skelta’ Leaf nptll Du Plessis et al. (1997)
Fragaria x ananassa ‘Chandler’ Leaf nptll/gus Barcel6 et al. (1998)
Fragaria x ananassa ‘Chandler’ Leaf nptll/gus Harpster et al. (1998)
Fragaria x ananassa ‘Totem’ Leaf nptll/gus Mathews et al. (1998)
F. vesca ‘Alpine” accession FRA 197 Leaf, petiole nptll/gus Haymes and Davis
(1998)
Fragaria x ananassa ‘Gariguette’, Leaf nptll/gus Puite and Schaart
‘Polka’, ‘Elsanta’” and CPRO-DLO (1998)
breeding line 88312
Fragaria x ananassa ‘Tudla’ Leaf discs gus Zhang and Wu (1998)
Fragaria vesca Leaf nptll/gus de Mesa et al. (2000)
Fragaria x ananassa ‘Elsanta’, Leaf gus Wawrzynczak et al.
‘Kaster’, ‘K-1349’, 'K1476’ and (2000)
‘Senga Sengana’
Fragaria x ananassa ‘M14’ Leaf discs gus/npt Il Deng and Hu (2000)
Fragaria x ananassa strains BHN Leaf nptll/gus Dhir et al. (2001)
FL90031-30 and BHN 92664-501
Fragaria x ananassa ‘Clea’, ‘Irvine’, Leaf nptll Donnoli et al. (2001)
‘Paros’, ‘Alpine’, ‘llaria’
and ‘Regina’
Fragaria x ananassa ‘Redcoat’, Leaf, Runner tip nptll/gus/hpt Dhir et al. (2001)
‘Pajaro’, ‘Osa Grande’, ‘Grace’
and ‘Selva’
Fragaria x ananassa ‘Gariguette’, Leaf nptll/gus Schaart et al. (2002)
‘Polka’” and Breeding
line no. 88312
Fragaria x ananassa ‘Chandler’ Leaf nptll/gus Jiménez-Bermidez
et al. (2002)
Fragaria x ananassa ‘Teodara’ Stipule nptll/gus Monticelli et al. (2002)
and ‘Egla’
Fragaria vesca Leaf, petiole nptll/gus Alsheikh et al. (2002)
Fragaria x ananassa ‘Pajaro’ Leaf nptll/gus Ricardo et al. (2003)
Fragaria x ananassa ‘Elista’, ‘Wega’, Leaf nptll/gus Gruchata et al. (2004b)
‘ Senga Precosa’, ‘Kama’, ‘Induka’,
‘Maria’, ‘Redgauntlet’, ‘Zao Hang
Guang’, ‘Dukat’ and ‘Favette’
Fragaria x ananassa ‘Induka’ Leaf nptll/gus Gruchata et al. (2004a)
and ‘Elista’
Fragaria x ananassa ‘Hecker” and Leaf, petiole nptll/gus Zhao et al. (2004)
‘La Sans Rivale’; Fragaria vesca
‘Alpine’
Fragaria vesca accessions FRA197 Leaf, petiole nptll/gus Zhao et al. (2004)

and 198
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Table 6.2. Continued.

Species and cultivar/genotype Explant Reporter gene(s) Reference

fragaria x ananassa ‘Tiogar’ Leaf nos/nptll Khammuang et al.
(2005)

Fragaria x ananassa ‘Allstar’ Leaf nptll/gus Zhang and Wang
(2005)

Fragaria x ananassa ‘LF9’ Petiole nptll Folta and Dhingra
(2006)

Fragaria x ananassa ‘Chandler’ Leaf nptll Husaini and Srivastava
(2006)

Fragaria x ananassa ‘Anther’ Leaf nptl! Park et al. (2006)

Fragaria x ananassa ‘Pajaro’ Leaf nptll Vellicce et al. (2006)

Fragaria vesca accession P1 Leaf hpt/gfp Oosumi et al. (2006)

Fragaria x ananassa ‘Zaohong’ Leaf gus Wang et al. (2009)

Fragaria x ananassa ‘Chandler’ Leaf nptll Husaini (2010)

Fragaria x ananassa ‘Kurdistan’, Leaf discs uidA, nptll Nasri and Bahramnejad

‘Camarosa’ and ‘Paros’
Fragaria x ananassa ‘Festival’,

‘Sweet Charlie” and ‘Florida’
fragaria x ananassa ‘Camarosa’
fragaria vesca ‘Hawaii 4’

(2013)

Leaf discs uidA, bar Zakaria et al. (2014)
Leaf discs luc, nptil Haddadi et al. (2015)
Leaf gip Zhou et al. (2015)

Table 6.3. Example illustrating the scope of using different combinations and concentrations of media
components for creating specialized media suitable at different stages of transformation process. (From
Husaini et al., 2011, with kind permission from Global Science Books).

Medium

Components

MS liquid medium (MSL)
Regeneration medium
Shoot elongation medium

Pre-selection regeneration media

Selective regeneration media
SLfv\l/\

SL[\AIB
SL[\/\IC

Selective shoot elongation media

Root induction medium

MS salts and vitamins + 3% sucrose

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ

MS salts + B, vitamins + 2% sucrose + 1% glucose + 0.1 mg I
BA +0.05 mg I kinetin + 2 mg I"' GA,

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 500 ug ml™!
cefotaxime

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 500 ug ml™’
timentin

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 250 ug ml”’
cefotaxime + 250 pug ml™' timentin

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 500 ug ml™’
cefotaxime + 50 ug ml~' Kan

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 500 ug ml™!
timentin + 50 pg ml~' Kan

MS salts + B, vitamins + 2% glucose + 4 mg | TDZ + 250 ug ml”’
cefotaxime + 250 pug ml~' timentin + 50 pg ml~' Kan

MS salts + B, vitamins + 2% sucrose + 1% glucose + 0.1 mg I
BA +0.05 mg I kinetin + 2 mg I"" GA, + 25 pg ml™' Kan

MS salts + B, vitamins + 2% sucrose + 1% glucose + 1.0 mg |"!
kinetin + 25 pug ml~' Kan

MS salts + B, vitamins + 2% sucrose + 1% glucose + 1.0 mg I
kinetin

MS, Murashige and Skoog; TDZ, thidiazuron; BA, benzyladenine; GA,, gibberellic acid; Kan, kanamycin.
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Table 6.4. Differences in transformation protocols using the same explant material (leaf) and genotype
(cultivar ‘Chandler’), and the resultant cumulative interactive effect on transformation percentage in the
studies by Barcel6 et al. (1998) and Husaini (2010). (From Husaini et al., 2011, with kind permission from

Global Science Books.)

Parameter

Barcel6 et al. (1998)

Husaini (2010)

Source of explant Variable

Shoot regeneration medium

(1994)
Efficiency of regeneration 66.7
system (%)
Agrobacterium tumefaciens LBA 4404
strain
Binary vector pBI121
Acetosyringone (UM) 0
Co-cultivation duration (h) 72
Kanamycin in selection 25

medium (mg I')

Agrobactericidal antibiotics Carbenicillin 500

(mg 1)
Osmoprotectant (M) 0
Pre-culture/pre-incubation 3 and 10
duration (days)
Pre-selection (days) 0
Transformation % based on 4.2

number of explants
regenerating shoots on Kan

Lopez-Aranda et al.

20-Day-old plantlets maintained on MS salts + B,
vitamins + glucose (2%) + agar (0.9%) +
kinetin (1T mg ")

Murashige and Skoog (1962) + B, vitamins + 2%
glucose

100

GV 2260
pBinAR
100

72

50 and 25

Cefotaxime 250 + Timentin 250

Validamycin A 100
7

1998; Husaini and Srivastava, 2006b), ‘Li-
jinv’(Qian, 2010; Lin et al., 2012), ‘Virginia’
(Bai et al., 2012) and ‘Allstar’ (Song, 2009)
and in F. vesca (Alsheikh et al., 2002). In
addition, Agrobacterium strain GV2260 has
also been used successfully for genetic
transformation of the strawberry cultivars
‘Selekta’ (Du Plessis et al., 1997), ‘Mermola-
da onebor’ (Martinelli et al, 1997),
F. x ananassa breeding selection ‘AN
93.231.53" (Mezzetti et al., 2004) and culti-
var ‘Chandler’ (Husaini and Abdin, 2008a
b). Agrobacterium strain GV3101 has also
been used successfully for genetic trans-
formation of the strawberry cultivars F. ves-
ca ‘Hawaii 4’ (Zhou et al., 2015), ‘Xingdu 2’
and ‘Allstar’ (Sun et al., 2009). Finally, the
supervirulent Agrobacterium strain Agl0
(Lazo et al., 1991) and derivatives EHA101
and EHA105 (Hood et al., 1986) have been
used successfully in transformation of culti-
vars ‘Totem’, ‘Tristan’ (Mathews et al.,
1995), ‘Elsanta’ (Puite and Schaart, 1998),
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‘Gariguette’, ‘Polka’, breeding line 88312
(Schaart et al., 2002), ‘M14’ (Deng and Hu,
2000; Na et al., 2006), ‘Toyonoka’ (Zhu,
2008; Chen, 2014), ‘Tudla’ (Zhang and Wu,
1998; Qin et al., 2005b; Zheng, 2008; Wang
J.H. et al., 2012b), ‘Akihime’ (Wang, 2012)
and ‘Calypso’ (Schaart et al., 2010).

Physical factors

PRE-CULTURE (PRE-INCUBATION).  Before agroinfec-
tion, explants are sometimes incubated on
an in vitro regeneration medium. The period
of incubation generally varies from 1 to
10 days, and allows these explants to adjust
to the regeneration medium. This practice is
beneficial in most cases (Sorvari et al., 1993;
El Mansouri et al., 1996; Asao et al., 1997;
Barcel6 et al., 1998; de Mesa et al., 2000;
Alsheikh et al.,, 2002; Husaini, 2010).
Pre-culture improves the transformation
percentage, probably by increasing the num-
ber of plant cells competent for regeneration
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and transgene integration (Table 6.5). The
percentage of explants regenerating putative
transgenic shoots as well as the percentage
of transgenic shoots per se increase signifi-
cantly by pre-culturing.

co-cuttivaTioN.  One of the most crucial
steps in gene transfer is the co-cultivation
of explant material with genetically engin-
eered Agrobacterium. A critical balance in
the Agrobacterium population is needed,
as an excessive number of bacteria im-
poses stress on the plant cells, negatively
affecting their regeneration potential,
while lower numbers reduce the frequency
of T-DNA transfer. Increased co-cultiva-
tion duration can increase the percentage
of transfection events but may cause stress
and tissue necrosis. Agroinfection time
generally varies between 15 min (Nehra
et al., 1990a) and 2 h (Mathews et al.,
1998), while the period for co-cultivation
is between 24 and 72 h in the dark (Zhang
and Wang, 2005; Folta and Dhingra, 2006;
Husaini, 2010).

PRE-SELECTION. ~ Selective agents such as Kan
interfere with the regeneration of trans-
formants (van Wordragen and Dons, 1992;
Husaini, 2010). Thus, the introduction of a
brief intervening period on a non-selective
medium is sometimes done to allow recov-
ery of the transformed cells from the infec-
tion/transformation process, and to allow
enough time for stable integration and ex-
pression of the selectable marker gene (Al-
sheikh et al., 2002; Zhao et al., 2004). The
leaf discs inoculated with Agrobacterium
regenerate shoots at a low frequency when
subjected to selection pressure immediately
after co-cultivation, but with the introduc-
tion of a pre-selection phase, the percentage
of leaf discs regenerating shoots increases
significantly (Nehra et al., 1990a,b; Alsheikh
et al., 2002; Husaini, 2010). The percentage
of leaf discs regenerating shoots increased
by almost sixfold with a 5-day pre-selection
phase in cultivar ‘Chandler’ (Table 6.5). The
average percentage of leaf discs regenerat-
ing shoots on selection medium increased
from 0.5 (no pre-selection) to 3.1% (with
pre-selection), while the average percentages

of putative transgenic shoots per regenerating
leaf disc increased from 0.5 (no pre-selection)
to 6.1% (with pre-selection), respectively
(Husaini, 2010).

Chemical factors

anTiBloTics.  After agroinfection, explants
are exposed to two classes of antibiotics,
one for selection of transformed cells and
the other to eliminate the Agrobacterium.
The proportions, combination and duration
of exposure are always optimized to achieve
a compromise between producing transgen-
ics and screening out escapes. Kan is the
most widely used antibiotic for selection of
transformants in strawberry, but hygromy-
cin (Nyman and Wallin, 1992; Mathews
et al., 1995; Oosumi et al., 2006), geneticin
(Mathews et al., 1995) and phosphino-
thricin (Wang et al., 2004; Folta et al., 2006)
have also been used. Kan concentration in
the selective regeneration medium is of
vital importance for optimum transform-
ation efficiencies. Shoot regeneration from
leaf discs is impaired at Kan concentrations
as low as 10 mg 1! (El Mansouri et al., 1996;
Barcel6 et al., 1998; Gruchata et al., 2004a),
and a higher concentration of Kan in the se-
lective medium significantly reduces shoot
regeneration (Alsheikh et al., 2002; Husaini,
2010). The presence of Kan at 10 mg 1~ dras-
tically decreases the organogenic capacity
of leaf discs (Barcel6 et al., 1998) of cultivar
‘Chandler’, which remain 100% viable in
the absence of Kan, but are only 21% viable
in its presence. The concentration of Kan
sensitivity varies among cultivars, explants
and the procedure employed. For example,
in cultivar ‘Redcoat’, leaf explants were
subjected to Kan selection at 25-50 mg 1!
(Nehra et al., 1990a, b), ‘Rapella’ petioles at
25 mg I (James et al., 1990), ‘Melody’,
‘Rhapsody’ and ‘Symphony’ stems at 20 mg
1-' (Graham et al., 1995), ‘Chandler’ leaves at
25 mg I (Barcel6 et al., 1998; de Mesa et al.,
2000; Jiménez-Bermudez et al., 2002),
‘Teodora’ and ‘Egla’ stipules at 50 mg 1™
(Monticelli et al., 2002), F. vesca leaves and
petioles at 10-25 mg 1! (Alsheikh et al.,
2002) and ‘Chandler’ leaf at 25-50 mg 1!
(Husaini and Abdin, 2008b; Husaini,
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Table 6.5. Effect of different factors on genetic transformation of explants cultured on selective regeneration media (SM,, S, M, and S M, ). (Adapted and modified

from Husaini, 2010.)

Percentage of explants regenerating putative transgenic shoots on

three selective regeneration media (8 weeks) (% E,)

Percentage of putative transgenic shoots on three selective
regeneration media (8 weeks) (% S,,,)

Treatment SM,? SIM? SM& CD at 5% SIM,¢° SIM,* SM& CD at 5%
Pre-incubation period (days)

0 1.20 £ 0.07 1.64 £ 0.09 4.04 £0.10 0.886 1.68 +0.21 246 +0.14 11.90 £ 0.17 3.561

7 3.48 +£0.10 543 +£0.17 6.90 £ 0.12 558 +0.17 6.91 £0.18 2333 £0.23
Co-cultivation duration (h)

48 1.70 £ 0.05 3.03 +£0.19 541 +0.17 1.436 243 £0.24 4.05 +0.12 16.23 £0.26 2.895

72 3.05 +0.07 4.26 +0.17 5.54 +£0.10 4.94 +0.19 5.60 +0.20 19.03 +0.22
Agroinfection bacterial suspension

MSL 1.92 £0.19 4.0+0.28 5.68 £0.11 1.287 2.65+0.10 5.33+0.16 17.95 +0.17 1.958

MSL + AS (100 pM) 2.85+0.14 3.29 +£0.24 5.25+0.21 4.76 +£0.18 4.30+0.18 24.00 £ 0.23
Pre-selection (days) + validamycin A (M)

0+0 0.33 £0.07 0.42 +0.08 0.83 £0.10 0.953 0.33 £0.07 0.42 +0.08 0.83 £0.10 3.310

5+0 1.20 + 0.02 3.21 +£0.07 4.82 +0.07 1.60 +£0.20 3.92+0.18 12.75 + 0.31

5+ 100 5.61 £ 0.09 7.05 +0.11 9.67 £0.10 9.12 £ 0.26 9.80 £ 0.25 35.16 £ 0.35

Values are shown as mean + standard error.
CD, confidence distribution; MSL, Murashige and Skoog liquid medium; AS, acetosyringone.
2See Table 6.3 for details of media.

printed on 2/13/2023 12:48 PMvia . All use subject to https://ww.ebsco.confterms-of-use

4]

NX UM "A PUB 1UIBSNH W'Y



EBSCChost -

printed on 2/13/2023 12:48 PMvia .

Agrobacterium-mediated Genetic Transformation 83

2010). Husaini (2010) demonstrated that,
with the addition of Kan (50 mg 1) to a re-
generation medium containing cefotaxime
(500 mg 1?) or timentin (500 mg 1), the
percentages of leaf discs regenerating
dropped drastically from 75.0 to 3.5%, and
the average number of shoots per regener-
ating leaf disc dropped from 8 to 1.5. Inter-
estingly, however, in the cultivar ‘Calypso’,
a Kan concentration of 150 mg 1™ was used
for selection of transgenic plants (Schaart
etal., 2010), indicating that some octoploid
genetic lines may be highly resistant to this
compound.

Use of Kan is related to the risk of for-
mation of chimeras (shoots containing
transgenic and non-transgenic sections)
(Mathews et al., 1998; Schestibratov and
Dolgov, 2005), especially when stipules are
used as explants (Monticelli et al., 2002;
Chalavi et al., 2003). This could be due to a
high antibiotic tolerance of the particular
cultivar, as non-transformed shoots (con-
trol) were also able to grow and proliferate
at the Kan concentration used for selection
(Mercado et al., 2007).

Three methods are employed to induce
transgenic shoots on selection medium:
first, where the concentrations of Kan are
kept constant (non-iterative method); sec-
ondly, where Kan levels are increased grad-
ually during subculture (iterative method);
and thirdly, where a higher Kan concentra-
tion is used in the start of selection, while
later reducing it to half (reverse-iterative
method). Both iterative (Mathews et al.,
1998; Houde et al., 2004) and reverse-
iterative (Husaini 2010) methods success-
fully recover non-chimeric transgenic
strawberry plants.

The next important step is the elimin-
ation of Agrobacterium from the regener-
ation media. Various antibiotics are used to
kill the Agrobacterium, but these are phyto-
toxic, especially at higher concentrations.
For effective transformation, the antibiotic
regime should control bacterial overgrowth
without inhibiting the regeneration of the
plant cells (Graham et al., 1995; Alsheikh et al.,
2002; Wang et al., 2009; Bai et al., 2012;
Chen, 2014; Zhou et al., 2015). Use of

carbenicillin to control Agrobacterium after
transformation of strawberry leaf explants
(cultivar “Totem’) resulted in stunted top
and root growth of plantlets, while with
timentin (a mixture of ticarcillin (96%) and
clavulanic acid (4%)) the regenerated plant-
lets showed vigorous, healthy top and root
growth (Finstad and Martin, 1995). In con-
trast, in the octoploid strawberry genotype
LF9, timentin, although found to be effective
in curbing Agrobacterium growth, slowed
its growth and differentiation slightly (Folta
et al., 2006). Alsheikh et al. (2002) studied
the regeneration of F. vesca and F. vesca
semperflorens in the presence of different
concentrations of cefotaxime, carbenicillin
and cefoxitin and found that carbenicillin
was the least phytotoxic of the three. In con-
trast, a study comparing the effect of timen-
tin, cefotaxime, carbenicillin and ampicil-
lin on leaf explants of cultivar ‘Camarosa’
showed the best shoot regeneration on
timentin (300 mg 1) and cefotaxime
(150 mg 17') (Haddadi et al. 2015). Combin-
ation of agrocidal antibiotics with synergis-
tic effects has proven to be less phytotoxic
and better in eliminating Agrobacterium
than when used in isolation at identical
concentrations (Tanprasert and Reed, 1998;
Husaini, 2010) (Table 6.6). Husaini (2010)
showed that a combination of timentin and
cefotaxime at half concentrations each
(250 mg 1" each) was less phytotoxic to leaf
discs of cultivar ‘Chandler’ than use of ei-
ther of these antibiotics at higher concentra-
tions (500 mg 1?). This provides evidence of
the complementary effect of these two anti-
biotics in eliminating Agrobacterium with-
out being overly phytotoxic to leaf discs of
strawberry (cultivar ‘Chandler’). It can
therefore be concluded that the interaction
of antibiotics with plant species is genotype
dependent, and that variations may occur
because of Agrobacterium strain and ex-
plant type.

ACETOSYRINGONE.  In most strawberry culti-
vars, the addition of acetosyringone during
pre-culture and co-cultivation has shown a
synergistic effect on Agrobacterium-mediated
transformation and is reported to increase
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Table 6.6. A typical Agrobacterium-mediated genetic transformation protocol illustrating the various factors involved in optimization of transformation efficiency, and
different ways of calculating transformation success. (Adapted and modified from Husaini, 2010.)

Pre-selection Explants on selection medium (S M) Transformation percentage
(days) (Cef,,, + Tim,, + Kan, ) based on: ™
No. of No. of o o )
_ * explants  putative § = = = o
Pre-in-  No. of 4 S regener-  transgenic x x % x X~
: S E 3 : ~ > = z E
cuba- agroin- Co-cul- = = _= ating shoots L w up % o s
tion in fected Agroin- tivation + + £ Initial shoots regenerated %_ %_ < < S52
the dark explants fection inthe  Washing solution W uq_f no. (8 wks) (8 wks) s o o o & ot
(days) (NE,) medium dark (h) composition o o (NEg,) (NE,) (NS,) Z Z Z Z =Z
0 75 MSL 48 H,0+Cef, +Tim, 0 0 69 0 0 0 0 0 0 0(6.9
0 55 MSL 72 HO+Cefp +Tim.. 0 0 49 0 0 0 0 0 0 0(2
7 65 MSL 48 H,O + Cef o+ Tim, 5 0 60 5 15 23.07 7.69  25.00 13.84 3.16(7.3)
7 90 MSL 72 H,0O + Cef o+ Tim, 5 0 84 6 18 20.00 6.66 21.42 1111 2.73(7.3)
0 75 MSL 48 H,O + Cef o Tim, 0 5 70 7 21 28.00 9.33 30.00 18.66 3.29 (8.5)
0 80 MSL 72 H,O + Cef o+ Tim, 0 5 74 7 25 31.25 8.75 33.78 18.75 3.43 (9.1)
7 60 MSL + AS 48 H,0O + Cef o+ Tim, 0 0 55 1 1 1.66 1.66 1.81 1.66 0.21(7.6)
7 50 MSL + AS 72 H,O + Cef o Tim, 0 0 46 1 1 2.00 2.00 217 2.00 0.25(7.7)
0 75 MSL + AS 48 H,O + Cef o+ Tim, 5 0 70 2 2 2.66 2.66 2.85 2.66 0.36(7.2)
0 60 MSL + AS 72 H,0O + Cef o+ Tim, 5 0 53 1 2 3.33 1.66 3.77 1.66 0.46(7.2)
7 75 MSL + AS 48 H,O + Cef o Tim, 0 5 70 8 30 40.00 10.66  42.85 29.33 434 (9.2)
7 80 MSL + AS 72 H,O + Cef o+ Tim, 0 5 74 8 33 41.25 10.00  44.59 31.25 4.43(9.3)

NE,, number of explants agroinfected; Cef,;, 250 mM cefotaxime; Tim,,, 250 mM timentin; Val ,, 100 uM validamycin A; NE,,, number of explants cultured on selection medium; NE
number of explants regenerating putative transgenic shoots on selection medium; NS,;, number of putative transgenic shoots regenerated on selection medium; NS
shoots; NE_ number of explants cultured on non-selective (kanamycin-free) medium; NS
Murashige and Skoog liquid medium; AS, acetosyringone.

*Numbers in parentheses indicate the number of shoots or shoot clusters per explant on non-selective medium.

SPT/
wcxy NUMber of PCR-positive

number of shoots regenerated on non-selective medium; Tr, transformation efficiency; MSL,

nsm’
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the number of transformed cells in target
tissues (James et al., 1993; Alsheikh et al.,
2002; Gruchata et al., 2004a; Husaini, 2010)
(Table 6.5). There was a 15% increase in
transformation percentage in F. vesca sem-
perflorens (Alsheikh et al., 2002), an 8-11%
increase in Fragaria x ananassa ‘Chandler’
(Husaini, 2010), 2—3% in F. x ananassa ‘In-
duka’ and ‘Elista’ (Gruchata et al., 2004a),
while James et al. (1990) did not detect any
effect of acetosyringone on the percentage
of strawberry leaf explants that produced
Kan-resistant callus after 100 days of cul-
ture. This shows that there is no consist-
ency in the degree of response, which could
be due to extreme genotype dependence,
variability in regeneration/transformation
rates for different cultivars (Alsheikh
et al., 2002; Quesada et al., 2007) and
suppression of virulence in some strain—
plant species interactions (Godwin et al.,
1991).

TREHALOSE AND VALIDAMYCIN A.  The transform-
ation process causes considerable stress in cells,
which could hamper their post-transformation
regenerative potential. One effective mech-
anism to reduce damage from stress is the
accumulation of high intracellular levels of
trehalose (Crowe et al., 1984; Drennan et al.,
1993; Goddijn and van Dun, 1999; Argiielles,
2000). Although it is not known exactly how
trehalose interacts with stress pathways, its
addition to culture media results in the accu-
mulation of trehalose in transgenic plants
(Goddijn et al., 1997). In an interesting study,
a specific trehalase inhibitor, validamycin A,
was added to the pre-selection medium with
the aim of reducing the stress in transformed
cells (imposed by the transformation pro-
cess) and to facilitate the recovery of Kan-re-
sistant putative transformants (Husaini,
2010). There was an unprecedented influ-
ence following its addition to the pre-selec-
tion medium (Table 6.5). The percentage of
putative transgenic shoots regenerating per
leaf disc on selection medium increased
from 6.1 to 54.1% (ninefold), while the aver-
age percentage of leaf discs regenerating
shoots on selection medium increased from
3.1to 7.4% (2.5-fold) (Husaini, 2010). As the
plant trehalose biosynthesis pathway is

tightly regulated by multiple stress signals
such as dehydration (Drennan et al., 1993),
osmotic stress tolerance (Styrvold and
Strgm, 1991; Hounsa et al., 1998), heat
and desiccation tolerance (Hottiger et al.,
1987) and chilling stress (Pramanik and
Imai, 2005), it probably reduces the ‘trans-
formation stress’ on cells and results in their
increased survival percentage.

6.3. How to Estimate Transformation
Success - Efficiency and Percentage are
not Synonymous

Examination of the literature indicates a
wide difference in regeneration and trans-
formation efficiency. The number of inde-
pendent shoots generated per explant is
usually referred to as the ‘regeneration effi-
ciency’, while the percentage of explants
that produce a transgenic shoot is referred
as the ‘transformation efficiency’ (Folta and
Dhingra, 2006). However, this definition
leads to many different formulae (Table 6.7).
The first four formulae in Table 6.7 give
more weight to the regeneration system
used, and hence do not reflect the actual
transformation efficiency. These formulae
aim to calculate the ‘number of transform-
ation events’ that ‘successfully regenerate
shoots/plantlets’ after application of an ap-
propriate selection pressure, and assume
that ‘every single shoot’ represents a ‘unique
transformation event’. There is a difference
between transformation efficiency and
transformation percentage; the two are not
synonymous. The former describes the
number of transgenic shoots that arise on
selection media compared with the number
of regeneration events that occur in the ab-
sence of selection (Husaini, 2010). How-
ever, reporting ‘transformation efficiency’
as transformants per explant distorts the
representation, as Oosumi et al. (2006) and
Folta et al. (2006) reported transformation
efficiencies greater than 100%. This metric
simply means that each explant produced
at least one transgenic shoot. Actually, the
transformation efficiency described by
Folta et al. (2006) is quite low (1-3%). In
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Table 6.7. Explanation of the formulae used in Table 6.6. (Adapted from Husaini et al., 2011, with kind

permission from Global Science Books.)

Formula How to calculate Remarks Reference(s)

NS, /NE, x 100  Number of putative transgenic  This formula can be used at early Husaini
shoots regenerated on stages of regeneration but may (2010);
selection medium (usually also include escapes Husaini

after 8 weeks)/number of
explants agroinfected
Number of explants
regenerating putative
transgenic shoots on
selection medium (usually
after 8 weeks)/number of
explants agroinfected
Number of putative transgenic
shoots regenerated on
selection medium (usually
after 8 weeks)/number of
explants added to
selection medium
Number of PCR-confirmed
transgenic shoots
regenerated on selection
medium (usually after
8 weeks)/number of
explants agroinfected

NE,/NE,, x 100

NS, /NE, x 100

NS,/NE,, x 100

(Number of putative transgenic
shoots regenerated on
selection medium (usually
after 8 weeks)/number of
explants agroinfected) x
(number of explants cultured
on non-selective (kanamycin-
free) medium/number
of shoots regenerated on
non-selective medium)

(NS, /NE,) x
(NE,_/NS
100

) x

nsm

etal. (2011)

This formula ignores multiple Zhao et al.
transformation events occurring (2004)
on the same explant but at
separate loci

This formula ignores the positive/ Nehra et al.
negative effect of the pre-selection (1990a,b)

strategy (pre-culture, pre-selection,
agroinfection) on transformation

This is the most accurate formula, Husaini (2010)
and can be used at a later stage
when sufficient tissue material
becomes available for DNA
isolation/PCR. However, as some
transformants die in various
stages of development, such
transformation events
are not taken into account

Technically, this is the most
appropriate formula for
describing transformation
‘efficiency’, as it compares the
relative regeneration capacities
of agroinfected and normal
(non-agroinfected) explants

Gruchata et al.
(2004a,b)

our opinion, reporting a transformation ‘ef-
ficiency’ that is greater than 100% (Folta et al.,
2006; Oosumi et al., 2006) is mathematic-
ally incorrect, as efficiency cannot be greater
than 1, i.e. 100%. However, a transformation
‘percentage’ of greater than 100% is quite
possible, because each leaf explant can re-
generate multiple shoots/shoot clusters in
strawberry. When calculating transform-
ation percentage, we actually aim to calcu-
late the ‘number of transformation events’
that ‘successfully regenerate shoots/plant-
lets” when exposed to appropriate selection

pressure. Some explants regenerate multiple
shoots but ‘one shoot per initiation site’,
and hence each site represents a ‘single’
transformation event.

Each worker uses his own metric to de-
scribe the success of transformation. Nehra
et al. (1990b) inoculated leaf discs of the
cultivar ‘Redcoat’, which formed light green
meristematic regions on selection medium
with 50 mg ml~ Kan, later developing into
transformed shoots at a frequency of 6.5%
(on selection medium with 25 pg ml— Kan).
In another study in the same cultivar, they
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obtained transformed calluses at 3% on se-
lection medium (with 50 pg ml~ Kan), and
20% of these ‘transformed calli’ regenerated
shoots (Nehra et al., 1990a). Similarly,
Jelenkovic et al. (1991) showed 40, 30 and
20% transformed callus formation from
runner segments, hypocotyl segments and
leaf discs, respectively. It should be noted
that, when working at the callus level, it is
most appropriate to calculate the transform-
ation percentage as ‘calli-regenerating ex-
plants’ on selection medium, but when the
same metric is used for the percentage of
shoot-regenerating explants, it can be mis-
leading.

Some reports of transformation de-
scribe efficiency as the number of trans-
genic shoots that arise compared with the
number of regeneration events that occur in
the absence of selection. In other words, it is
possible to have efficient regeneration and
no transformation, as the latter is dependent
on the ability to separate transgenic antibi-
otic-resistant tissue from non-transformed
antibiotic-sensitive tissue. Gruchala et al.
(2004b) analysed 25 strawberry cultivars to
select genotypes most suitable for trans-
formation. The number of regenerated
shoots varied from 0.7 to 11 shoots per 100
transformed explants in comparison with
3.5—259.3 shoots from control tissues grown
on medium without antibiotics. Transform-
ation/regeneration efficiency, expressed as
transformant number per 100 explants, was
high for cultivars such as ‘Elista’ (9.5),
‘Wega’ (7.3), ‘Senga Precosa’ (6.5), ‘Kama’
(6.2), ‘Induka’ (4.5) and ‘Maria’ (3.0), which,
when expressed as a transformation per-
centage, were 0.09, 0.07, 0.06, 0.06, 0.04
and 0.03%, respectively. In another study,
Gruchata et al. (2004a) compared regener-
ation and transformation conditions for two
strawberry cultivars, reporting 8.3 shoots
per 100 explants (0.08%) in ‘Elista’ and 4.2
shoots per 100 explants (0.04%) in ‘Induka’.

Zhao et al. (2004) used the term ‘trans-
formation rate’ to calculate transformation
success, and calculated it as the percentage
of explants that regenerated shoots on the
selection medium in 8 weeks. A closer
examination revealed that the transform-
ation success was actually calculated as the

percentage of ‘putative transgenic shoots’
on the selection medium. Forty-seven and
36 independent putative transgenic lines,
capable of growth on 50 mg 1! Kan, were
generated from transformed cells derived
from 73 and 53 explants of diploid straw-
berry accessions FRA197 and FRA198, re-
spectively, representing a transformation
frequency of 64% for FRA197 and 68% for
FRA198. Under the same conditions, only
five and four such putative transgenic lines
were obtained from 48 and 54 leaf explants
of the octoploid strawberry cultivars ‘Heck-
er’ and ‘La Sans Rivale’, respectively, repre-
senting a transformation frequency of 10.4%
for ‘Hecker’ and 7.4% for ‘La Sans Rivale’.

Transformation efficiency reports the
‘relative’ regeneration capacities of agroin-
fected and control explants, while trans-
formation percentage measures the ‘suc-
cess’ in recovering transgenic shoots only.
Hence, the parameters taken for calculation
of transformation percentage are extremely
important when reporting the extent of
transformation proficiency. From our previ-
ous results, shown in Table 6.6, it is evident
that, based on the method of calculation,
different values for transformation percent-
ages can be derived. The most widely used
formula for transformation percentage is
based on the ‘number of shoots regenerated
per 100 explants on selection medium’ and
in our opinion is a fairly accurate one. The
most accurate is that based on ‘number of
PCR-positive shoots’ recovered. The only
thing to be kept in mind in both cases is to
take the ‘initial number’ of explants into ac-
count and not the number of explants
added to the selection medium, because in
the latter case the effect of a pre-selection
strategy is ignored.

6.4. Conclusions and Future
Perspectives

Despite several non-Agrobacterium-based
techniques and the use of other bacterial
strains, Agrobacterium-based techniques
still seem to be the most popular among
strawberry researchers aiming to introduce
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novel characteristics into existing cultivars
(Table 6.8). Standardization of an efficient
regeneration system for each strawberry
genotype is an indispensable prerequisite
for the successful development of trans-
genic plants. Factors such as type of ex-
plant, darkness treatment, photoperiod,
growth regulators and chilling treatment are
vital for efficient regeneration of complete
plantlets under in vitro conditions. As in
nature, Agrobacterium-mediated genetic
transformation is normally a single-cell
event. The reasonably good transformation
percentage in a strawberry cultivar is gener-
ally achieved due to the favourable medium
modifications, which foster successful or-
ganogenesis from these transformed cells.
Sufficient numbers of Agrobacterium dur-
ing co-cultivation, an adequate co-cultiva-
tion period, the use of vir gene inducers
such as acetosyringone, introduction of a
pre-selection phase between co-cultivation
and selection, and optimum selection pres-
sure are all important factors to obtain
stable transformants. An excellent post-
agroinfection strategy is the incubation of
explants for some days on pre-selection me-
dium, possibly containing an osmoprotect-
ant such as validamycin A. This makes it
possible for transformed cells to overcome
the stress imposed by agroinfection and also
allows a sufficient time gap until the select-
able marker gene is able to be expressed ef-
fectively in the transformed cells. One more
point that needs emphasis is that the
metrics employed by different workers
for measuring the success of transformation
need to be uniform, and use of the terms
transformation ‘efficiency’ and ‘percentage’
interchangably should be avoided.

Some consumers as well as regulatory
authorities express concern about the envir-
onmental safety of genetically modified or-
ganisms and demand that commercial
transgenic plants be free of marker genes
(antibiotic resistance) or vector backbone se-
quences. Using different models, diverse tech-
niques of gene transfer have been reported
recently, which may be used in strawberry
systems with appropriate modifications, in
order to provide an alternative to the complex
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patent landscape of Agrobacterium technol-
ogy and create an ‘open source’ platform.
Broothaerts et al. (2005) took the first step in
harnessing non-Agrobacterium species for
plant genetic engineering. They designed
Rhizobium sp. NGR234, Sinorhizobium
meliloti and Mesorhizobium loti with the
machinery needed for the transformation
process: a set of virulence genes encoded by
an Agrobacterium Ti plasmid and the
T-DNA segment residing on a separate,
small binary plasmid. The T-DNA segment
carries genes encoding a hygromycin selec-
tion marker and a uidA reporter. Broothaerts
et al. (2005) then used these bacterial spe-
cies to transiently and stably transform vari-
ous plant species, targeting different tissues
(e.g. leaf discs, calli, ovule tissue). The re-
sults demonstrated that these non-Agrobac-
terium species can genetically transform di-
cots as well as monocots. Although, to the
best of our knowledge, there are no reports
as yet that have determined the viability of
these ‘Agrobacterium-like’ species for the
transformation of commercially important
strawberry plant species, these findings
may open a new way forward with techno-
logical and legal advantages over Agrobac-
terium technology. Recently, a novel method
of genome editing called CRISPR (clustered
regulatory interspaced short palindromic
repeats) and a CRISPR-associated (Cas) sys-
tem has been successfully employed to
introduce useful genome modifications,
mostly in model plants. As strawberry is oc-
toploid and its complete genome sequence
is not yet available, the use of this technology
may take a while for successful use in straw-
berry genome editing.
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Table 6.8. Agronomically and economically beneficial traits transferred into strawberry using Agrobacterium-mediated gene transfer technology.

Species and cultivar/genotype Explant Transgene(s) Trait studied Reference
Fragaria x ananassa ‘Rapella’ - Cowpea protease inhibitor (CpTi) Insect resistance James et al. (1992, 1993)
Fragaria x ananassa - Coat protein Mild yellow edge virus Finstad and Martin (1995)
Fragaria x ananassa’ Symphony’ - Cowpea protease inhibitor (CpTi) Insect resistance Graham et al. (1995)
Fragaria x ananassa ‘Toyonoka’ - Chitinase from rice (rcc2) Fungal resistance Asao et al. (1997)
Fragaria x ananassa ‘Honeoye’ - CBF1 Cold tolerance Owens et al. (2002, 2003)
Fragaria x ananassa ‘Joliette’ Stipules Chitinase (pcht28) Fungal resistance Chalavi et al. (2003)
Fragaria x ananassa ‘Chambly’ Shoot nptll/acidic dehydrin (wcor410a) Drought tolerance Houde et al. (2004)
Fragaria x ananassa ‘Toyonaka’ - Late embryogenesis abundance Drought tolerance Wang et al. (2004)

(LEA3)
Fragaria x ananassa ‘Firework’ Leaf Thaumatin Il (thaull) Resistance against grey Schestibratov and Dolgov (2005)

mould

Fragaria x ananassa ‘Camarosa’ - Chitinase and glucanase Fungal resistance Mercado et al. (2005)
Fragaria x ananassa ‘Tioga’ - Antifreeze protein (AFP) Cold tolerance Khammuang et al. (2005)
Fragaria x ananassa ‘Toyonoka’ Leaf discs Pathogeny inducing promer Resistance against grey Jin et al. (2005)

(Prp1-1)/glucose oxidase (CO) mould
Fragaria x ananassa ‘Pajaro’ - Chitinase (ch5B), glucanase (gln2) Vellicce et al. (2006)

and thaumatin-like protein (ap24)
Fragaria x ananassa ‘M14’ Leaf discs annfaf Keeping quality of fruits Na et al. (2006)
Fragaria x ananassa ‘Toyonaka’ Leaf nptll/Antibacterial peptide-D (APD) Bacteria resistance Qin and Zhang (2007)
Fragaria x ananassa ‘Honeoye’ Leaf CBF1 Cold tolerance Jin et al. (2007); Dong et al. (2009)
Fragaria x ananassa ‘Virginia’ Leaf discs cNHX1 Drought tolerance Wei et al. (2007)
Fragaria x ananassa ‘Kinuama’ Leaf discs FaEtr1, Faktr2, FaErs1 Keeping quality of fruits Zhu (2008)
Fragaria x ananassa ‘Benihope’ Leaf discs PcFT Regulation of flowering time Zheng (2008)
Fragaria x ananassa ‘Chandler’ Leaf Osmotin Salt and drought tolerance Husaini and Abdin (2008b;

Husaini et al. (2012)
Fragaria x ananassa ‘Chandler’ Leaf discs Faktr2 Keeping quality of fruits Song (2009)
Fragaria x ananassa ‘Xingdu 2’, Leaf discs, Pre-, pro- and mature antifreeze Freezing tolerance Sun et al. (2009)
‘Allstar’ petioles protein (AFP)
Fragaria x ananassa ‘Honeoye’ Leaf discs Resveratrol synthase (RS) Fungal resistance and Qian (2010)
nutritional quality

Fragaria x ananassa ‘Benihope’ Leaf discs AtCYP2 Nutritional quality Feng (2011)
Fragaria x ananassa ‘Akihime’ Leaf Brazzein, PpydFN1 Improved sweetness Wang (2012)
Fragaria x ananassa ‘Toyonoka’ Leaf discs dhn4 Drought and cold tolerance Wang et al. (2012b)
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Table 6.8. Continued.

Species and cultivar/genotype Explant Transgene(s) Trait studied Reference
Fragaria x ananassa ‘Benihope’ Leaf discs RdreB1BI Cold tolerance Gu et al. (2012)
Fragaria x ananassa ‘Lijinv’ Leaf discs Resveratrol synthase (RS) Fungal resistance and Lin et al. (2012)
nutritional quality
Fragaria x ananassa ‘Sengana’ Leaf discs DHAR Nutritional quality Zhang et al. (2012)
Fragaria x ananassa ‘Virginia’ Leaf discs Tissue-type plasminogen activator Nutritional quality Bai et al. (2012)
(t-PA)
Fragaria x ananassa ‘Fumei 1’ Leaf discs psy, pds Nutritional quality Chen (2014)
and ‘Hong shimei’
Fragaria x ananassa’ Camarosa’ — Bgni3.1 Fungal resistance Mercado et al. (2015)
Fragaria x ananassa’ Camarosa’ - P5CS Drought tolerance Bahramnejad et al. (2015)
and ‘Kurdistan’
Fragaria vesca - AtNPR1 Fungal resistance Silva et al. (2015)
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7.1. Introduction

Plant architecture represents the morpho-
logical expression of a genotype in a certain
period (Hallé et al., 1978). It can be defined
according to different criteria (growth type,
branching model, position of the reproduct-
ive structure) detected through the observa-
tion of the development of the shoots and
other elementary parts along space—time

* davide.neri@crea.gov.it or d.neri@univpm.it

scales (Godin, 2000), and gives information
about the rules of growth and flowering of
the plant (Hallé and Oldeman, 1970). The
architectural model is a dynamic descrip-
tion of the growth pattern of a species from
the birth of a plant, in the absence of limit-
ing factors (Hallé et al., 1978).

Strawberry plant architecture shows
some constant features related to its deter-
mined growth pattern that always stops with
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a terminal inflorescence (Guttridge, 1955)
and enables further growth only from lat-
eral branches (sympodial growth) showing
the same fractal organization, whereas the
vegetative shoots develop as stolons. Vari-
ability of plant architecture is related to the
distribution and position of the vegetative
and reproductive structures along its short
axis (rosette plant). These features of the
growth habit change according to genotype,
plant age, growing environment and culti-
vation technique, due to the plasticity of
the species.

The response of the plants can be stud-
ied dynamically, providing elements to pre-
dict and manipulate their behaviour (Savini
and Neri, 2004). In fact, the reproductive
and vegetative behaviour of the strawberry
plants is sensitive to environmental (Serge
and Hancock, 2005; Sgnsteby and Heide,
2006; Verheul et al., 2006) and agronomic
and nutritional factors (Savini and Neri,
2004; Savini et al., 2005, 2006b; van Delm
et al., 2009; Bosc et al., 2012).

Plants can be part of a programmed pro-
duction system in the nursery to produce in
predicted periods under different cultiva-
tion systems and, using specific propagation
techniques, they can bear a different number
and distribution of shoots, inflorescences or
flowers and stolons.

7.2. Flower Induction and
Environmental Control

Flower induction in strawberry is sensitive
to thermophotoperiod according to plant
genotypes, which are classified into remon-
tant or recurrent (ever-bearing or long day
and day-neutral plants) and non-remontant
(seasonal flowering (Heide et al., 2013);
short day or June-bearing) types. Non-re-
montant cultivars provide only one harvest
in spring—summer, as a result of flower induc-
tion that took place in the preceding late
summer—autumn, when their thermophotoper-
iodic requirements for flower initiation (Dar-
row, 1936; Darnell and Hancock, 1996) were
satisfied by short days (less than 11-16 h)
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(van den Muijzenberg, 1942; Borthwick and
Parker, 1952; Ito and Saito, 1962; Benoit,
1975; Heide, 1977; Konsin et al., 2001) or
low temperatures (9-21°C, optimal 15—
18°C) (Hartmann, 1947; Went, 1958; Ito and
Saito, 1962; Heide, 1977; Verheul et al.,
2007; Opstad et al., 2011). A minimum
number (7-14) of short-day cycles is re-
quired for flower induction (Ito and Saito,
1962; Guttridge, 1985), according to culti-
var, temperature and day length. Under
long-day conditions, the terminal apex of
the crown remains vegetative and many
runners develop from the axillary buds
(Nicoll and Galletta, 1987), as vegetative
and reproductive growth have contrasting
responses and requirements (Ito and Saito,
1962).

Remontant cultivars produce fruits
more times per year, due to their different
sensitivity to day length in relation to the
temperature (Nishiyama et al., 2000, 2006;
Nishiyama and Kanahama, 2002; Sgnsteby
and Heide, 2007) for flower induction.
Flower initiation is possible when day length
is longer than 12 h (long-day cultivars)
(Darrow and Waldo, 1934) or irrespective of
photoperiod (day-neutral cultivars) (Bring-
hurst and Voth, 1980; Durner, 1984). Thus, a
rigid classification of cultivars is not ad-
equate (Durner, 1984) to explain all the pos-
sible complex responses to day length,
whereas quantitative differences in individ-
ual plants can be seen along a continuum of
obligate single-cropping and ever-bearing
cultivars (Darrow, 1966; Nicoll and Galletta,
1987; Sgnsteby and Nes, 1998; Savini, 2003).
At low temperature, most genotypes show a
day-neutral behaviour (Ito and Saito, 1962;
Heide, 1977) but can be distinguished ac-
cording to their response to photoperiod at
higher temperatures (Heide, 1977; Verheul
et al., 2006). Thus, temperature affects the
behaviour of both short-day and day-neu-
tral cultivars in relation to photoperiod.
Furthermore, prolonged warm temperat-
ures (above 26—30°C) (Ito and Saito, 1962;
Chabot, 1978; Durner, 1984; Durner and
Poling, 1988; Okimura and Igarashi, 1997)
totally (Ito and Saito, 1962; Chabot, 1978)
or partially (Okimura and Igarashi, 1997;
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Kadir et al., 2006; Verheul et al., 2006)
inhibit flower formation, whatever the photo-
period (Ito and Saito, 1962; Verheul et al.,
2006). Therefore, in warm latitudes (tropical
and equatorial), the profitable cultivation of
strawberry is possible only where temperat-
ures are lower in the highlands or where
there is an eventual chill season.

The thermophotoperiodic conditions
inducing flowering in short-day plants are
normally effective only in summer—autumn,
suggesting that other factors are involved
in the control of plant physiology, such as
the chilling that prevents flower induction
in spring (Guttridge, 1958). Furthermore,
plant meristems are sensitive to flower-
inducing factors according to their physio-
logical condition: they are more receptive
when the growth of the apex is reduced
(Savini et al., 2005). Therefore, the behav-
iour of the plant (reproductive or vegeta-
tive) can be determined by the modula-
tion of many factors interacting with the
plant growth, involving abiotic, agronomic,
nutritional and environmental factors or
the presence of stress, and we can assume
that these factors determine a main indir-
ect effect modifying the vigour of the whole
plant.

The final crop load is determined after
flower induction, during the differentiation
process, when the formation of flowers in
the floral apex is enhanced by mild temper-
atures (18°C) (Le Mieére et al., 1996). Yield
and fruit quality can be improved by modi-
fying one or more effective factors during
the growing cycles, starting from plant
production in the nursery, in order to an-
ticipate or delay flower induction and to
determine the number of flowers and in-
florescences.

Some general differences in plant archi-
tecture can be detected among cultivars ac-
cording to their thermophotoperiodic sensi-
tivity: short-day and day-neutral plants
often show a branch crown developing from
an upper axillary bud near the terminal in-
florescence (Kurokura et al., 2005a,b),
whereas ever-bearing plants develop branch
crowns mostly from their growing buds
(Nicoll and Galletta, 1987).

7.3. Growing Cycles — Plant Plasticity
for Harvest Seasons

Nursery techniques provide many plant types
allowing the application of different planning
strategies for cultivation. Different plant types
have different architectures, each suitable for
integrating in specific growing cycles.

Bare-root frigo (cold-stored) plants are
used for summer planting (July—August in
the northern hemisphere) in the field in
common annual production systems that
provide one short harvest season (about
30 days) in the spring. These plants bear
only one differentiated flower bud in the
terminal position with a single poor-quality
inflorescence that often is partially dam-
aged during the long cold storage. There-
fore, after planting, the terminal inflores-
cence and stolons must be removed to
stimulate plant establishment and growth.
Growth takes place at the end of the sum-
mer and during the autumn, with the devel-
opment of new crowns from lateral buds
(Savini et al., 2005), which receive induc-
tion signals for flower formation and pro-
vide a high yield the following spring.

Frigo plants are used also for remontant
varieties, starting the growing cycle in
March (in the northern hemisphere), with
transplantation and removal of the first in-
florescences in spring (May to early June) to
promote the plant set and a strong initial
vegetative growth, which is positively cor-
related with fruit yield (Baumann et al.,
1993). The harvest season lasts from the be-
ginning of July until October.

In mild climates with warm summers,
planting is delayed to avoid the high tem-
peratures. Bare-root fresh plants of
low-chilling varieties are preferred over fri-
go plants as the latter suffer growth prob-
lems if they are stored for too long until the
September—October transplanting (for har-
vest from December or January). In add-
ition, there is not enough time for the
flowers to differentiate in the field and to
obtain early winter production, but this is
possible using flower-differentiated plants
from Spanish high-elevation nurseries or
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from central Europe (with low temperatures
for partial chilling satisfaction). These
plants bear at least one flower-differentiated
bud and produce fruits over an extended
harvest season (January—June). Bare-root
freshly dug stolon plants (fresh plants) of
June-bearing varieties have also been used
in the past and transplanted in autumn or
spring for perennial cultivation.

For out-of-season production in central
Europe, tray plants and waiting-bed and A+
frigo plants are increasingly used as pro-
grammed production plants (for ‘60-day’ cul-
tures) but must already have undergone
flower induction.

Tray plants are available for planting in
different seasons after cold storage (Lieten,
1993; Durner et al., 2002), during which the
plants satisfy their chilling requirement.
Cold-stored tray plants may bear at least
two or three flower-differentiated buds, pro-
viding good crop potential and similar or
higher numbers of fruits and good yield in
the open field in comparison with frigo
plants (Duralija et al., 2007).

Waiting-bed plants form more than one
differentiated crown per plant, providing a
potentially high production (500-800 g of
fruit per plant) after transplanting. In the
northern hemisphere, they are planted in se-
quence from the end of April until the mid-
dle of July for late-cropping systems, with
harvest from early July to September in the
open field and during the autumn under
protected conditions (plastic tunnels). These
plants with high crop potential must be
planted early to promote their growth (Cher-
cuitte et al., 1991); later planting in spring—
summer conditions may result in a de-
creased yield because of high temperatures.

Large cold-stored plants (commercial
class A+ or A++) are generally transplanted in
May-June, extending the cropping season from
the beginning of July until the end of August in
the northern hemisphere (Faby, 1997).

7.4. Plant Manipulation in the Nursery

The first opportunity to manipulate the plant
growth and architecture, and at the same
time plant vigour and fruit production, is
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control of the growing conditions during
plant propagation, obtaining plants with a
different number of lateral flower buds and
shoots and at a different floral developmen-
tal phases (van Delm et al., 2009).

Knowledge of effective environmental
and cultural factors for plant behaviour
manipulation is pivotal in applying condi-
tioning techniques that allow anticipation
or delay of flower induction and to obtain
higher or lower numbers of flowers. In fact,
many growing techniques available for nur-
sery plant production, including the appli-
cation of controlled stress, can be effective
to manipulate the plant architecture, stimu-
lating flower induction and differentiation,
because they can interact with several as-
pects of plant growth, such as growth rate,
shoot-to-root ratio and carbon balance. Using
different growing techniques, it is possible
to expose the plants to flower-inducing stim-
uli or to increase the plant’s sensitivity to
environmental inducing conditions, and
thus to produce plants with different num-
bers of shoots, stolons, inflorescences or
flowers. The timing of application of a par-
ticular technique is crucial in terms of its
interaction with the physiological stage of
the plant and its organs.

7.4.1. Thermophotoperiod

One of the most effective means of manipu-
lating the equilibrium between vegetative
growth and reproductive development in
strawberry is modification of the thermo-
photoperiod, an environmental factor play-
ing a major role in flower induction. The
light availability duration can be increased
using artificial light, to apply long-day con-
ditions to short-day plants and delay flower
formation (Bosc et al., 2012), or decreased
by adding a temporary light-proof covering
(Bosc and Demené, 2009) to mimic short-
day conditions. Providing artificial light
during the night (night break) under short-
day conditions can inhibit flower initiation
in non-remontant cultivars (Ito and Saito,
1962; Vince-Prue and Guttridge, 1973) or
enhance flower production in remontant
cultivars (van Delm et al., 2012).
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The natural variation in temperature
between day and night is more effective
than a constant temperature. In forced culti-
vation, natural conditions can be repro-
duced applying the normal oscillation of
temperatures, and flower induction can be
induced earlier (Reichart, 1973; Chabot,
1978; Durner, 1984; Bish et al., 1997) when
the oscillation is 26.7/15.6°C day/night
compared with a constant 21°C temperature
(Hartmann, 1947) or with warmer temperat-
ures (Bish ef al., 1996a). Temperatures
below 15.6°C are common during summer—
autumn in cold areas but are suboptimal for
flower differentiation (Darrow, 1966), delay-
ing the formation of flowers.

7.4.2. Location

Both photoperiodic and thermal conditions
can be controlled during propagation, by
transplanting the plants or moving them to
specific locations (changing the altitude and
latitude). The choice of environment for the
nursery location and the time of propaga-
tion allow control of the vegetative and gen-
erative behaviour of the plants, resulting in
different numbers of flowers per plant and
programming the synchronicity and dur-
ation of the cropping.

Flower induction in short-day plants is
delayed with increasing latitude, as day
length reduces later in the summer (Opstad
et al., 2011). In Europe, fresh plants can be
propagated in environments where the con-
ditions are favourable for floral induction,
which takes place earlier at higher altitude
in the Alps (Savini et al., 2006b) and in
Spanish highland nurseries (800-1200 m)
or in cold northern areas due to the thermal
fluctuations between day and night and to
low summer temperatures. After floral in-
duction has taken place, at the beginning of
October, and early low-temperature chilling
has been provided, plants can be trans-
planted in mild southern areas (e.g. southern
Italy or Spain) or at low altitude. In fact, a
mild environment is optimal for a longer
and earlier flower differentiation, in order
to increase the number of flowers within the
inflorescences (Savini, 2003; Savini et al.,

2006a) without a significant effect of photo-
period. Under these mild conditions, flower
differentiation persists for the whole of the
warm autumn and takes place in the se-
cond- and third-order floral apexes on the
extension crowns (Savini, 2003), increasing
the total number of inflorescences per plant.
If the planting is deferred until temperatures
are cooler and the photoperiod is shorter,
vegetative growth is reduced and only one
extension crown per plant is able to form.
During formation of the primary buds, pro-
longed favourable conditions in early au-
tumn enhance the formation of flowers
within the primary inflorescence in nor-
thern Italy, resulting in more flowers (13-14
per inflorescence) in comparison with
plants in the south (around 10 per inflores-
cence) (Savini, 2003) and with secondary
inflorescences becoming differentiated dur-
ing the early arrival of the cold temperat-
ures in autumn. In the south, the number of
flowers is similar in both primary and sec-
ondary inflorescences.

In contrast, if propagation takes place
under a long photoperiod and relatively
high temperatures, flower induction is re-
duced and vegetative growth is enhanced
(Savini et al., 2006a), with increasing for-
mation of runners (Guttridge, 1985). The
cultivation environment also modifies the
growth of the plant. For instance, more
crowns are formed along the principal axis
of fresh plants in central and northern Italy
compared with the south where the winter
is warmer. The northern conditions also
stimulate vegetative growth in tray plants
(Savini et al., 2006a).

In tropical climates, temperatures can
be very high at low altitude, reducing the
vegetative growth of the plants, which de-
velop fewer leaves compared with plants at
higher altitudes (Riyaphan et al., 2005).

7.4.3. Chilling

Chilling temperatures (between 0 and
7—-10°C) are required to overcome dor-
mancy, but they are also effective at increas-
ing vegetative growth (Guttridge, 1958; Voth
and Bringhurst, 1958; Piringer and Scott,
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1964; Wahdan and Waister, 1984; Tehrani-
far et al., 1998) and leaf and runner forma-
tion (Bringhurst et al., 1960; Porlingis and
Boynton, 1961; Piringer and Scott, 1964;
Bailey and Rossi, 1965; Guttridge, 1969;
Braun and Kender, 1985; Rice, 1990; Ka-
hangi et al., 1992; Lieten, 1997b; Tehranifar
and Battey, 1997), whereas they reduce
flower induction (Guttridge, 1958) and en-
hance floral differentiation (Durner and Pol-
ing, 1987). Therefore, in greenhouse culti-
vation, cold treatments can be applied to
prevent a decrease in vegetative vigour,
while artificial lighting can compensate for
a lack of cold (van Delm et al., 2013) be-
cause long days can substitute for chilling
(Lieten, 1997a; Sensteby and Heide, 2006).

For programmed production cultiva-
tion, cold storage makes the plants available
all year round and also provides the re-
quired chilling. Nevertheless, sugars and
starch content can decrease if the low tem-
perature is maintained for too long (more
than 200 days), also reducing the number of
emerging inflorescences and flowers (Molot
and Leroux, 1973; Kinet et al., 1993; Lieten
et al., 1995; Dradi et al., 1996; Sgnsteby and
Hytonen, 2005), which are inhibited, espe-
cially if they are located below the last ex-
panded leaf (Bosc et al., 2012). A long dur-
ation of cold storage and the consequent
low carbohydrate content induce a stress
condition that may also result in earlier
flowering (Lieten et al., 1995), although not
for all types of plant (Kinet et al., 1993).
Chilling before the digging date in the nur-
sery may be advantageous for early fruit
production, especially in warm regions, but
extra chilling after the optimum digging
date may reduce flowering (Durner and Pol-
ing, 1988).

7.4.4. Light quality

Light quality (Collins, 1966; Vince-Prue and
Guttridge, 1973) and intensity may be effect-
ive in regulating flower initiation, especially
in short-day plants. These features of the
light reaching the plants can be modulated
in different ways, using covering nets or spe-
cific artificial lights. During a decreasing
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photoperiod, plant shading reduces light in-
tensity and temperature, promoting flower
induction if sunlight is reduced by 75-95%
(Kumakura and Shishido, 1995), but with
lower light intensity, crown size (Wright and
Sandrang, 1995) and leaf and inflorescence
number (Awang and Atherton, 1995) can de-
crease, whereas increasing light intensity
can promote flower differentiation (Dennis
Jr et al., 1970; Chabot, 1978).

Flower bud initiation is also affected by
the spectral composition of the irradiation,
which can be selected applying photoselec-
tive nets over the plants, with red and blue
nets having an inhibitory effect (Takeda,
2012). Spectral band quality also affects the
responsiveness to photoperiod. In fact, light
extension to produce long-day conditions
delays floral initiation if obtained using far-
red light or far-red combined with low-red
light, whereas it is not effective if obtained
using red light (Vince-Prue and Guttridge,
1973; Guttridge, 1985); however, some dis-
cordant results have been reported (Jonkers,
1965).

7.4.5. Nutrient supply

Nutrient supply, in particular the relative ratio
between nitrogen and phosphorus, plays a
major role in modulating growth and the vege-
tative equilibrium of the plant and conse-
quently can be a means to modify the whole
plant architecture during both propagation in
the nursery and further plant growth (Savini,
2003; Savini and Neri, 2004).

Nitrogen availability and the timing of
supply during the growing season affect the
formation and growth of new organs and
interact with flower initiation, amplifying
the effect of inhibitive or stimulating factors.

The nutritional protocol should be man-
aged in different ways. Both stolon and shoot
formation can be enhanced by high nitrogen
levels, depending on the timing of supply and
the plant growth rate (Savini, 2003; Savini
and Neri, 2004). Therefore, stolon formation
is induced and flower induction can be de-
layed (Fujimoto, 1972; Furuya et al., 1988;
Matsumoto, 1991; Yamasaki et al., 2002) or
totally prevented (Yamasaki et al., 2002) if
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excess nitrogen is applied before the flower
induction period (Sensteby et al., 2009) or
when there is rapid growth of the apex.

In contrast, a high nutrient supply can
increase the induction effect if applied after
the beginning of short-day conditions (Liet-
en, 2002; Sgnsteby et al., 2009). It can also
stimulate plant vigour after the arrest of
apex growth, reactivating axillary latent
meristems to form new shoots (Breen and
Martin, 1981) in the basal part of the crown,
increasing the total number of inflorescence
sites. If nitrogen is supplied later on, shoot
formation can be stimulated in the upper
portion of the plant, increasing the total
number of inflorescences and extending the
cropping time, because the flowers are less
developed compared with the terminal pri-
mary inflorescence. In the nursery, late ap-
plication of foliar nitrogen during flower
differentiation of freshly dug plants can ad-
vance flower development and fruiting
(Kirschbaum et al., 2000). Differing re-
sponses are also seen if the supply of nutri-
ents is continuous or temporary; in fact, lat-
eral shoot formation starts from the apical
part of the crown and continues downward
with continuous fertilization, whereas
shoots exclusively involve the apical buds
if the fertilization is suspended for
1-2 weeks during the maximum growth
period, also advancing flower differenti-
ation (Savini, 2003). During flower induc-
tion of tray plants, temporary suspension of
fertilization may result in the differenti-
ation of terminal flower buds, enhancing in-
florescence development and increasing
flower number (Savini, 2003), while con-
tinuous high nutrition delays flower initi-
ation (Yoshida, 1992; Lieten, 2002). A posi-
tive effect on flower formation is also
obtained by applying a pulse of extra fertil-
ization starting shortly after the onset of in-
ducive environmental conditions (Sgnsteby
et al., 2013). An excess of nitrogen inhibits
flower formation (Guttridge, 1985).

An early nutrient supply, before or at
the beginning of inducive thermophotoperi-
od conditions (Sensteby et al., 2009), delays
flower bud initiation more than a later appli-
cation (Yamasaki and Yano, 2009). However,
low nitrogen availability depresses vegeta-
tive growth and increases plant sensitivity

to inducive conditions (Strik, 1985; Battey
et al., 1998; Lieten, 2002) promoting flower
induction (Guttridge, 1985) after a few days
of inducing treatment. Nevertheless, a very
low nutrient supply is not favourable during
flower induction and differentiation pro-
cesses, especially if prolonged until mid-Oc-
tober, because the meristem could revert
from the reproductive to the vegetative state
(van den Muijzenberg, 1942) and the num-
ber of flowers decreases (Anderson and Gut-
tridge, 1982).

If the nutritional deficiency persists
after flower bud initiation and induction,
further development of initiated flowers is
prevented (Strik, 1985; Battey et al., 1998;
Lieten, 2002), irrespective of the nutrient
conditions during the other growth phases,
as nitrogen is required for flower differenti-
ation (Yamasaki et al., 2002). A reduction in
nutrients after mid-October does not affect
fruit production. Early reduced nutrition at
the end of summer until mid-September can
reduce the crown diameter, but increases
the number of flowers and fruits inside the
inflorescences (Lieten, 2002). If the early re-
duction of nitrogen is followed by an in-
creased supply at the end of August or in
September and by later decreased nitrogen
application in October, flower initiation
may be advanced in comparison with a low
or high constant nitrogen supply from the
beginning of August (Desmet et al., 2009).

Potassium supplementary fertilization
may decrease the number of flowers (Desmet
et al., 2009) if already suppressed under salt
stress (NaCl) conditions (Awang and Ather-
ton, 1995). Also, the source of nutritional
factors seems to have effects on plant
growth; in particular, the addition of or-
ganic matter (cattle, poultry, sheep or ma-
nure) enhances the formation of leaves and
advances the flowering date compared with
conventional fertilizers (Abu-Zahra and
Tahboub, 2008).

7.4.6. Growing substrate

Year-round strawberry production is helped
by the use of substrate systems in protected
cultures, without using contaminated soils
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(Durner et al., 2002; Lieten, 2012). Peat mixes
are widely used substrates for soil-less culti-
vation and for plug plant production in nur-
series, but many other growing media have
been tested (Anagnostou and Vasilakakis,
1995; Paranjpe et al., 2003; Lieten ef al.,
2004; Bartczak et al., 2007; Tehranifar et al.,
2007, 2012; Ameri et al., 2012). Substrates
differ in physical and chemical proprieties
involving pH, electrical conductivity, poros-
ity and water-holding capacity, which may
affect the water and nutrient availability for
the plant and the root activity. Consequently,
substrates may also modulate the vegetative
vigour of the plant and the response to flower
induction, with effects on the crop potential.
These effects can be also detected in the plant
architecture, shoot topology and number
along the crown (Savini, 2003).

For soil-less propagation, fine peat is a
common and optimal substrate for large run-
ners (Kehoe et al., 2009), but the use of coco
substrate is becoming increasingly wide-
spread. The use of an inert substrate without
peat (rock wool substrate, sand or perlite), in
the absence of nutritional adjustment, re-
duces the vegetative growth of the plant, de-
creases leaf number and crown formation,
decreases total yield, and advances the pro-
duction of flowers and the harvest, in com-
parison with the use of peat (Jansen, 1997;
Tehranifar et al., 2007), although some con-
flicting results have been reported (Bartczak
et al., 2007). The reduction in plant growth
on a substrate with low water-holding cap-
acity is detectable, even when some peat is
added to the substrate (Lieten, 1993; Anag-
nostou and Vasilakakis, 1995).

Substrates without peat may also en-
hance the ability of flowers to differentiate,
increasing the number of flowers in the se-
cond flower flush of remontant cultivars
and the number of high-order inflorescences
compared with organic substrate containing
peat; the effect is amplified if peat is added
with the compost (Savini, 2003).

7.4.7. Water supply

The water status of the plant influences many
physiological processes, interacting with
carbon assimilation — with photosynthesis
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reduced even under mild water stress (Lenz,
1979) — nutrient uptake and the growth rate
of strawberry plants (Kumar and Dey, 2011;
Grant et al., 2012). Therefore, an adequate
water supply is needed to sustain an accept-
able yield, preventing a decrease in mean
fruit weight and fruit number (Davies and Al-
brigo, 1983; Gehrmann, 1985; Pefiuelas et al.,
1992; Serrano et al., 1992). However, water
availability may have different effects on
plant development depending on the
physiological processes occurring before or
during flower induction and differentiation.
Thus, improving the water supply during
flower bud initiation and differentiation in
autumn may enhance flower formation and
fruit production, but abundant irrigation be-
fore the onset of inducive conditions may
reduce flower production (Naumann, 1964).
Mild water stress may even allow flower in-
duction under unfavourable environmental
conditions (Naumann, 1961) after the start
of flowering.

Water stress affects the growth of the
stolons (VanDerZanden and Cameron, 1996;
Tworkoski et al., 2001) and also the shoots,
preventing their development if the water
supply is strongly diminished (25% of daily
water consumption) and reducing their
number under mild water stress (Gehr-
mann, 1985), also affecting the ability of the
plant to form new inflorescences.

7.4.8. Defoliation

Leaf removal in the nursery affects vegeta-
tive growth, altering the shoot-to-root ratio,
reducing the assimilating surface and the
endogenous nitrogen, and promoting flower
differentiation (Kim et al., 2011). Defoli-
ation is also suggested to stimulate compen-
sative growth from lateral shoots and the
onset of new inflorescence sites.

7.4.9. Propagation

The use of plug transplants allows earlier
plant establishment after transplanting, en-
hances early growth and determines earlier
flowering and fruit yield compared with
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bare-root transplants (Hochmuth et al.,
1998, 2006; Ruan et al., 2011), irrespective
of tray size (Giménez et al., 2009) and crown
diameter (Cocco et al., 2011) during propa-
gation. The containerized growth makes the
plant less dependent on water supply
(Durner et al., 2002).

The size of the stolons used for the pro-
duction of tray plants seems to have no ef-
fect on fruit production during cultivation
(Jansen, 1997), because one leaf is enough
to detect the induction signal (Hartmann,
1947), whereas the age may interact with
photoperiod sensitivity (Ito and Saito,
1962). The sequence position and the dis-
tance of the daughter plant from the mother
plant along the parental stolon affect the
number of leaves (Bartczak et al., 2007).

The planting date in the nursery may
affect shoot growth and flower differenti-
ation, whereas this has no effect on vegeta-
tive growth (Palha et al., 2012), but the ef-
fect is related to the climate conditions of
the seasons (Bussell et al., 2007). Advan-
cing the plugging date of runner tips stimu-
lated shoot growth and flower differenti-
ation, inducing June-bearing plants to
flower early (Takeda and Newell, 2007). The
new shoots stimulated a prolonged, al-
though not simultaneous, fruit production,
in contrast to delayed planting. Lateral
shoot growth is also prevented by high
plant density (short distance apart), which
benefits the uppermost buds (close to the
terminal apex), which can produce a sec-
ondary inflorescence and a good second
production.

Pot size determines the volume of sub-
strate available and affects the growth of the
root. Small pot volumes increase plant sen-
sitivity to inducing conditions (Fujishige,
1994) and stimulate early flower induction
during plant root system formation. Root
growth can be inhibited once the roots take
up the whole substrate volume after too
long a growing period in the tray, resulting
in stress conditions, leading to a lower
flower quality. Using pots of the same size
and a low planting density during plant
production promotes the formation of more
inflorescences and flowers (Jansen, 1997),
providing a higher yield compared with
production at a higher plant density.

The use of phytoregulators has also
been tested in nurseries, where application
of gibberellic acid biosynthesis inhibitor re-
duced early vegetative growth, decreasing
the number of stolons (Bish et al., 1996b).

7.4.10. Evaluation of plant quality

The quality of nursery plants can be evalu-
ated according to many different param-
eters. Genetic and phytosanitary compli-
ance of nursery plants is a prerequisite for
certificate protocols, whereas the ability
to provide the desired cultivation and
fruiting performance in specific growing
cycles may differentiate the quality level
of the plants.

Nursery material differs in terms of
size, propagation material, presence of sub-
strate, pot type, post-digging storage and the
presence of differentiated inflorescences.

When produced under the same grow-
ing conditions, larger plug plants (obtained
from larger stolons) may produce more
flowers than smaller ones (Cantliffe et al.,
2003), and therefore plants are usually
graded according to their crown size (diam-
eter) and to the length of the roots. The
weight of the plant, the number of crowns
and the length of roots are all parameters
positively related to yield potential
(Bartczak et al., 2010). However, a large
plant does not always equate to higher crop
potential (Bish et al., 2002; Bussell et al.,
2007), therefore plant size itself is not
enough to characterize the crop potential of
nursery plants. Furthermore, with size grad-
ing only of the plants, no information is
given about the precocity and the duration
of the potential crop.

Each plant type is different and is suit-
able for specific growing cycles; therefore,
quality evaluation is strictly related to plant
type, requiring specific elements for the ex-
pected production, and it is not possible to
use the same standard evaluations for all
plant types or without taking into account
the treatment of the plant in cultivation.
The quality of the plant from the nursery
also determines its physiological condition,
which affects the response to cultural and
environmental factors.
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Nursery plants are characterized by dif-
ferent crop potentials, which can be evalu-
ated by the detection of inflorescence
number and position, while earliness and
synchronicity of production can be esti-
mated by observing the developmental stages
of the flowers.

In order to base the plant quality evalu-
ation on crop potential, information about
the number and position of the inflores-
cences must be taken into account, along
with their developmental phase and the
number of differentiated flowers, as the
number of differentiated flowers is posi-
tively correlated to the final number of fruits
(Jemmali and Boxus, 1993; Savini, 2003).

The developmental phase of the inflor-
escences and their differentiation are also
important factors when evaluating the opti-
mal digging time of the plants, especially
for programmed production plants that will
be cold stored and must have completed the
differentiation process.

7.5. Plant Manipulation in the Field

Different plants have specific management
needs and a higher or lower ability to pro-
duce fruits in different growing contexts.
The growing technique is related not only to
the plant type and size, but also according to
the year of plant production and to origin
(nursery), which can all affect the crop load
(Faby, 1997). Knowledge about the plant
quality (crop potential, plant architecture)
allows planning of the planting date and
density, the forcing technique and fertiliza-
tion, allowing manipulation of the plant to
obtain satisfactory production results.

The response of the plant to environ-
mental signals, such temperature, varies de-
pending on the physiological phase of the
different organs and their relative positions.
The date of forcing may significantly mod-
ify the plant architecture. For instance, axil-
lary meristems at a maximum level of dor-
mancy do not develop secondary shoots
after placing the plants in the greenhouse
(Bosc et al., 2012). As the chilling require-
ment is increasingly satisfied, the axillary
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meristems initiate new secondary shoots,
but if the temperature is too cold (delayed
forcing after the end of October), lateral
growth can be penalized (Savini et al.,
2006b).

Flower removal may promote the pro-
duction of leaves (Daugaard, 1999) and run-
ners (Scott and Marth, 1953; Robertson and
Wood, 1954; Moore and Scott, 1965) in
some genotypes. In other cultivars, deblos-
soming treatment increases runner produc-
tion only in combination with defoliation,
or may have no effect on runner formation
(Waithaka, 1993). The removal of runners
promotes branch crown development (Han-
cock, 1999). Transplant defoliation may af-
fect plant growth, reducing the number of
crowns and inflorescences (Chandler et al.,
1988; Kerkhoff et al., 1988; Albregts et al.,
1992; Mohamed, 2002) if there is not enough
time to restore the leaf surface area.

Late summer planting may reduce the
crop potential, but later planting can also in-
crease the number of flowers and inflores-
cences in autumn production systems (Palha
et al., 2012). Late autumn transplanting re-
duces the number of crowns, but other fac-
tors influence the total yield, affecting the
fruit size (Hassell et al., 2007). In remontant
cultivars, the number of crowns increases
by advancing the planting date and prolong-
ing the growing period, enabling a higher
yield if the cultivar is not highly crowned
(Ruan et al., 2011), as the inflorescences de-
rive from the apical meristems of the plant.
For delayed transplanting in the field,
when environmental conditions promoting
flower differentiation do not persist, it is
necessary to select already differentiated
plants from the nursery. For a good crop,
planting density can be balanced according
to the number of inflorescences per plant
(flowers m~2) rather than the plant size, as
the former is more strongly related to the
crop potential.

Small-sized plants with a few flower
buds in addition to the terminal one pro-
duce a short harvest season provided by a
sequence of fruits ripening inside the ter-
minal inflorescence itself over 1 month and
a possible later small production of fruits
from the axillary buds. This type of plant is
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