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Abstract

Precolonisation of plants with arbuscular mycorrhizal fungi (AMF) before t@asting

has been proposed as a method for protecting crops against biotic and abiotic stresses
and/or increasing plant productivity. Strawberryrggaria x ananassa production
systems make AMF p#moculation at the weaning stage relatively straightforwardnfor
vitro and runnederived plantlets. Strawberry plugs were-preculated with different
AMF species to study (1) whether AMF could qmedonise diferent strawberry cultivars
under high moisture and sdédss substrate during the weaning process, (2) whether AMF
could survive the required artificial freezing cold storage of strawberry plugs for several
months and (3) whether AMF could enhance plasierance againdterticillium dahliag
Phytophthora fragaria@ndP. cactorumln addition, (4)AMF was inoculated at planting

to study whether AMF could increase strawberry growth and yield when cultivated,in coir
and (5) a simplén vitro autotrophic gstem was also designed to investigate strawberry
AMF-pathogen interactions undeaxenic and controlled conditions. The study
demonstrated thathe soil-less substrates tested and high moisture conditions during
tipping did not prevent different AMF fromotonising roots of strawberry plugs. Pre
inoculated AMF species could also survive cold storageg°at with strawberry plugs for
several months. However, AMF peelonisation and/or AMF inoculation at planting did
not increase plant tolerance against rpathogens. It was demonstrated that AMF
inoculation in coirdid not significantly increase plant growth and vyieldrinally,
micropropagated strawberry were successfully infecteB.byagariae in vitrowith the
corresponding disease symptoms, wMlelahlia and AMF could germinate but did not
colonise the strawberry roots in the autotrophitturesystem. This is, to the best of our
knowledge, the first research focusing on the Asfiawberry interaction as a model
system to study the possibility to prelonise strawberry plug materials to increase plant

productivity and tolerance against major strawberry root diseases.
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R PP 101

Figure 4.7: Number of diseased plants in experiment 3 withoutipoeulated mycorrhiza (Ch

or preinoculated with single AMF specielSynneliformis mossed€&.m),Rhizophagus irregularis

(R.i) ard Claroideoglomus claroideutc C. ¢) ) of three strawberry
Centenary6 and O6Red Gl oryd), 18 weeks after
of diseased plant® & 96). Strawberry cultivars that did not differ ifgcantly share at least one

common letter (Pairwise comparisoRE) 0 ...0.5.) ceiiiiicriiceeeeeee e enenae 103
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Figure 4.8:Spatial map oY¥erticillium dahliaeon strawberry field at 18 weeks post transplantation
showing two foci with high numbers of wilted plants per plot. The legend bar represents a colour
key for the number of diseased plants per plot. There were six blocks (i.e. six planting beds) and
72 plos each with 16 plants (AMF treatment and strawberry cultivar for each individual plot are

NOt Presented fOr CIAITY.). ... .o ee e e 103

Figure 5.1: (A) Bale breaker loading the tray filler machine with potting substrate (i.e.
peat/perlite/coir mix: 7:2:1, v/v), here inoculated with the commercial AMF inoculum Rodtrow

(B) Javo tray filler loading the plastic trays with potting mix. (C) Vievagfastic tray filled with
potting mix. (D) Strawberry plugs weaned under a misting system. (E) Plug plants grown under

glasshouse conditions seven weeks post transplantation................ccceeeviiiiieeeeeennnnns 114

Figure 5.2: Root colonisation by arbuscular mycorrhiza fungi (AMF) of strawberry plugs in
experiment 2 after 21 weeks (i.e. after 7 weeks under glasshouse conditions and 14 weeks in a dark
storage compartent at 2°C) of cultivation. Letters next to the arrows are A: arbuscule, H: hyphae,

V: vesicle (red scal.e..bar.s..repr.e.s.ent..1108 & m)

Figure 5.3: Plants inoculated witRhytophthora fragariaén experiment 1 (view of block 4 only)
at two different time points: (A) at planting and (B) three weeks after planting. Diseased plants

were wilted and showed brown leaves (red arroWs)...........cooeeeeeiiieeeciviiieveiees 124

Figure 5.4: Influence of arbuscular mycorrhiza fungi (AMF) addition in experiment 1 on disease
score 35 d after inoculation Bhytophthora fragariacData ae the total numben(= 40) of plants

in each of the following disease category:nb symptoms, 2floppy foliage, 3- totally collapsed

and dead. White bars show plants inoculated with mycorrhiza at planting (AMF+; i.e. M and M+P

treatments) and bladdars show plants without mycorrhiza (AMEe. P and Clireatments)124

Figure 5.5: Plant inoculated wittPhytophthora cactonm in experiment 3 (replicate 1) seven
weeks after pathogen inoculation: (A) severely wilted plant and (B) observation of crown necrosis

(level 4, See SECHON 5.2.09) . ..cciiiiiiiii it 125
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Figure 56:St r awberry c¢cv. OMalling Centenaryo pl an

WEEKS after PlantatiOn............uuuiiiiiiiiiiiieiee e eeer e 126

Figure 5.7: Average plant Class | fruit yield (A) and average plant shoot fresh weight (B). The
treatments were plugs inoculated at planting time with AMF, @@PR (P), both AMF and PGPR
(M+P) and a negative control with neither AMF nor PGPR added.(Rbte the scales do not start

at 0. Treatments that did not differ significantly share at least one common letter (Pairwise

comparisonsPO 0. 0 5) . ale dotnet Starthfate....S.C...oevveveeveiveeeeer e 126

Figure 6.1 A schematic representation of the experimental setup to study the interaction of
arbuscula mycorrhiza fungi (AMF) an&/erticillium dahliaeor Phytophthora fragariaeinder in

vitro culture (1) strawberry microplants were rooted on Modified Strullu Romand (MSR) medium;
(2) microplants were then inoculated with commercial st&ilezophagugregularis spores (3)
microplants were inoculated with plugs of medium overgrown with pathogen mycelium, and (4)

disease severity in addition to AMF or pathogen root colonisation was assessed......... 133

Figure 6.2: A photo depicting the square plates of experiment 2 incubated in a growth room at 15

16°C after inoculation of plantlets witPhytophthora fragariadyphal plugs...................... 137

Figure 6.3:(A) Fragaria vescand (B)F. xananass& v. 6 Cal y p s o 0-egablshed | et
root systems and healthy shoots afiee month of culturen Modified Strullu Romand (MSR)

Medium UNAEr aXENIC CONTILIONS. .. .cu ettt ettt e e et e e ee e e et e e e e ee e e eenees 139

Figure 6.4: GerminatedRhizophagugrregularis spores (black arrow = mycorrhizal hyphae) on
Modified Strullu Romand (MSR) medium. Photos were takiéer two months of culturander

axenic conditions witlfA) Fragaria vescand (B)F. xananassz v.. 0 Cal ypsod pl an
was not agilable in the camera used for image acquisition, thus the magnification is reported

101 (7= 1o PR TTPRRRTT 139

Figure 6.5: (A) Fragaria vescelantlets inoculated with hyphal plugséérticillium dahliaeand

(B)F.xananass& v. O6Cal ypsod pl ant | et &hyiophtbaralfrhgartae d wi
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5 weeks after pathogen inoculation. Both pathogens could spread and establish on thefsurface
Modified Strullu Romand (MSR) mediutblack arrows highlight areas where the mycelium grew

around the myCelial PIUGS)-......coooiiiiiiiiii et 140

Figure 6.6: Disease symptoms of (Aragaria vescalantlets inoculated witierticillium dahliae

and (B)F. x ananassa Vv . 60Cal ypsod pl Bhytophtleotadragariacd waeksat e d
after pathogen inocul at i onroothand(Dyleavepatiolerstaihed s q u
with trypan blue showing the presencdPoffragariaeoospores (red arrows). The black scale bars

Fepr esent.  L0.0. e r s 141

Figure 6.7: Influence of pathogen inoculation on disease score of(Ayaria vescaplantlets
inoculated withVerticillium dahliaesand (B)F. xananass& v. 6 Cal ypsod pl ant|
Phytophthora fragariagb weeks aftepathogen inoculation. Data are the total number (n = 40) of
plants in the following disease categories:r® symptoms, 1 shoot with a single leaf showing
symptoms, 2 up to 25% of leaves showing symptomsup to 50% of leaves showing symptoms,

4i up to 75% of leaves showing symptoms, anrgnt death. White bars show plant inoculated
with pathogen (Wilt+ or Phytophthora+) and black bars show plants without pathogenso(Wilt

PRYTOPNTNOIE). ..ceeiieiii et 142

Figure 7.1: Overview of the impact of arbuscular mycorrhizal fungi (AMF) on strawberry health
and productivity in growing systems. Hypotheses are displayed ax< c e pt ed 6, Or €

validation/rejection 6to be confirmedd. Hy p ¢
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Chapter 1

Chapter 1. General introduction
1.1. Fragaria x ananassan commercial horticulture

The commercial strawber(fragaria x ananassabuch) is a perennial crop that belongs
to the Rosaceadamily. It comes from a cross betweEn virginiana and F. chiloensis
(Hancock,1999. Strawberry is an important horticultural crop worldwide in terms of its
commercial, nutritioal and medicinal valuegHancock, 1999 According to FAO
statistics the total global land area usedsteawberry cultivation was 3785hain 2014
(FAO, 2017%. In the UK alone, strawberry cultivation in 2Ddccounted for ca#500ha

of land with a yield of ca23t ha'! (FAO, 2017. Strawberryrepresented 8 of all soft
fruit production in the UK, worth an estimateds&2nillion in 2016 (DEFRA, 207T7), and

this is expected to rise significantly over the coming few years (Bxiyadr,2016).

Strawberry transplants are usually obtained via mpcapagation using meristems or by
vegetative multiplication using tips or cuttings from strawpeunners. Since the early
199Gs, rooted module plants called strawberry plugs have become the most commonly
used planting materials in Europe (Durmgral, 2002). Plug transplants are currently
replacing the bareooted transplants commonly lifted frotine field duringwinter. The
popularity of plugransplants is mainly explained by the fact that fsaoted strawberries

are harder to store for a long period due to absence of substrate around the roots and
because they are often infected by root paghsdLieten200Q Durneret al, 2002). The
production of strawberry plugs usually occurs betweenAubyust and it is divided into
several stages. First, unrooted runner tips with root pegs are collected from mother plants
that are actively producingaons. Tips are planted in cells of specially designed plastic
trays usially filled up with a peaplerlite mix. These tips are then weaned under misting

for at leasttwo weeks to allow rooting. Once the runner tips have rooted they are called
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plugs. Plugsare then usually kept for anothielur weeks under glasshouse conditions to
grow and establish a stronger root system. Finally, plugs are then ready for shipping,
transplantation or cold storage. Before transplantation strawberry plugs are usually cold
stared at-2°C for various lengths of timéon averagdour months) to achieve sufficient

chilling to induce floweibudsand to schedule cropping (Lietehal., 2005).

Strawberriegenerallyprefer sunny locations with well drained, sandy loam soils with an
optimum pH range of 5:8.0 (Hancock, 1999 In the UK, srawberriesverecommonly
cultivated in open fieldsr mattedrows and raised bedsp until 19911992 (Carteet al,
1993). By the end of the 1990frotectedtabletop cropping system using soiless
substrates become meocommon and representoday two-thirds of the total UK
strawberry acreagand more than 5% of thetotal European solkess acreag@Boyer et

al., 2016 LopezArandaet al, 2016.

Many cultivars including o6Vibrantd, O0EI s
cultivated in the UK. Strawberry cultivars can be generally classified into two categories:
a) short day Junbearers that can grow andtiate flower buds during short daylight
seasons, giving a single, but large yield, Bhtbng day evebearers insensitive to light,
producing fruitsover a much longer periaaf time (usually 45 monthsHancock 1999.
Strawberries are high in vitam{@, phenolic compounds €.g. anthocyanins) and minerals
such as potassium and mangar(@&sbnath & Teixeira da Silva, 2007)he red colour of
strawberries is due to the anthocyanins, pelargot8djlucoside and cyanidiB-
glucosidg(Debnath & Teixeira d&ilva, 2007) The medicinal value of strawberries results
from their high level of phenolic compounds, reported to havecanter, antioxidant and

antrinflammatory effect¢Debnath & Teixeira da Silva, 2007; Giampietial, 2013)
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1.2. Diseassin strawberry and disease control

Fungal pathogens are the principal cause of disease on strawberry (Sigee, 2005). In Europe,
the main fungal pathogens of strawberry includerticillium dahliaeKleb. (resulting in
strawberry wilt),Phytophthora fragariagcausing ed core or red stelePhytophthora
cactorum (causing crown rot)Podosphaera aphanigcausing powdery mildew) and
Botrytis cinerea(causing grey mouldParikkg 2004. Different control measure®.g.
cultivation practices, breeding, crop rotation and wdepesticides and bcides) are

practised to mitigaterop losses caused by these pathog&ngrena & Born, 2007)

In the field, the soiborne pathogerVerticillium dahliae causes a serious threat to
strawberry growing in field soil(Pegg & Brady, 20@), and the European and
Mediterranean Plant Protection Organization (EPPO) has Natettillium spp. as the
Oprincipal s t(Gaaidobtal;, 203/1) ltdarnss eanisli@ and microsclerotia

that can germinate in the presence of root exudates and enter the plant through primary
roots or woundsVerticillium will then invade the vascular tissues of the roots and crown,
depriving the leaves and stems of wated inducing wilt symptom@hat & Subbarao,

1999; Lovelidge, 2004)0ther symptoms such as reddigilow leaves curling up along

the mid vein, and stunted growth also observedlhe pathogen overwinters in the soll

in the form of microsclerotia on deglant tissues. Theicrosclerotiacan remain viable

for 10 years or more even in the absence of a host(fagg & Brady, 2002)

Previously, the soil fumigant methyl bromid#B) was routinely apiped to control
strawberry wilt. However, MBvas banne in 20@ from Europe due to its high ozone
depleting potentialbut its chemical alternativg 1,3-dichloroprgpeneand chloropicrin,
face an uncertain future due gotential changes in tHegislation(LopezArandaet al,

2016) Therefore, alternative methods are urgently needed to coNtrotlahliae
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(Klosterman et al, 2009) Different strategies, such as biofumigation, solarisation
catch/cover crops, anaerobic soil disinfestatimal crop rotation, contribute to disease
control, but they are usually not as effective as chemical fumigaatsnatsidotet al,
2006; Korthalst al, 2014 LopezArandaet al, 201§. Consequently, extensive effort has
gone into finding other econonailty effective alternatives tanitigate the threat of
strawberry wilt(Martin, 2003; Goicoechegat al, 2010) Two main methods are currently
being explored to redudée risk of strawberry soelborne diseases ithe UK. The first
proposed method relies on the exploitation of beneficial microbial organisms against
strawberry root pathogens by introducing biologimahtrol agents at plantingr during
propagation Therefore, sufficient colonisation oftrawberry plug rois before
transplanting is expected to increase the positive eftéat®culatedoeneficial microbes

on plant health. The second approach isntove away from traditional field soil
cultivation towards tabldop systems, where strawberry plants are gram soitless
substrateg¢Boyeret al, 2016) This second approach is increasingly being adopted in the
UK and more thar66% of the UK strawberry production is now produced in de#s
substrates, usually coir (coconfibre), and mainly under polythentnnels or in
glasshouse®n tabletop systemglLopezArandaet al, 201§. There arealso several
significant benefits in adopting sdédss substrates in commercial strawberry production
including: reduced cost of picking, better control of fetimaand pollination regimes as
well asthe possibility to extend the growing seasord reduce the risk of. dahliae
infectiors (Boyer et al, 2016) However, soless substrates are usually depleted of
beneficial microbes, while root pathogens sucP dsagariae andP. cactorumcontinue

to pose a serious thrg&chnitzler, 2004; Martinezt al, 2010)as they can infect planting
materials in nurseries if the water supply is contaminated (Datrar,2002) In addition,

this practice relies on high pats of water and nutrients through fertigation, which are

estimated to be more than double those of field grown c(Bpger et al, 2016)
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Therefore, inoculation of beneficial microbes in de#ls substrate offers a potential means
to both increase planolerance to root pathogens and reduce fertiliser and water inputs

(Boyeret al.,2016).

1.3. Role of arbuscular mycorrhiza fungi

Arbuscular mycorrhizal fungiAMF) are ubiquitous and form obligate symbioses with
over 75% of all vascular plan{Smith & Read 208). The origin and divergence of AMF

is dated to more than 480 million years and AMF symbiosis is believed to have helped the
adaption of the first land plants to the terrestrial environment (Boalg 2013;Schuliler

& Walker, 2011). MF belong to the phylunslomeromycotddivided inb five orders:
Glomerales Gigasporales ArchaeosporalesParaglomeralesand Diversisporaley and
present very peculiar biologitand genetic traitsSchifdler& Walker, 2011). For years
AMF were considered asexual. However, the recent identification of dikdiyete
Rhizophagus irregularissolates and the discovery of a mating type (MAT) locus like
regionin its genome, together suggested plagdentialexisenceof AMF mating (Corradi

& Brachmann, 2016 Sequences within individual AMF spores have also shown to present
multiple variants, as well as within and between species gbhijm Glomeromycota

(Rodriguezet al.,2015).

AMF colonisation can be initiatedrom three main types of propagules: spores,
extraradical hyphae and colonised root fragments. When AMF propagules approach a host
root (asymbiotic stagean exchange of molecule signals between the plant and the fungi
occurs and several plasutd fungalegulatory genes are activated (Petal, 2013) AMF
responds to the presence of the plant roots by an intense branching of the hyphae (pre
symbiotic phase). 8golactones contained in the host root exudates were identified to be

the signalling compouts that induce AMF hyphal branching and respira(@essereet
~ 25 ~



Chapter 1

al., 2006. When AMF hypha finally get in contact with a plant root an hyphopodium (or
appressorium) is formed, marking the initiation of the symbiotic phase which terminates
with the formaton of arbuscules, where most of the nutrient exchange between the host
plant and the AMF is thought to occur (SmitlRead, 2008Wanget al,, 2017. AMF are

found associated with several key crop families (@xamineae Palmae Leguminosae

and Rosaceag including some tree species and many vegetable and ornamental plants
(Prakastet al, 2015) AMF colonise the root cortex and produce extraradical hyphae that
are specialised in the acquisition of mineral nutrients and increase the exchange surface
between root and surrounding soil (SmittRead, 2008) AMF associations are of high
interest foragriculture and horticulture. In fact, AMF can support plants in increasing
nutrient uptake, particularly of poorly mobile phosphate ions. AMF can also help plants in
tolerating droughtand metal toxicity as well as pathogen and herbivore attacks both
above- and belowground(Smithet al, 2010; Prakashkt al, 2015) More recently, AMF

were shown to actively assist plant in nitrogen and zinc uptake (Hodgéer, 2010;
Prakashet al, 2015. In return AMF obtain a carbon supply from their associated host
plant. The importance of AMF in crop growth and development is becoming increasingly
clear andAMF are now recognised as a vital component in agroecosystems. Traditionally,
the role of AMF was believkto be one of nutrient provision only. However, it is now
recognised that AMF contribute a wider range of benefits to their host plant as well as
playing an important role in ecosystem servi@@gninazziet al, 2010;Smith et al,

2010) One of thesedmefits is in priming, inducing or otherwise improving plant defences

against attackfrom pathogens and/or insects (P@&tal., 2013).

1.4. The interaction between strawberry and AMF

The oldest description of AMF structures in strawbeootswas reported in 192@ones,

1924) while the first detailed descriptiaf an AMF-strawberry interaction was dobg
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O6Bri an ghmah(1948, Weo uegardedMF asa root pathogeand believd it

to be the fundamental cause of the Lanarksfissvbery disea®. In 1953, Mosse became
the first researcher to describe hyphal connections betsmmes andtrawberry roots
(Mosse, 1953)This study by Mosse waenducted at East Malling Research (now called
NIAB EMR), whee the current project was carriedt. From 1924 to 201therewere
approximately 150 publications dealing with strawbekiMF interactionsMost of those
studies have reported the beneficial effects of AMF symbiosis on strawberry plants: (a)
increased fruit colouring and concentrationpdfenolic compoundsP{enchetteet al.,
1983; Castellanodviorales et al, 201Q, (b) increased runner production (Nie@i
Vestberg, 1992), (c) increased berry yield (Bogeml, 2016) and (d) improvettuit
quality (Linguaet al, 2013. AMF inoculationhasalso shown to increase both growth
(crowns, roots and leaf area) and tolerance to water stress inpnigagated strawberry
plants(Borkowska, 2002). AMF colonisation prior to transplantation of mpmapagated
strawberries also helped plants toetate water stress during the weaning stage
(HernandezSebast et al, 1999).Finally, AMF inoculation has shown toreduce the
incidence ofvarious strawberryroot pathogengMurphy et al, 2000; Vestberget al.,
2004 Sowik et al, 2016 and even reduced larval survival and biomass lihck vine
weevil (Gange, 2001)nteresingly, there is a limited number oéports ofneutraleffect
and conclusive negative effect of AMFinoculation on strawberry health and/or
productivity report in the literatur¢O 6 B r i McNaughton,1928Nemec, 194; Baath

& Haymanet al, 1984 Vestberg,et al., 2004). Could it be a bias in reportingr the
evidence that AMHRnoculationhave a great potential to be usssla biocontrol agent
andbr as aio-fertiliserin strawberry productichTherefore, strawberry appsdo be an
ideal crop system to study the degree to which culwalbr growing practices affects

the formation of the AMF symbiosis anils functioning. However, several essential
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questions regarding the ecological and molecular aspects of thisctide remain to be

answered.

The model plantMedicago truncatulahas been a useful system to investigate AMF
symbiotic interactions at a molecular leyebse, 2008)but there is ngtas yet, a standard
norntlegume model plant. The wild strawberBy, vescacould be proposedsa versatile
plant model for investigating molecular aspects of the AMF symbiosis in fruit crop
belonging to thd&Rosaceadamily. In fact, thewild strawberry is an herbaceous perennial
with a small genome (240 Mb) that was sequenced in ,28dfenableto genetic
transformation and shares substantial sequence identitfFwithnanassas well asother
economically important rosaceous crops amwdamentals (e.g. apples, pears, peach,

apricot,raspberriesrosesShulaewet al, 2011)

1.5. Plant root diseases controlled by AMF

Plant root diseases caused by -boine pathogens (including fungi, nematodes and
bacteria) are by far the hardestctmtrol Koike et al.,2003. The importance of AMF in
protecting plants from sebborne p&hogens has been reporddifferent cropsncluding
strawberry (Cano, 20]14rakaslet al, 2019. For examfe, inoculating AMF at planting
increased strawberry plant tolerancevtodahliae(Ma et al, 2004; Tahmatsidoet al,
2006; Sowiket al, 2016) AMF inoculation also reduced incidenceRxfcactorumandor

P. fragariae(Normanet al, 1996 Murphyet al, 2000; Vestbergt al.,2004) In addition,
similar protectiveeffects were reportedn other cropge.g. tomato, potato, aulgene and
cotton) and various aspects of this concept have legensivelyreviewed(Borowiez,
2001; Whpps, 2004 St-Arnaud & Vujanovic 2007 Akhtar & Siddqui, 2008 Pozoet al,
2013. Although different mechanisms have been proposed to be involved in protection

against sotborne pathogens these are still poorly underspaoticularly with the regard
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to: (a)inhibiting pathogen growth, (b) damage compensation, (c) increasing development
of plant growth promoting rhizobacteria (PGPR) and/or suppressive microbial population,
(d) increasing nutrients uptakde) competing for photosynthatesf) (competing for
exudates external to the root,) (gompeting for colonisation/infection sites) (nducing
planthormonal changesi)(inducing changes in root morpholgdyanchingand/or root
exudation pattermand (j) inducing systemic resistan¢kSR) andor changes aociated

with plant defences mechanism®ozoet al, 2002;Whipps, 2004Pozoet al, 2013).

All in all, inoculating the rhizosphere of strawberry plants with AMFexpected to
increase protection against biotic and abistiesse$Vestberget al, 2004; Boyeeet al,
2016) Strawberry is an ideal production system to study beneficial effe8MF because
planting materis (micropropagated or runnaterived plug) can be easily inoculated

during their propagation and/or at planting.

1.6. Factors limiting AMF establishment in commercial strawberry
production

Although the availability of commercial AMF inocula has increased in the past decade,
AMF products are still rarely used in commercial horticulture. There are several factors
that may limit theuse of AMF in commercial strawberry productiand other cropga)
difficulties in producing high quality AMF inocula in large quantities, (b) high cost for
growers, (c) variable beneficial effects, (d) uncertainties in the benefits of added AMF in
the pesence of resident indigenous AMF populatji@msl (e) unwillingness of growers to

risk low production through reduced fertiliser and pesticide inputs that are often necessary

for functioningsymbiosis (Rya& Graham, 2002; Boyest al.,2016).
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Many hoticultural practices as well as environmental conditions can also influence the
outcome of the symbiosis in term of plant productivity and protectiamaproot diseases
(Johnson &Pfleger, 1992). Several characteristics of artificial growing media and
substrates commonly used strawberrynurseries can influence the formation of and/or
effect AMF symbiosis (Azco\guilar & Barea, 1997 Boyeret al, 2016). For example,
certain types of pe&iave beemeported to have negative effects on AMF root cokatios

of strawberryin vitro derived plantlets during propagation (Niemi & Vestberg, 1992;
Vestberget al, 2000; Corkidiet al, 2004; Palenci&t al, 2013). It remains unclear,
however, whether the negative effect of peat on AMF colonisation was thightoput

of fertilisers (e.g. phosphorushigh humidity during the propagation phaaadbr
biological properties of the peat itself (Martiretzl, 2013; Palenciat al, 2013). Because
the majority of the strawberry runnips are rooted ipeatbased media (Durnet al.,
2002), tests are therefore required to verify whether or not strawberry tiggiean be

pre-colonised by AMF under such conditions.

Moreover, the high fertilisation regime usuallyed in commercial strawberry prodocti
couldinhibit the establishment of AMF symbiosis. For example, it has been demonstrated
for several crops that an increase of soluble phosphate fertilisers reduces the overall level
of AMF colonisation (Barea, 1991). Excess of nitrogen fertilisers Isash&en reported

to decrease AMF root colonisation in strawberry and other crops (Akgoitar 1997;
SalgadeBarreiroet al, 2012). Thereforethe fertilisation regime should be adjusted to

achieve maximum strawberry yield and maintain AMF colonisation.

Aside from the effect of growing media and fertiliser application on AMF, othevatitn
practices of strawberry may affeitte ability of AMF to establisha symbiosis. Among

these are irrigation practices (e.g. misting), cold storage of plug tratsplad pesticide
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application. Plant propagators or misting systems are required to maintain damp conditions
for at least two weeks to ensure acclimatisation and rooting of strawberry tips (Burner
al., 2002; Treder eal., 2015). Some evidence suggeasist AMF root colonisation may

be limited under wet conditiorisecausef alower oxygen availability thereby reducing
AMF propagule survivabnd root colonisatioffThormannet al, 1999; Miller, 2000).
Before transplantatigrstrawberry plugneed to be cold stored-&°C for various lengths

of time. The potential consequences of a prolonged cold storage at freezing temperatures
on the survival and infectivity of AMF propagules (i.e. spores, colonised roots and
extraradical hyphae) in the roball of strawberry plugs isnknown.However, gveral
studieshavesuggestdthat AMF propagules dBlomusspecies have the ability to endure
cold, including winter freezing, conditiorfSafir et al, 1990; Addyet al, 1994; Addyet

al., 1997; Kabiretal., 1997; Addyet al, 1998; Klironomot al, 2001; Juget al, 2002)
Therefore, tests need to bariged out to study the freezelerance of AMF colonising

strawberry plug roots.

Conventional strawberry production usually requires high input dicmss that may

affect the AMF symbiosis establishment andterfunctioning. The composition of the
pesticides, the doss applied, the combination appliedthe application methal the
substrate typ® the growing conditionghe cropping systems and AMF species within the
system might all mediate the effect that pesticides may have on AMF symbiosis (Johnson
& Pfleger, 1992)Therefore, there is not general rules about the effect the pesticides may
have on the AMF symbiosissome pesticides (e.g. Captan) have been shown to be
compatible or even stimulate the development of AMF mycelium in horticultural
substrates (Lovatet al, 1995. In contrast, foliar applications of fosetl (fosetyl
aluminium) on strawberry reduced AMBot colonisation in a pot experiment (Mark &

Cassells, 1999).
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Future research efforts should focus upon understanding the outcomes of the interaction
between AMF species (or strains) and cultivapoacticeso confirm whether or not the

AMF have a great potential to be used as biocontrol agemd/or biefertiliser in various
strawberry productiosystemsandotherhorticultural cropsThe outcomes of this type of
researchwill help growers to select the beSMF species (or isolat¢E€ombinationsand
cultivation practiceso maximise AMF beneficial effects during propagation/andfter

transplantation.

1.7. Project objectives

Sustainable horticulture has become high on the agenda for global governments and policy
makers. The growing demands on watgoply, land use, fertilisers and pesticides all lead

to an increasing concern about global food security and environmental ilGaungzzi

et al, 2010;Fitter, 2012). Strawberry is an important horticultural crop worldwide with a
high economical, national and medicinal value. Nevertheless,4mitne pathogens such

asV. dahlig P. fragariaeandP. cactoruncause a serious threat to strawberry production
especially since the soil fumigant methyl bromide was banned in Edruage its high
ozonedepleting potentialandrisk to human healti{Ristaino & Thomas, 1997; Martin,
2003). In addition, strawberry production is currently moving toward cultivation in
substrates such as peat and coir, which are usually devoid of beneficial microbes such as
AMF; thereforentroducing AMF and/or PGPR into sdédss substrates is more likely to
generate benefits (Boyet al, 2016). AMF associations are mtfitinctional, assistinthe

plants in nutrienandwater uptake, anthey can act adbiocontrol agers by protecting

roots from pathogens. Most importantly, the earlier AMF colonisation is established the
greaterthe benefit (AzcérAguilar & Barea, 199Y. In this context, the early introduction

of sufficient AMF establishment of initial propagation and subseqoienting materials
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in nurseries could be a useful strategy. If successful, AMinp@ilation could become

an integral part of strawberry productionaimearfuture.

However, several studies have highlighted the variability of the beneficial effects offered
by AMF against root pathogens in different crops (AkBt&iddiqui, 2008). For example,

the effects of AMF against root pathogens has been shown to differ amoRgpedies

as well as among root diseases (Whipps, 2004). In addition, such disease suppressive
effects may be further dependent on substrates, host cultivars and crop management
practices (Baumet al, 2015). Therefore, there is still limited knowledgetiom interaction

among AMF, strawberry cultivars and root pathogens and the mechanisms underlying

AMF-induced bieprotection under commercial conditions.

In an attempt to fill these knowledge gafise present studysed the AMFstrawberry
association aa model system to investigate the possibility ofgolnising strawberry
plugs to increase tolerance against major strawberry root disems@®r increase
strawberry productivitySpecifically, a series of experimemtere conductedither under
controled conditions or under opdield situations tonvestigate the following hypotheses

(Figure 1.1)

1 H1: It isfeasible to applYAMF inoculum during strawberry tipping in different
soil-less substrates under misting conditiansl obtain highly AMFcolonised
strawberry plugs(Chapter 3)

1 H2: AMF in colonisedstrawberryplug rootscansurvivea prolongedperiod of
storageat-2°C. (Chapter 3)

1 H3: AMF pre-colonisation of strawberry plegncreasgplant tolerance against
V. dahliaunder glasshoussndopenfield conditions (Chapter 4)
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1 H4: AMF pre-colonisation and/oinoculation ofAMF and/or PGPRat planting
increases plant toleran@gainstP. fragariae and P. cactorumin soil-less
substrateg Chapter 5)

1 H5: AMF and/or PGPR inoculations increase stoewy productivity in coir
bagsunder glasshouse conditiori€hapter 5).

1 H6: In an attempt to control for the influence of fluctuating environmental
conditions that occur under both field and glasshouse conditions a simjtte
autotrophic systernan beestablishedand used as a totw investigatedifferent

aspects of thetrawberryAMF-pathogen interactits. (Chapter 6)
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Runner-tips Microplants

| T

Mist system ;Eé Eés Soil-less substrate

Autotrophic system

H6

AMTF pre-colonised Strawberry plug
strawberry plug without AMF

l I

Cold storage

82

A
0 %0 PGPR
inoculation at AMF
planting inoculation at planting

Field contaminated Pot experiment  Coir bags under semi-
with wilt with Phytophthora commercial conditions

H3 H4 HS

Figure 1.1: Overview of the strawberry cultivation systems examiaad the sixhypotheses
Hypotheses are not fully stated for clarity (Section 1.7).
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Chapter 2. General methods

2.1. Arbuscular mycorrhiza fungi inoculum
2.1.1. Inoculum source and inoculation

Pure cultures of five AMFpecies (Table 2.1g9nda commercial mix of thesamefive
speciesvere obtained from Plantworks Ltd, Kent, UK, as attapulgite clay/pumice/zeolite
mix containing spores, mycelium, and colonised host plants root fragments. For strawberry
plugs, AMF inoculumwas incorporated as a powder layer comprisingo 10/v) and
applied ca. 1 cm below the surface of the potting substrate, before transplantétien of
strawberry runnetips. The use of differelAMF species and evaitifferentisolatesof the
same speciekave showedo provide different beneficial effects on the same plant host
due to their different ecological strategies (Rodriguez & Sanget). Nevertheless, the
link between function and taxonomy of AMF species is still a poorly resolved s(gact

der Heijdenet al, 2004) Therefore, theAMF speciesused in this studyvere primarily
selectedor their commercialavailability andbecause obeneficial effect on strawberry
productivity reported in a previous work (Boyet al, 2016) Therefore,if beneficial
effectson strawberry health and/or productivégeidentified strawbery growers will be

able tosource andisethoseinocula

Table 2.1: Arbuscular mycorrhiza fungi (AMF) speciased in the studigsourtesy oPlantworks
Ltd, Kent, UK).

AMF species Authorities
Funneliformismosseae [T.H. Nicolson & Gerd.] C. Walker & A. Sdlefder 2010
Rhizophagugregularis [N.C. Schenck & G.S. Sm.] C. Walker & &chuel3le2010

Claroideoglomuglaroideum [N.C. Schenck & G.S. Sm.] C. Walker & &chuel3le2010
Funneliformisgeosporus [T.H. Nicolson & Gerd.] C. Walker & ASchiel3le2010

Glomusmicroaggregatum  Koske, Gemma & P.DOlexia1986
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2.1.2. Most probable number bioassay

A most probable number (MPN) bioassay was undertaken to detatmimdectivity and
estimate the number of propagules in each inoculum sample (CochranAl®&hder,

1982. Samples were diluted to 1/10, 1/100 and 1/1000 using autoclaved (two cycles at
121°C for 20 min with 4 d between cycles) attapulgite clay substrate (A§S@ib-dri

Ltd, Cambridgeshire, UK)-or this bioassay, maiz€¢a mayd..) was useds the trap
plantas it was described be a suitablbost forGlomusspp.(Vestberg, 1995Boyer pers.
comm); there werdive replicate pots, each planted with three maize seeds (Figure 2.1)
The pots were then placed either in a glasshaeseperature 2@3°C, light:dark 16 h/8

h, additional 400 W halogen bulbs were also used) or a growth (@day and night 2-1

22°C, ca. 0% relative humidity (RH), light:dark 16 h/B, photosynthetic photon flux
density( PPFD) of dZ%sl). Plafts wermwdterednas required with tap water
and roots were harvested six weeks after sowing. Harvexstezfrom each pot were then
stained with trypan blue (see Section 2.3.1) and assessed microscopically for the presence
of AMF structures. Based on the incidence ofrtheroscopigresence of AMF structures

in the sampled roots, MPN was then estimatsthguMPN tables (Cochran, 1950).
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Figure 2.1: Zea mayg used as trap plants growing under glasshouse conditions to estimate AMF
inoculum concentration. Five replicate pots were used at each AMF inoculum dilution; 1/10, 1/100
and 1/1000.

2.2. Plant materials

2.2.1. Production of micro-propagated strawberry plants

To be certain of the absence of 4epasting mycorrhizal colonisation, micfropagated

plants (hereafter namedicroplanty were used in several experiments. Microplants of
Fragaria x ananassac Vv . 60 Cal y p.ves@avaraatpoha wert purchased from
Hargreaves Plants Ltd, Norfolk, UK, whilsticroplantsof F. x ananassa v . 6Vi br a
ORed gl oryd a-h@9@adad ke aescdcome V8l Edde provided by the

NIAB EMR tissue culture laboratory, Kent, UKJlicroplantswere all established for at

least two months on Murashige & Skoog (M&S) medium (Murashige & Skoog, 1962)
supplemented with 0.%5agar, 36 sucrose, 1.2 mLt GAs (phytohormoneand 8 mL L

1IBA (phytohormongto induce rootingln vitro plants were incubated in a growth room
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(21°C, light:dark 16 /8l PF D o f ¥ §%Y) untitrodts had developed sufficiently

for plantletsto be transplanted.

2.2.2. Production of runner-tips

Preest abl i shed strawberry moCkhetepbhanpbdbs 0
ORed Gl oryd) we r Botagcoidtd, hondon, UK) onia polstiinaetyos a (
glasshouse compartmentNtAB EMR. Runnettips were produced within three months

either under greenhouse conditions (in winter; temperatu2820 light:dark 16 h/8 h,
additional lightning in the form of 400 W halogen bulbs was used with ample irrigation,
appropriate fertilisation regimes and pest control) or{ayel conditions (in spring and
summer; natural light and temperatures, ampigation, appropriate fertilisation regimes

and pest control)nflorescences emerging from the mother plants were removed regularly

to stimulataunnering Once runner plantlets contained at least three compound leaves they
were cut away from the mother plants and used for experiments (weaning and AMF
inoculation). Runnetips were also purchased from two commercial nurseries: R W
Walpole Ltd, Norfolk, UKford Vi br ant 6 and Edward Vinson I

Gl oryo.

2.2.3. Growth medium and strawberry plantlet weaning

The roots of thenicroplantsvere washed with purified water to remove any adhering agar
and nutrients and transplanted into individual trejs (40 cells, ca. 46 ciper cell, B&Q

40 Cell Insert 08535B, Kent, UK; or 56 cells, 70%qwer cell, Agrii Ltd, Kent, UK). Cells
were filled with either nofautoclaved coirBotanicoirlLtd, London, UK) or autoclaved
(two cycles at 12C for 20 min wih 4 d between cycles) vermiculite medium (Sinclair
horticulture Ltd, Lincoln, UK) fertilised with 0.25 glof autoclaved (one cycle at 177,

20 min) bonemeal, a compleritrogen () andphosphorusK) source to encourage AMF
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development (3% N, 7.446 P, Verve, Hampshire, UK). Plantlets were then weaned in
plastic propagator units with transparent vented lids (52 x 42.5 x 24 cm, Stewart Plastics
Ltd, Oxon, UK) kept in a growth room (Meridian Refrigeration Ltd, Croydon, UK; day
and night 2122°C, ca. ™ RH, | i ght : dar k 16 h /%% RigurePPFD
2.2). Both adjustable vents present on the lid of the propagator were kept closed initially
(1 week), and then left open (1 week) before the lid was completely removed. Each plantlet
was therwatered as needed with 10 mL of purified water and no additional fertiliser was
added.Inter plant contamination a&s preventedby spacing the plantlets over thiastic
moduletray (i.e. one empty tray cell between each pldntlsing a syringéo watereach

plant and by avoidin@ direct contact of the moduteay cell with the bottom of the

propagator

Figure 2.2 Microplantsweaned inside plant propagators that were kejter growthroom

conditions.

Freshly cut runner tips were immediat@ipnneddown in standard plastic module trays
(56 cells, 70 criper cell Agrii Ltd, Kent, UK; or 48 cells, 70 chper cell, Desch Plantpak
Ltd, Essex, UK) filled with the potting mix consisting of 7 parts Irish dark peat (Clover

Peat Products Ltd, Dungannon, Ireland) and 3 parts5.2.0mm perlite (Sinclair
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Horticulture Ltd, Lincoln, UK; Figure 2.3A). The potting mix wimed with 16 g L* of
nonautoclaved dolomite lime (Omya UK Ltd, Derbyshire, UK) to provide a pH of 7 and
fertilised with 0.25 g [* of autoclaved (one cycle at 171, 20 min) bonemeal (Verve,
Hampshire, UK). Immediately after transplantation in plastic traysertipswere placed

in a misting cabinet (daily mean temperature: Qo artificial light, daily mean RH >
90% ) and intermittently sprayed with tap water using a Macpenny Solarmist VTL misting
system (Wright Rain Ltd, Hampshire, UK) for 15 mhi§ting continuowsly for ca. five
seconds at a frequency depending on light conditions, ranging from six minute intervals
on bright days to 20 minutes intervals on dull days according to the manufacturer
guidelines; Figure 3B). Plant propagation was carried out in a glasise compartment

(ca. 19C, daily mean RH of @%, 16 h/8 h light:dark cycle with additional lighting
supplied in the form of 400 W halogen buylbggure 23C). The plug plantsere watered

once a day with tap water. No additional fertiliser was adbhedr plant contamination

was pevented by spacing the plamtger theplasticmoduletray (i.e. one empty tray cell
betveen each plangnd by avoidinga direct contact of the module tragyth the bottom

of the propagatr and/or greenhouse tables.
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B

ol Y % >

Figure 2.3: (A) Runnertips ready to be pinned down on Irish dark peat/perlite mix (7:3, v/v). (B)
Strawberry plug transplants inside misting system cabinet. (C) Plug plants growing under

glasshouse conditicat 7 weeks post transplantation.
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2.3. Arbuscular mycorrhiza fungi quantification

2.3.1. Root sampling and staining

To observe AMF structures within strawberry roots, root samples were randomly picked,
placed into histocassettes (Simport, Beloeil, Canadfdititate handling anatleaned
with tap water to remove substrate particles. The roots were then clearéd(w\9
potassium hydroxide solution (KOH) for 1 h af@0Cassettes containing roatere then
rinsed three times with tap water before besubmerged for 30 min in% (v/v)
hydrochloric acid (HCI) at room temperature. The k@is then discarded and the root
samples covered with 0.9&(w/v) trypan blue in lactoglycerolgctic acid, glycerol, water

i 1:1:1as Kormanik & McGraw, 198Dut omitting phenol) for 1 h at 9C in water bath.
After destaining in 506 (v/v) glycerolwater, root segments (30 per sample) were
permanently mounted (using polyvinyl alcohol lactoglycéROVLG)) on two slides (15
root fragments per slide ca. 60 cm of root in total per slidg as described in

www.invam.wvu.edu/methods/recip&oot cells were gently separated by applying slight

pressure to the root (Figure 2.4).

Fine forceps

Glass slide — 1. Arrange stained root
—— J fragments on slide with fine
forceps

Cover”r e //ﬂ PVLG
slip / oy " Mountant
. 2. Add small drops of PVLG

mountant over the samples,
then place the cover slip

A

3. Gently apply a pressure
/ on the coverslip to allow
,r"‘ mountant to flow around
“““““ - roots, flatten roots and
remove air bubbles

e ——

Figure 2.4: Method of stained root mounting on slides (figure adapted from

www2.dijon.inra.fr/mychintec/Protocole/Image3.pdf)
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2.3.2. Root length colonisation assessment

To quantify total root length colonised by AMF (% RLC) in the samgie gtid-line
intersect method of McGonigkt al (1990) was usedMF colonisation was assessed on
100 intersects of root tissue and expressed par@entage of root length colonisation.
Slides were examined under a Leitz Diaplan microscope (\f¢zzlar, Germany) with

250 x magnificationSections of root were recorded as either positive or negative for any
mycorrhizal structures as they crossed iatersectline of an eyepiece gratitude
(McGonigleet al, 1990) Onehundredintersectsvere assessl foreachsample Figure

2.5 shows examples of intersects observed.

B (i G G I SN 7Z SN (e

1

UM

1. Hyphae only 2. Hyphae and 3. Hyphae and 4 Root only \k

vesicle arbuscule ?
=

Figure 2.5: A microscopic method to assess strawberry root length colonisation (% RLC) by
arbuscular mycorrhiza fungi. Randomly selected microscope field of view anehaiogmsition

are showing different possible intersects.
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Chapter 3. Strawberry plug weaning practices and freezing
cold storage do not prevent arbuscular mycorrhiza fungi root

colonisation deriving from early inoculation

3.1. Introduction

Preinoculation of horticultural crops with AMF before transplanting has been proposed
as an environmentalfyiendly method to promote plant growth and health by protecting
crops against biotic and abiotic stres@éarma & Schiepp, 1994; Corkiét al, 2004;
Vestberg et al, 2004; Rouphaekt al, 2015) Strawberry Fragaria x ananassi
production systems make AMF piroculation at the weaning stage relatively
straightforward for botin vitro and runner derived plantlets. AMF can colonise strawberry
roots in different types of substrates and growing condit{ptdevas, 1966; Daft &
Okusanya, 1973; Robertsehal, 1 9 8 8 ; et &l.r1688;IVestbedg, 1992a; Williams

et al, 1992; de Silvat al, 1996) However, similar studies have not been carried out with

runnerderived strawberry plastiuring the weaning stage.

The substrates commonly used to propagate strawberry plantlets derivirig fritnmand
runnertips are coir, peat, perlitend vermiculite(Vestberget al, 2000; D'Annaet al,

2002; Corkidiet al, 2004; Rouphaadt al,, 2015; Tredeet al, 2015) but AMF propagules

are not usually present in these growing méé&iacon-Aguilar & Barea, 1997) AMF
inoculation of substrategontaining peat mixed with sand, perlite, zeolite and/or
vermiculite has been demonstrated to result in successful AMF colonisation of strawberry
plantlets(Vosatkaet al, 1992; Williamset al, 1992) In contrast, other studies have
reported that certaitypes of peat had negative effects on AMF root colonisation of
strawberryin vitro derived plantlets during propagatidiNiemi & Vestberg, 1992;

Vestberget al, 2000; Corkidiet al, 2004; Palenciat al, 2013) Therefore, it remains
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unclear whether the negative effect of peat on AMF colonisation was due to high input of
fertilisers (e.g. phosphorus) or to other chemical and biological properties of the peat itself
(Martinez et al, 2013; Palenciat al, 2013) Because the majority dhe strawberry
runnertips are rooted on pebdBised medigDurner et al, 2002) tests are therefore
required to verify whether or not strawberry runtips can be preolonised by AMF
under such conditions. Moreover, plant propagators or misting systemequired to
maintain damp conditiafor at least two weeks to ensure plant acclimatisation and rooting
(Durneret al, 2002; Tredeet al, 2015) Whereas many studies have been conducted on
the effect of water deficiency on AMF development and erilte on the hogllantfitness

(e.g. Boyeet al, 2015) less work has been done on the conditions of excess Waze
areevidencesto suggest that AMF root colonisation may be limited under wet conditions
as a result of lower oxygen availability reducing AMF propagule sur¢iMarmannet

al., 1999; Miller, 2000) althought some wetland and aquatic plariten associate with

AMF (Clayton & Bagyaraj, 1984Miller, 2000).

Differences in the levels of AMF root colonisation among different strawberry cultivars
have previously been documented under fi@dbertsonet al, 1988)and glasshouse
conditions(Chavez & Ferrer&errato,1990; Vestberg, 1992byhile other studies have
found no significant variation under glasshouse conditjiRabertsoret al, 1988; Cekic

& Yilmaz, 2011) Furthermore, the positive effect of AMF inoculation on strawberry plant
growth is still open to delbe Several studies demonstrated the beneficial effects of AMF
inoculation on strawberry growth during propagat{gmernanet al, 1984; Chavez &
FerreraCer r at o, 1 6t &l71989;HNiegniek|Vestbdrg, 1992; Vestberg, 1992b;
Vestberget al, 2000;Borkowska, 2002; Stewaet al, 2005; CastellaneMloraleset al,

2010; Faret al, 2011; Boyet al, 2019, whilst others reported either limit¢@ekic &
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Yilmaz, 2011; Garlan@t al, 2011; Palenciat al, 2015)or negative effectChavez &

FerreraCer r at o, 1 6t 81,01990; NVestpergt al,\2@04)

Before transplantation strawberry plugs need to be cold stor8tiCator various lengths

of time in order to achieve sufficient chilling enhance flower initiatioand to schedule
cropping(Lietenet al, 2005) The potential consequences of a prolonged cold storage at
freezing temperatures on the survival and infectivity of AMF propagules (i.e. spores,
colonised roots and extraradical hyphae) in the rooobalrawberry plugs are unknown,
although several studies suggested that AMF propagul@eofusspecies have the ability

to endure cold, including winter freezing conditigBsfir et al, 1990; Addyet al, 1994;

Addy et al, 1997; Kabiret al, 1997; Addyet al., 1998; Klironomo<t al, 2001; Juget

al., 2002)

Microscopic assessmis of strawberryroot have previouslghowedthe presence afark
septate endophyte®§E; Lizarragaet al.,2015; Boyer pers. comm.)These DSE fungi
have been described as 6émiscell aneous f
of plant speciesvithout causing any noticeable damage to their ihshpponen, 2001
Newsham, 201)1 DSE havebeen frequently reported to-exist with AMF under field
conditions (Urcelay, 2002; Lizarraget al., 2015; Boyer pers. comm.)Hence, it is
reasonable to expeittat AMF and DSE share the same spatial niche and interact with each
other Whilst the AMF symbiosk is well investigated, the DSE association remains
relatively understudied, despite the fact thaseems to bas common as mycorrhizas in
the field (Newsham, 2011 There is some evidence tHASE can improvelant growth
under controlleadtonditions but otherreports indicat¢hat hese endophytes can also have
negativeor neutral effects on plant fitness (Jumppor#h01). Further studies on plant

responses to DSE inoculatiandor interaction with AMFareclearly needed.
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Four experiments were conducted to investigate whether inoculation with AMF during
weaning of exissue culture (hereafter named microplants) and ruiimederived
strawberry plantlets of different cultivars could result in plug transplantscetghised

by AMF. The following hypotheses were tested: (1) AMF can colonise roots of strawberry
plantlets under damp conditions dhfferent soil-less substrage (2) inoculated AMF
species differ in their ability to colonise strawberry cultivars; (3) AMF spetiféex in

their capacity to colonise roots of different plant sizes; (4) early AMF colonisation
increases growth of strawberry plugs during the weaningpamplagation Finally, one
experiment was carried out to study the freezing tolerance (i.e. toldmatimeformation

of ice in the strawberry root ball for several months) of AMF in colonised strawberry plug
roots.Threecommercially availabl&MF species were screened to test the hypothesis that

AMF can survive several months-atC.

3.2. Materials and methods

A total of five experiments were carried out in 2101 5; the duration of each experiment
varied from six to 45 weeks. The objective of experimdnd was to investigate the
capacity of AMF to colonise strawberry phig differentsoil-less subisates under damp
conditions, while the aim of experiment 5 was to study the freezing tolerance of AMF in
colonised strawberry plug roots. A schematic representation of the experiment setup is
shown in Figure 3.1 (colonisation during the weaning stage)Fagate 3.2 (freezing
tolerance of AMF), whilst Table 3.1 gives the summary of experiahelgtails for each

experiment.
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Microplants Runner-tips

Step 1:
2-4 months Licy.
7 %}ﬁ,’
-
A
_Propagator Mist system ® AMTF inoculation as a
e = powder layer
Step 2: o ~2 Weeks €«
E————
0-8 weeks

Figure 3.1: Schematic representation of the experimental setup to study the effect of arbuscular
mycorrhiza fungi (AMF) pre-inoculation of strawberry transplants during weaning and
propagationMicroplants and runneips were produced (Step p)jnned down in vermiculite, coir,

or Irish dark peat/perlite mix (7:3, v/v) and then weaned for ca. 2 weeks inside a propagator or

misting cabinet (Stef). Newly formed roots were assessed for the extent of AMF colonisation at

the end of the plug transpit propagation (Step 3).
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Step 1:

Newly formed strawberry
roots

Step 2:

Autoclaved attapulgite
clay

e Newly formed strawberry

=~

— roots

Step 3:

Figure 3.2: Schematic representation of the experimental setup to study the effect of cold storage
on the survival of arbuscular mycorrhizal fungi (AMF) in colonised strawberry roots. Cold storage
at -2°C of AMF preinoculated strawberry plug transplariStep 1). Rints were rgotted at
monthly intervals (1 to 5 months) in autoclaved attapulgite clay and placed in a growth room at
22°C (Step 2). Newly formed roots were assessed for the extent of AMF colonisation one month

after transplantation (Step 3).

~50~



Chapter 3
Table 3.1: Details of five experiments to studybuscular mycorrhizal fungi (AMRre-inoculation of strawberry plug during the weaning stage (experiménatd the
effect of cold storage a2°C on the survival of AMF in colonised strawberry roots (experiment 5).

Experiment

1 2 3 4 5
Total no. treatments 5 4 10 48 30
AMF species and control3 F.m, R.i, C.c, Ch Cb" R.i, Cb F.m, R.i,C.c,ChCbh" F.m,Ri, C.c,G.m, F.g,Cb F.m, R.i, C.c
Plant cultivars® EM-1996 Vv RG, V E, MC, RG, V RG, V
Plant (runner) size categories - - - Small/Large -
Weaning substrates® Vermiculite Vermiculite or Coir Peat/perlite mix Peat/perlite mix Peat/perlite mix
Re-growth substrate - - - - Attapulgite clay
Cold storage duration at-2°C (months) - - - - 1,2,3,4,5
No. replicates per treatment 12 21 10 6 11
No. blocks (trays) 3 3 5 6 -
Plant material types Microplant Microplant Runnettip Runnetrtip Runnettip
Weaning substrate autoclaved Yes No No No No
AMF inoculum washing per plant (v/plant) 1mL 10 mL 1.5mL 10 mL -
Plastic tray size (no. cells) 40 56 48 48 56
Substrate fertilisationd Bonemeal - Bonemeal Bonemeal Bonemeal
Dolomite lime amendment - - Limed Limed Limed
Weaning method$ Propagator Propagator Misting system Misting system Misting system
Experiment locations Growth room Growth room Glasshouse Glasshouse Growth room
Start dates 31/01/14 31/03/15 03/03/14 03/06/14 23/09/14
Duration of weaning + propagation (weeks) 2+4 2+6 2+4 2+5 2+16

aAbbreviations F.m, R.i, C.c, G.m and F.g respectively stand for the single AMF species inodtiategliformis mossea®hizophagus irregularisClaroideoglomus claroideum

GlomusmicroagregatumFunneliformis geosporunChb: a control inoculated with autoclaved attapulgite clay:: @acontrol inoculated with an autoclaved equal mix of AMF species
used and inoculated with bacterial washing

bAbbreviations E, MC, RG,and Vrespact | y stand for the strawberry cultivars:. OEl santaé, oMalling
¢See Section 2.2.1 for vermiculite or coir and Section 2.2.2 for peat/perlite mix
d See Section 2.2.3 for experimental detail
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3.2.1. Inoculation of arbuscular mycorrhiza fungi

All AMF species used in the experiments (Tabl®) 3vere provided by Plantvks Ltd,

Kent, UK, and inoculated as described in Section 2.1.1. The number of infective
propagules of each AMF inoculum (Table 3.2) was determined using a most probable
number (MPN) bioassay procedure described in Section Iladdition, two noPAMF
contols were included: (1) control inoculated watlitoclavedt(vo cycles at 12°C for 20

min with 4 d between cyclesjtapulgite clay (AgSoft) Oil-dri Ltd, Cambridgeshire, UK)

to assess possible physicleemical effects of themain AMF inoculum carrier (Ch, and

(2) control inoculated with autoclaved (one cycle, 12120 min) inoculum or an equal

mix of the single AMF species used (Chable 32). To equalise the starting microbial
community, 1 mL, 1.5 mL or 10 mL of AMF inoculum washing solution aia® added

to each plantlet (Table B. This was produced by suspending 1 g of live inoculum in
10 mL of purified water, then vortexed for ca. 10 min and filtered throutfheam s i e v e

(Laboratory test sieve, Endecotts Ltd, London, UK).

Table 3.22 Number of arbuscular mycorrhiza fungi (AMF) infective propagules per mL of

inoculum substrate carrier used to inoculate strawberry plants in experirents 1

Experiment AMF species Propagules mL?
1,3,4 Funneliformis mosseae > 1600

5 Funneliformis mosseae 170

1,3,4 Rhizophagus irregularis > 1600

2 Rhizophagus irregularis 70

5 Rhizophagus irregularis 170

1,3,4 Claroideoglomus claroideum > 1600

5 Claroideoglomus claroideum 23

4 Glomusmicroagregatum 79

4 Funneliformis geosporum 350
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3.2.2. Source of plant materials, weaning and propagation

Microplants (Table 3.1; Figure 3.3; 3.4) or runtips (Table 3.1; Figure 3.5; 3.6; 3.7A)

were usedor the experiment® randomised block design was used except for experiment

5 (see Section 3.2.4 below). In experiment 4, there were also twapant size groups
named grade O6Largedé6 and o6Small 6 (Table 3
trays that were eithr filled up with vermiculite, coir or Irish dark peat/perlite mix (Table
3.1). The pHeg. low pH: < 5.1) and nutrient statu@.g. high P level> 25 ppn) of the
growing media camegativelyinfluence AMFsymbiosis and its effean plantgrowth
(AzconAguilar & Barea, 1997Hornecket al, 201). Therefore, the background nutrient
status of the weaning substrates was analysed before plant transplartdtgimowed a
neutral or alkalinepH and a low P level for all substratéested(Table 3.4). The
microplants or runnetips were transplanted and weaned as described in Sectionl2.2.3
experiment 1 and 2aeh plantlet was watered as required with 10 mL of purified water,
while in the other three experiments plants were watered amtay with tap water. No
additional fertiliser was addedHowever, the absence of fertilisation resulted in rapid
occurrence of nutrient deficiency symptoms in experiment 1. Thus, each plant received 10
mLofhalfst r engt h Ror i s omidusphasphadtethree tintes psweéku t i o
(Hewitt & Bureaux, 1966)which rapidly alleviatedthe nutrient deficiency symptoms.
During the growing period of experiment 2, the plants were infested by gpitéey, which

was controlled by weekly release of spideite predators Rhytoseiulus persimilis

Phytoline p; Syngenta Bioline Ltd, Essex, UK) until the end of the experiment.

In experiment S5after weaning plants were first grown for 48 d under glasshouse conditions
(see Section 2.2.3) and th&ansferredto a polytunnel with natural shorter days and
cooler temperatures for 51 d to induce plant doray (Figure 3.7A). Plantontinued to

be watered daily with tap water. At the end of the propagation period, plants were
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acclimated to lower temperatures & d in a dark compartment cooled f&€€2Watering
ceased from this point onwards. Finally, strawberry plugs were cold stor@tCator

different periods of time (Figure 3.7B; see Section 3.2.4 below).

Table33:Aver age strawberry runner crown di ameter

experiment 4.

_ Crown diameter (mm)*
Strawberry cultivar

6Largeb 6Small 6
OEl sant abd 89+04 52+0.3
6Mal ling Centeni; 6.9+0.4 44+0.2
6Red Gl orybd 59+0.2 41+0.2
OVi brantd 7.8+0.3 4.4+0.1

*mean + SEn=21

Table 3.4: Background nutrient status analygi§the growing media used in the experiments.

NO, NH, P K Mg Ca

Experiment Medium pH 1

ppm =mg kg
1,2 Vermiculite 81 <12 298 <12 362 219 1.2
2 Coir 6.6 <37 198 <6.2 309 <12 1.9
3 Irish dark peat/perlite mix 7.0 13.9 63.1 2.1 88 402 251
4 Irish dark peat/perlite mix 7.2 399 352 25 6.2 584 37.7
5 Attapulgite clay 6.4 <0.7 188 3.2 81.0 117.6 1429

aAvailable nutrient status of each growth medium was provided by NRM LaboratBedsshire, UK in

mg L*and it was converted to mgkgNOs was determined by ion chromatography and; Nydcolorimetric
analysis. P, K, Mg and Ca were analysed by-@ES (Inductively Coupled Plasrt@ptical Emission
Spectroscopy)Note that the nutrient status analysis afke growing mediunsould not be replicad due to

high cost Only the substrate attapulgite clay used for plasgroavth was analyseid experiment 5Hence,

the Irish dark peat/ perlite mix used for plant weaning in experiment 5 was not analysed for background
nutrient status.
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Figure 3.3: (A) Microplants (experiment 1) weaned on autoclaved vermiculite inside plant
propagators kept under growth room conditions 4C22B) Strawberry plugs at 6 weeks post
transplantation.

Figure 3.4: (A) Strawberry plugs at the end of experiment 2 (8 weeks post transplantation). (B) A
strawberry plug grown on neautoclaved vermiculite. (C) A strawberry plug grown on-non

autoclaved coir with the AMoculum powder layer visible (see red arrow).
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Figure 3.5: (A) Experiment 3 strawberry plug transplants weaned in Irish dark peat/perlite mix
(7:3, vlv) inside a misting cabinet. (B) Plug plants growing under glasshouse conditions for ca. 4
weeks with additional Il i ght ni nmthe {odnycorkizas t r a w
treatment and (D) str awber r Clarpideogipmus elaroidéuRe d C

at 6 weeks post transplantation.

Figure 3.6: (A) Experiment 4 strawberry plug transplamieaned in Irish dark peat/perlite mix
(7:3, viv) inside a misting cabinet. (B) Plug plants were grown under glasshouse conditions for 7

weeks.
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Figure 3.7: (A) Experiment 5 strawberry plug transplants propagated in Irish dark peat/perlite mix
(7:3, v/v) under natural temperature and light conditions in atoolgel. Note the first signs of
dormancy shown by yellow leaves (red arrows). (B) Module traysstoteéd in the dark a2°C.

(C) Strawberry plugs rpotted in autoclaved attapulgite clay producing new leaves after one week
in a growth cabinet at 2€. (D) A strawberry plug producing new roots after one month -of re
potting.

3.2.3. Re-growth of strawberry plugs after freezing cold storage

In experiment 5, strawberry plants stored23C were moved out of the cold store; re
potted into 250 mL plastic pots (7 x 7 x 8 cm, Desch PlartfikEssex, UK) and placed

to a growth room after 1, 2, 3, 4 or 5 months in the cold store. The dead leaves were cut
off and the attapulgite clay substrate (AgSoril-dri Ltd, Cambridgeshire, UK) was
autoclaved (two cycles at 122 for 20 min with 4 dbetween cycles). A square piece of

filter paper was placed inside each pot to avoid substiasahd so intecontamination
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during watering. Pots were randomised on a single plastic tray (Figure 3.7C). Plants were
grown for one month in the growth rooMéridian Refrigeration Ltd, Croydon, UK; day

and night 2122°C, light: dark 16 h/8 h; photosynthetically active radiation (PPFD) of 40

e mo ['?2 s hwith RH ca. 706; Figure 3.7C) and watered from the bottom twice a week

with 4 L of purified water. No addinal fertiliser was adake

3.2.4. Root sample analysis and plant growth

For all experiments, fresh roots were sampled at the end of the experimental period (with
an additional root sampling before cold storage in experiment 5) then stained (Section
2.3.1) to assess endophyte and AMF colonisation (Section 2.3.2). Aseptateointer
intracellular linear hyphae associated with vesicle and/or arbuscule structures were
characterised as AMF colonisation. Microsclerotium like structures, moniliform group of
fungal cells and nafinear hyphae not associated with vesicles or arbusadesreorded

as dark septate endophyf®SE) colonisationln experiment 1, each root sample were
assessedh(= 12)for each treatmentvhereas a subset of individual samples was used in
experiment 2r{= 9), experimen8 (n= 3) and experiment( = 3)for eachAMF treatment

and plant cultivar testedIn experiment 5, eadtmot sample originated frortwo pooled
individual plantsand a subsetr( = 3) was assessed for eadlMF treatmentand plant

cultivar tested

Plant crown size was measured lgaliper measurement at the widest point (experiment
1-4). Plant height was measurement by a calliper measurement of the highest leaf stalk,
measured from the crown to the tip of the stalk (experiment 1 and 3). To measure the total
plant fresh weight (expenent 1 and 2), plants were harvested, and roots were gently

washed with tap water to remove substrates particles and plareé weighted. For the

~58~



Chapter 3

dry weight (experiment 2), plants were oven dried &C86r at least 3 d before weighing.

To calculate th root weight ratio (RWR: root dry weight as a fraction of total plant dry
weight), roots were weighted after being separated from the shoot. Strawberry plugs that
were nonrdestrucdively harvested in experiment 1 aBdwvere used imther experiments

(See Mapter 4.

3.2.5. Data analysis

All data were analysed using GenStat"1&dition (VSN International Ltd, Hemel
Hempstead, UK). AMF root length colonisation (% RLC) was analysed by ANOVA after
arcsine square root transformation to satisfy normality. In expetitndreatment effects

were tested using a omweay ANOVA while a tweway ANOVA was used to test for
treatment effects in experiment 2 andrBexperiment 4, treatment effestere analysed

using an unbalanced threaeay ANOVA. In experiment 5, the effeaf cold storage
duration on% RLC was assessed using a thwesey ANOVA with storage time (1 to 5
months), AMF treatment (single AMF species inoculatednosseaer R. irregularisor
C.claroideulpy and strawberry cultivar (O6Vibran
objective of this analysis was to test the effect of cold storage duration on AMF survival
in colonised roots. However, it was suspected that plant roots with high DSE colonisation
were more likely to have lower AMF root colonisation due to competition for space or
other indirect effects. Therefore, DSE root colonisation level was included as a covariate
in the ANOVA to remove its influence on AMF root colonisation. The significant
differences among individual treatments were determined usibgast significant
difference [SD) posthoc test once the overall effect was significant for a specific
treatment factorAdditionally, proportions of plant survival between AMF inoculated and

control treatments in experiment 4 were analysed using a generalised linear model (GLM)

~59~



Chapter 3

with residual errors assumed to follow binomial distributions; the logit link function was

used.

Only significant differences are reported in the text. For the plamity parameter data,
there was no significant difference among the AMF species, the data from different AMF
species were hence pooled to form a single group (AMF inoculated). Traywomrhizal

(NM) control (Cb and Cb) data were treated similarly. Tiedore, only the overall effect

AMF cf. NM for plant growth parameters hiasreaftelbeenpresented.

3.3. Results

3.3.1. Influence of weaning conditions on AMF colonisation

Microscopic assessments of strawberry plug roots showed the presence of arbuscules
and/or vesicles for all the plants tested irrespective of the type of plant material, growing
substrate, plant size and cultivar, confirming the presence of AMF (Figure 3.8; 3.9; 3.10).
The occurrences of microsclerotitlike structures and/or moniliforrgroup of fungal

cells were sporadically observed in the root cortex of plants in experiment 4, while they

were more abundant in experiment 5, suggesting the presence of DSE (Figure 3.11).
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Figure 3.8: Root colonisation by arbuscular mycorrhiza fungi (AMFFodgaria x ananassalug

( OEIM 96 6) after 6 weeks cultivation i rfC auto
(experiment 1). The numbers represent the AMF speciesFiihpeliformis mosseag?)
Rhizophagus irregularijs(3) Claroideoglomus Claroideurwhile the adjoining letters represent
various mycorrhizal structures (a) or arbuscules (b). Letters next to black arrows are A: arbuscule,
V: vesicle, H: hypha, S: spore. The scale bar featureatssvailable in the camera used for image
acquisition.Thus,the magnification is reported instead.

Figure 3.9: Root colonisation by arbuscular mycorrhiza fungi (AMFFcdgaria x ananassalug

cv. O6Vibranté after 8 weeks cultivatiofC in (
(experiment 2). Longitudinal squash of roots stained with trypan blue colonisation by single AMF
specieRhizophagus irregularid_etters next to blacarrows are A: arbuscule and V: vesicle (red
scale bars represent 100 &m).
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Figure 3.10: Root colonisation by arbuscular mycorrhiza fungi (AMF)Fodgaria X ananassa

pl ug cv. -cO)Viamrd nd B dftea® Wweekspftcultiadion in the Irish peat/perlite

mix (7:3; v/v) under glasshouse conditions (experiment 3). Longitudinal squash of roots stained
with trypan blue colonisation by single AMF species: da,Funneliformis mosseadb, e)
Rhizophagus irregularigc, f) Claroideoglomus claroideunietters next to black arrows are A:
arbuscule, V: vesicle, H: hypha (red scale
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Figure 3.11: Root colonisation by dark septate endophytes (DSEyajaria x ananassaf cv.
O0El santad after 7 weeks of cultivation in
conditions (experiment 4). Letters next to black arrows are H: hiypdranoniliform cell and Me:

microsclerotium (red scale bars represent

In experiment 1the use of vermiculite as a substrate proved equally optimaF.for
mosseageR. irregularisand C. claroideumroot colonisationlIrrespective of the AMF
species tested, avera@geRLC at 6 weeks was ca. @A(Figure 3.12A) and there were no
significant differences in the frequency of arbuscules or vesictemgthe three AMF

species tested (Figure 3.12B, C).

In experiment 2, vermidite and coir were both conducive for root colonisationRay

irregularis. However,there was a significant difference %% RLC between the two
~ 63 ~
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substrates (Figure 3.12Bj,14= 54.7;P < 0.001). Averagéo RLC for coir was 40 and

76% for vermiculiteat 8weeks post inoculation

In experiment 3, the Irish dark peat/perlite mix used for the weaning of rtipaailowed

F. mosseagR. irregularisandC. claroideumnto equally colonise plant roots. No significant

di fferences were found between G&RLOatbant 0
weeks ranged from 67 to &l In addition, there were no significant interactions between
AMF and cultivar (Figure 3.12EBimilarly, the frequency of arbuscules (Figure 3.12F)
and vesicles (Figure 3.12G) did not depend on the AMF species inoculated and strawberry
cultivar. Finally, there were no significant interactions betwA&t and cultivar for

arbuscule or vesicligequencies.
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Figure 3.12 Percentage of root colonisation by arbuscular mycorrhizal fungi (AMRLC),

arbuscules and vesicles in experiment 1Q)A experiment 2 (D) and experiment 3@t The

abbreviations F.m, R.i and C.c respectively stand Fonneliformis mosseaeRhizophagus

irregularis and Claroideoglomus claroideunmn experiment 2R. irregulariswas the only AMF

species used. Root samples originated from two plants in experiment 2, but from individual plants

in all the other experiments. No AMF colonisation observed inmgcorrhizal controls (Cb

and/or Cb). Bars represent standard error ($B), anch is the number of replicates assessed (per

treatment) Treatments that did not differ significantly share at least one common letter (Pairwise

comparisonsP O 0 .nSifdicates the absence of statistical significance between Aptties

inoculated foreachstrawberry cultivatested(E-G; Pairwise comparison® O 0 . Noté Jome

scales do not start at 0
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In experiment 4, the Irish dark peat/perlite mix also supported the establishment of AMF
root colonisation of the strawberry plugs. However, differences among AMF species
inoculated were evident (Table 3F,7s= 19.6;P < 0.001), except betwedn mossae

and G. microagregatumAverage% RLC was in the ordemR. irregularis (64%) > F.
mossead42%) > G. microagregatun{40%) > C. claroideum(26%) > F. geosporum

(12%). A significant effect (Table 3.93378= 3.5;P = 0.018) of strawberry cultivar ¢h

RLC was also detected 8 RL C f or c ul tdéi Readr sGI 6ok |ysba natnadd , 0
ca. 40%, butonly Z6foraiMal | i ng Centenaryd. Ther® was
RLC between the two runner size groups (Table 3.5); there were no significant interactions

among factors (Table 3.5).

Table 3.5: Results of the threway ANOVA of the total percentage root colonisatiorabyuscular
mycorrhiza fungi (AMF% RLC) in strawberry plugs grown for 7 weeks in Irish dark peat/perlite
mix (7:3, v/v) under glasshouse conditions (experiment 4). Significant differences are shown by
boldfontPO 0. 05) .

% RLC
Source of variation
df Mean square F P

Cultivar 3 0.23 3.54 0.018

AMF 4 1.28 19.62 <0.001

Plant (runner) size 1 0.06 0.92 0.340

Cultivar x AMF 12 0.08 1.21 0.294

Cultivar xPlant (runner) size 3 0.10 1.58 0.201

AMF x Plant (runner) size 4 0.01 0.09 0.986

Cultivar x AMF xPlant (runner) size 12 0.03 0.51 0.902

Residual 78 0.07
df = degresof freedom. Fixed effects include cultivar (referdtE | sant a6, 6 MaReéd n@l €Creyn
andd/i brant 6) , AMF (refers to pl antRBEnneliformic mbssehee d s

Rhizophagus irregularis Claroideoglomus claroideum Funneliformis geosporum Glomus
microagregatum
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In experiment 5, AMF coldeation of roots of strawberry plugsiltivated in peat/perlite
mix grown under glasshouse/pdlynnel conditions was observddSE were also present
in the roots. Before cold stora@eRLC and% DSE colonisation ranged from16%, and

11-16% respectivelyTable 3.6).

Table 3.6: Percentage of root length colonisation by arbuscular mycorrhiza fungi (26VRHt,C)

and by dark septate endophytes (DSEDSE) of Fragaria x ananassgp | ug cv. O6Vibr
6Red Gl orybo i nocul at ed Fuwneliformis snoseegdRigzophradlis s p
irregularis, or Claroideoglomus claroideupafter 113 d of cultivation in the Irish dark peat/perlite

mix (7:3, v/v) under glasshouse/pdlynnel couwlitions (experiment 5).

Plant cultivar AMF species % RLC * % DSE*
F. mosseae 1+1 12+2

Vibrant R. irregularis 16 +2 14+ 2
C. claroideum 9+3 12+1
F. mosseae 15+£5 164

Red Glory R. irregularis 4+2 15+2
C. claroideum 10+5 11+4

* mean £ SEn = 3, each root sample was pooled from five individual plants

3.3.2. Effect of AMF on strawberry plug transplant growth

In experiment 1, all plants survived and grew normally. Plant crown diameter was affected
by AMF inoculation F1s6= 11.7;P = 0.001). AMF inoculated plants had bigger crowns
(mean 3.2 £ 0.1 mm = 36, Figure 3.13A than the NM plants (mean 2.7 + 0.1 nm¥

24; Figure 3.13A, while plant heightvas not modifiedy AMF inoculation Plant fresh
biomass was influenced by AMF ioalation E156= 5.8; P = 0.021). AMFinoculated
plants produced less fresh biomass (mean 2.4 + 0. 86 Figure 3.13B than the non

mycorrhizal treatment (mean 2.7 + 0.1ng; 24, Figure 3.13B.

~67~



Chapter 3

34 b 3.4
E 3.2 A @n 3.2 - B
- w
5 3 § 3 -
%)
a = a
E 2.8 - T 2 28 - T
= =
= 2.6 - 2 2.6 - b
g &=
S 24 - = 2.4 -
- =
E‘ 2.2 A 2.2 -
B g . 2 .
Untreated AMF Untreated AMF

Figure 3.13: (A) Mean plant cown diameter (mm) and (B) mean frdsbhmasgg) in experiment

1. Non-mycorrhizal NM = Untreatedl treatments are the white bars and the black bars represent
the AMF inoculated treatments. Bars represent mean + 1 SE. For NM treatmé#tand for

AMF inoculated treatment = 36. Treatments that did not differ significantly share at least one

commonletter (Pairwise comparison8,0 0 .N0té thescales do not start at 0

In experiment 2, despite the infestation by spider mites, no plants died or showed visual
differences in terms of growth. Plant crown diameter was not affected by AMF inoculation
or by substrate. However, the interaction between the two factors was close to statistical
significance F1,78 = 3.89; P = 0.052). Plant fresh biomass was not affected by AMF
inoculation or by substrate and neither was the interaction term. Plant drysbididanot

vary with AMF inoculation and substrate. However, a significant disordinal interaction
between AMFnoculationand substrateas detected for plant dry biomasgs {s= 3.9;P

= 0.033 Figure 3.14. Plants without AMF performed better in cdire. higher dry
biomass), whereas when growing in vermiculite plant with AMF did bétigure 3.14.

Finally, RWR was significantly affected by the substr&ter§= 18.3;P < 0.00)). Theroot

weight ratio(RWV) was smaller in vermiculite (mean 0.168 + 0.004; 42) than in coir

(mean 0.189 + 0.003; = 42).
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Figure 3.14: (A) Mean plant dry biomass Yin experiment 2Non-mycorrhizal (NM)treatments

are the white bars and the black bars represent the AMF inoculated treatments. Bars mpagsen

+ 1 SE. For NM treatment andMF inoculated treatmenh = 21. A significant disordinal
interaction between AMF inoculation and substrate deteted (F17s= 3.9; P = 0.033).ns
indicates the absence of statistical significance between NM treatment and AMF inoculated
treatment foeachsubstratéested Pairwise comparison®0 0. 05) .

In experiment 3, all plants appeared to be healthy. Rlanwn diameter was not affected

by AMF inoculation but by cultivar (Figure 3A; F189=9.5;P =0.003. Average crown
size of O6Vibrantm= (4nve)anwabs. 8biNg gle.r1 tnhma;n O F
0.1 mm;n = 50). The interaction between AMF treatmantl cultivaiwas not significant.
Similarly, plant height was not affected by AMF inoculation but by plant cultivar (Figure
3.15B; F189=8.5P=0.0094 with o6Vibranté hig=hdd)rthaf me a |
6Red Gl oryd ( menam0).JHere Was No irteraBtionnbetween Akffe

cultivar.
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Figure 3.15: (A) Mean plant crown diameter (mm) and (B) mean plant height (mm) in experiment
3. Nonmycorrhizal (NM) treatments are the white bars and the black bars represent the AMF
inoculated treatments. Bars represent mean + 1 SE. For NM treatme@0 and for AMF
inoculated treatmemt= 27-30. Cultivar had significant effects on (A) crown diamekars¢= 9.5;

P =0.003) and (B) heighE{ ss= 8.5;P = 0.004) nsindicates the absence of statisticagnificance
betweer\M treatment and AMF inoculated treatmentdachstrawberry cultivatested Pairwise

comparisonsPO 0. 05) .

In experiment 4, both plant cultivar® € 0.023) and plant runngip size f < 0.001)
significantly affected plant survival (Table 3.7). The dead plants came mostly from the
plant size 6Small 6 and cultivar o6Malling
plant crown size or plant survival (Table 3.7). In addition, theeee no interactions

between these three factors (Table 3.7).
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Table 3.7: Results of threevay ANOVA of plant crown diameter (mm) ageéneralised linear model (GLM) of survival (%) of plantsim@culated with arbuscular

mycorrhiza fungi (AMF) and grown for 7 weeks in the Irish dark peat/ perlite mix (7:3, v/v) under glasshouse conditiomsefexgpe Significant differences are

shown by bold fontPO 0. 05) .

Source of variation

Plant crown diameter (mm)

Plant survival (%)

df Mean square F P df deviance P
Cultivar 3 49.5 24.2 <0.001 3 9.5 0.023
AMF 1 2.7 1.3 0.251 1 2.1 0.146
Plant (runner) size 1 2154 105.4 <0.001 1 26.2 <0.001
Cultivar x AMF 3 1.9 0.9 0.427 3 6.3 0.097
Cultivar xPlant (runner) size 3 1.4 0.7 0.555 3 6.2 0.103
AMF x Plant (runner) size 1 0.6 0.3 0.578 1 9.7 0.458
Cultivar x AMF xPlant (runner) size 3 0.5 0.2 0.872 3 0.9 0.446
Residual 239 2.0 271 1254
df = degree of freedom. Fixed effects include cultivar (referdtc | sant aé, O6MaReé¢d nGl &&epd aamdyd, AMF (refers to

tips

si ze

(6Largeb

and

6Smal |l 8)
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3.3.3. Effect of cold storage on AMF and DSE survival

After a month of plant rgrowth under growth room conditiongjcroscopic assessments

of newly formed strawberry roots showed the presence of arbusndés vesicles for
both cultivars ( 0 Wiespactwenof tbe leagthcdf coldRstoihge @b r y
5 month$, confirming the presence of AMF. The presence of microsclerdtkem
structures and septate hyphae in the root cortex indicatgarekence of DSE (Figure
3.16A-F). In addition, smaller microsclerotia amdoniliform group of fungal cells
coexisting with dark septate hyphae were occasionally observed (Fig6i E1F),
suggesting presence of different species or developméags ©f DSE. Qerlapping of

AMF and DSE structuresas rarely observed
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Figure 3.16: Root colonisation by dark septate endophytes (DSEjagfaria x ananassglug cv.
OVi br &nt & n(dA 6 R eRjcol®staved ¢#BC fqr Dmonths, after 30 d of cultivation

in autoclaved attapulgite clay in a growth cabinet &C23imilar structures were observed in roots
of plants cold stored a2°C for 1, 3, 4 and months (data not shown). Letters next to black arrows

are H: hypha, Mo : moniliform cells and Me:
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3.3.4. AMF root colonisation level in relation to DSE and cold storage

Strawberry plugs that were stored for five months @C had the highest AMF
colonisation level (mean 58 #4 n = 18; Figure 3L7), whereas the plugs stored for one
month had the lowest level of AMF colonisation (mean 244 4 = 18; Figure 3.7).
DSE colonisatiorwas lowest in the strawberry plugs that were stored for five months at
-2°C (mean 15 £ %, n = 18; Figure 3.T) and highest in plants stored for one month (mean
51 = &%, n = 18; Figure 3.T). When DSE was included as a covariate in the thrae
ANOVA, there were significant effects obld-storage durationHs50= 2.8,P = 0.032),
AMF species 2,50= 8.3,P < 0.001) and the thregay interaction between cold storage
duration, cultivar and AMFHg s9= 2.5,P = 0.023) oro RLC (Table 3.8)Overall, plants
pre-inoculated withC. claroideum{mean 54 + %, n = 30)had a significantly higher level

of colonisation thamhe plants prénoculated withF. mosseaémean 34 * %, n = 30)or

R. irregularis(mean 35 = %, n = 30) regardless the cultisaand duration of cold storage.

70
60 -
50 -

40 - I\ —AMF
30 -
20 -
10 -
0

—Endophytes

% root colonisation

1 2 3 4 5
Cold storage duration at-2 AC (in months)

Figure 3.17: Percentage arbuscular mycorrhiza fungi (ANRIHRLC) and dark septate endophytes
(DSE, % DSE) root length colonisation means (+ 8E; 18;each roosample was pooled from
three individual planjsafter different cold storage duration (one to five months) followed up by
30 d of regrowth in a growth room at 2€.
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Table 3.8: Results of the threway ANOVA of percentage arbuscular mycorrhiza fungi (ANIF,
RLC) colonisation levels in strawberry roots fmeculated with AMF, cold stored at2°C for one
to five monthsand regrown for 30 d in a growth room at 22 Significant differences are shown
by boldfot (PO 0. 05) .

AMF colonisation (% RLC)
Source of variation

df Mean square F P

Duration (of cold storage) 4 0.051 2.8 0.032
Cultivar 1 0.003 0.2 0.699
AMF 2 0.149 8.4 <0.001
Durationx Cultivar 4 0.023 1.3 0.293
Durationx AMF 8 0.034 19 0.079
Cultivar x AMF 2 0.019 11 0.356
Durationx Cultivar x AMF 8 0.043 2.5 0.023
Covariate (DSE colonisation) 1 0.695 39.2 <0.001
Residual 59 0.018

df = degres of freedom. Five colétorage durations (1, 2, 3, 4 and 5 monthsPat, c ulMiibvraarn t(66
and 6Red Glorybdo), a n drunnkINbiEmis anmpsseaér REzophagus daregulariore d  (
Claroideoglomus claroideumDSE colonisation percentage was included as a covariate.

3.4. Discussion

3.4.1. Influence of weaning conditions on AMF colonisabn

The soitless substrates used for weaning, propagation and/or cultivation of horticultural
crops usually lack AMHAzconAguilar & Barea, 1997; Vestbergt al, 2004) By
introducing AMF at a very early stage of the strawberry propagation process, it might be
possible to decrease fertiliser and pesticide application rates without adverse effects on
plant growth and health. However, the effect of the misting conditoaigor soiless
substrates necessary for weaning strawberry plantlets may negatively impact on the
establishment of AMF symbiosis. This study represents the first attempt to examine the
combined effects of high moisture conditions and different-lees substrates on

strawberry root colonisation by AMF during the weaning phase. The results indicated that
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AMF can colonise roots of strawberry plugs under damp conditions in differed¢soil

substrates.

Plant propagators or misting systems are required to maintain damp conditions for at least
two weeks to ensure strawberry plant acclimatisation and ro(@ingeret al, 2002;
Trederet al, 2015) Previous evidence suggested that AMF root colonisasidimited

under damp conditions and declines with increasing amount of water in the substrate due
to lower oxygen availabilitygKhan & Belik, 1995; Muthukumaet al, 1997; Thormanet

al., 1999; Miller, 2000) Even though the sedubstrates tested (i.eoir, peat/perlite mix

and vermiculite) were rather wet during the weaning period, AMF could successfully
colonise the strawberry plug roots in this study. These results agreed with the literature
reporting AMF presence in wet land habité8sndergaard &aegaard, 1977; Miller,

2000) or successful root colonisation of crops under irrigatiBaslamet al, 2011)
Therefore, AMF establishment is possible during the weaning stage of microplants and

runner derived strawberry plants.

This study highlighted # capacity of several AMF species to colonise strawberry root
when cultivated in different types of sdélss substrates. Microplants inoculated with AMF
and grown in vermiculite (experiment 1 and 2) showed the highest level of AMF
colonisation (86@0%). Thus, use of vermiculite as a stéks substrate is recommended

for establishment of the AMF symbiosis in the roots of strawberry microplants during their
weaning stage. This agrees with previous reports describing vermiculite as a suitable
substrate for ammercial AMF inocula productiofde Santanat al, 2014; Rouphaett

al., 2015) Several other studies have successfully colonised strawberry plants with AMF
using vermiculite as amendment in their potting miftdark & Cassells, 1996; Murphy

et al, 20M; Sinclairet al, 2013) but this study is the first to report strawberry root
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colonisation by AMF in vermiculite only. In experiment 2, strawberry plantlets were also
successfully colonised by AMF in coir, which agreed with the findings of other studies
(Linderman & Davis, 2003aBoyeret al 2016) Nevertheless, the level of colonisation
obtained in vermiculite was about twofold higher¥8Qthan in coir (496). Therefore,
lower levels of AMF colonig#on in coir compared to vermiculite may indicate that (1)
coir is a less suitable environment for AMF colonisation, (2) coir inhibits the movement
or production of extraradical hyphae or other propagulethat(3) plant root physiology
may have been ndified in coir. Boyeret al. (2016) also reported a lower level of AMF
colonisation of maize and strawberry grown in coir (overall 13%) compared to attapulgite
clay (overall 29%). The reasons for the negative effect of coir on AMF colonisetiin
unclear, but the biological, physical and chemical propedfethe substratiave been

suggested as possible reasons for the phenontBogaret al 2016)

Peat based mixes are commonly used by nurseries as a substrate to propagate strawberr:
plants(Vestberget al, 2000; D'Annaet al, 2002; Tredeet al, 2015) The results of this

study demonstrated that different AMF species could colonise strawberry roots in an Irish
peat/perlite mix (7:3 v/v). The results are in contrast with many studies reptintn
negative effects of pedased substrates on AMF root colonisation in strawberry and other
crops(Vestberget al, 2000; Linderman & Davis, 2003a; Linderman & Davis, 2003b;
Vestberget al, 2004; Vestberg & Kukkonen, 2007)he successful AMF colorason
observed in the current study may be the result of the dilution of the peat with perlite. The
commonlyobservednegatie effect of peat substrates &MF root colonisation was

shown to be partially alleviated by mixing peat substrates with minemgb@oents such

as sand or clay (Vestbe€gKukkonen, 2008).
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In experimerdg 3, 4 and 5 strawberry plugs were cultivated with the same limed peat/perlite
mix (7:3 v/v) and weaned under misting conditions (Table Blayever, thé’o RLC in
experiment 5was lower(1-16%) compared to experiment 3 and(410-81%). Several
factors may explain this difference in AMF root colonisation levels among those
experiments. Firstly, the AMF inoculants used had a much lower number of infective
propagules in experiment(23-170 propagule mt) than in experimest3 and 4 (1600
propagule mt). By increasing the number of infective propagules added to the strawberry
plugs, similar colonisation percentage might have been obtained, assuming that the
6col oni s at(Tommerup,d@PAcsimilay lietweert. mosseageR. irregularis

and C. claroideum Secondly, the lower AMF colonisation level may be related to the
growing season. In experiment 5, the runtigs were inoculated with AMF at the end of
September, while ithe other trials the plants were inoculated during a period from March
to June. The growing conditions of the plugs were also relatively different in experiment
5. The plugs were grown under glasshouse conditions and then polgaunnel
conditions (withnatural light and cooler temperaturdsirther plant roots were sampled

in January (during vegetative dormancy), while plant roots were sampled between April
July (months of maximum vegetative growth) in the other experiments. In addition, the
plants hd an extended growing period in experiment 5 (18 weeks-8f.w&eks in
experiment 3 and 4). Seasonal variations of AMF colonisation were previously
documented under glasshoudiemi & Vestberg, 1992and field conditiongBranzanti

et al, 2002) Nevertheless, additional studies are needed to charadterisffects of the
physical, chemical and biological properties of gesded substrates and investigate how

these could affect AMF colonisation.

Microscopic assessments suggested that strayvplerg roots were sometimes colonised

by DSE (experiment 4 and 5). The DSE inocula seemed to originate from the Irish dark
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peatused during plant weaning stage. This is supported by the fact that DSE were not
observed in the other experiments with othal-ess substrates. Occurrence of DSE has
mostly been described from soil syste(Wgagg et al, 2008; Lizarrageet al, 2015;
Vandegriftet al, 2015)but has also been reported from g€aichs & Haselwandter, 2004;
Thormann, 2006; Weishampel & BedfordQ06) The interest in DSE has recently
increased but thus far only 30 DSE species have been identified and their phylogenetic
identity or functional roles are uncertg#ndradeLinares & Franken, 2013; Kna al,

2015) In the present investigationheg DSE observed in the strawberry roots were
unidentified. Fiturephylogenetic analysis of DSE in strawberry root ahdlies ortheir

potential effect on plant growth may provide insight into tidentity and functions.

3.4.2. Effect of strawberry cultivar and plant size on root colonisation level

Different strawberry cultivars were tested in combination with several AMF species
(strains) to study the potential presence of specific interactions between thartubtte
fungal symbionts (experiment 3 and 4). Results showed that AMF species generally did
not differ in their ability to colonise strawberry cultivars. In experiment 3, there were no
cultivar effects on AMF colonisation. This contrasted with the redtdim experiment 4
where cultivar oO6Malling Centenaryd had a
Gl oryé and O6Vibrantd had similar l evel s
colonisation among strawberry cultivars grown under field candithas previously been
reported (Robertsonet al, 1988) Moreover, studies conducted under glasshouse
conditions showed that strawberry cultivars were either colonised e@Ralhertsoret

al., 1988)or differentially (Chavez & Ferrer&errato, 1990; ¥stberg, 1992y AMF.
Therefore, further work is needed to characterise the origin of the lower root colonisation

of oMalling Cent e nlmseg subsigate amd itorcanfirm the IawhABF p e
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col onisation | evel r el astainvtea 0t, 0 6Rtehlde rG| cou Iy
The next step is to assess root growth, morphology, exudation, and the rhizosphere
microbial community to determine whether these traits are responsible foAN&w
colonisation instrawberryroots. Previougeports hae highlighted the presence of a
relationship between root morphology and mycotrophy with AWdkwaraya, 2003)The

root architecture of different strawbermnylttvars and their root exudat®emposition have

been reported to vary greaflyestberg, 1992hb)The lack of AMF colonisation of some
wheat varieties has previously been linked to the absence of root sugar efdmaias
Ocampo, 1981) Therefore, a potential difference in root morphology and/or
qualitative/quantitative differences in root exudate¢ o6 Mal | i ng Cent en
influenced rhizosphere microbial communities or signalling pathways affecting AMF
colonisation. The tripartite interaction between host plant, AMF and other microbes have
been reported to influence positivelRouphaelet d., 2015) or negatively AMF root
colonisation(Germida & Walley, 1996)Characterisation of soil microbial community
function remains at present limited, but the enhanced application of metagenomic tools

will allow usto access such information in thearfuture.

The results from experiment 4 suggested that AMF species do not differ in their capacity
to colonise roots of different sized plants; both plant size groups were colonised equally
by AMF. This finding agrees with a previous report showing tbiat oot colonisation
by AMF and DSE were not affected by the difference in siz8aftianella campestris

(L.) Borner plantgPiippoet al, 2011)

3.4.3. Effect of AMF pre-inoculation on strawberry plug growth

This study showed that strawberry microplaatel runnetip derived plants could be

AMF colonised during the weaning stage, howetleg results indicated that early AMF
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inoculation does not necessaiilgrease plugrowth during propagation and indeed could
even lead to growth reductions. AMF coisation reduced the total fresh biomass of
microplants (experiment 1), perhaps due to-aptimal conditions for photosynthesis
resulting in a carbon drain on the host pléBéthlenfalvayet al, 1982) Despite the
reduction of fresh weight, plants crowsize was significantly increased by AMF
inoculation although the reasofor this remainedunclear. AMFcolonisationmay have
resulted in changes in hormonal #&rdnutritional onditions butfurther investigation
would be required to characterise this a similar experiment (experiment 2), AMF
colonisation did not affect plant crown size or total fresh biomass, but a significant
disordinal interaction between AM&nd substratesn the total plant dry biomass was
observed. In coir, AMF root colonisatiavith R. irregularisreduced total plant biomass,
whereas in vermiculite the AMF increased the total plant biomass. This reselt agjie
previous studies showing that the response of strawberry plants to AMF colonisation
depends on specific heBMF combinationgChavez & Ferrer&errato, 1990; Vestberg,

1992b) which may be linked to hopteference and soil adaptatifiiayman, 1982)

In peatbased substrate AMF had effect on development of runnderived plants. In
contrast, another studgportedhat certain combinations of strawberry cultivars and AMF
species resulted in the increase of plant biomass in peat based s(\#sstierg, 1992b)
Perhaps, the neutral effect of AMF inoculation observed in the current experiment could
be explained by the fact that nutrients were not limiting in the Irish dark peat/perlite mix

used and/othe plantgrowth window may have bed¢oo shot to detect an effect.

3.4.4. Effect of cold storage on the presence of AMF after plug rgrowth

Experiment 5 was the first study to explore the effect of cold storage on the survival of

AMF in pre-inoculated strawberry plug roots. The results indicated that AMF propagules
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in preinoculated strawberry roots did not suffer from several months of statag’C.

AMF structures were observed in newly f
OVi brantdo for all tHHmossead iMdgulasipC darogeun),s c r e
irrespective of the duration of cold storage. Thus, propagules of theAMEespecies

were able to survive and to retain their infectivity after several months of cold storage. This
result is in agreement with previous studies in witbmusspecies propagules remained
infective in frozen soil over winter (Addst al, 1994; Adly et al,, 1997) or after artificial
freezing treatment afl2°C for 7 d in soil(Addy et al,, 1998) and at5°C for 4 weeks in

silica sand (Klironomoset al, 2001). Addyet al (1997) reported that extraradical
mycelium ofR. irregularisandG. fasciculatumsurvived freezing treatment and mycelia
were much effective as inoculum compared to the spores of the same fungi. Therefore,
AMF propagules can survive freezing temperature for several months given the

environment in which they inhabit.

3.4.5. Effect of DSE and cold storage on AMF root colonisation level

Microscopic assessments showed that strawberry plug roots grown in peat were regularly
associated with DSE. These DSE fungi hav.
colonise the root tissuef a large array of plant speci€umpponen & Trappe, 1998)
without causing any noticeable damage to their filbsihpponen, 2001gnd have been
frequently reported to eexist with AMF(Urcelay, 2002)Lizarrageet al.(2015) reported

the coexistence oDSE and AMF inF. x ananassayrown under field conditions. Hence,

it is reasonable to expetttat AMF and DSE share the same spatial niche and interact with
each otherMicroscopic analysis revealed that strawberry roots heavily colonised by DSE
rarely contained mycorrhizal structuresjggesting niche competition for spadéis
observation agrees with previous reports showing that plants with the highest AMF

colonisaton generally showed the lowest DSE colonisation\aoel versg Kandalepast
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al., 2010; Urcelayet al, 2011) Additional studies are needto characterise the nature of
AMF and DSE interaction in strawberry roots (e.g. competition for spaces, fomcarbo
and/or mineral nutrients, and effect of DSE exudates) as well as their effects on the host

fitness.

It was suspected that plant roots with high DSE colonisation were more likely to have
lower AMF root colonisation due to competition for root space. &foee, DSE root
colonisation level was included as a covariate in ANOVA to remove its influence on AMF
root colonisationAgainst all expectations the colonisation by AMF remained different
between plants cold stored for 1 and 4 months. Hence, the dechx&E in the roots was

not the only factor responsible for the increase of AMF root colonisation over time.
Perhaps, prolonged cold storage resulted in the breakage of spore dormancy that might
have resulted in additional spore germination and so a highecolonisationTo study

the effect of various cold storage periods on spore dormancy, future experiments need to
occur in an environment that do es not suppress or interfere with the strawberry i AMF

interaction. Therefore, tests should be conductedhe@absence of DSE (e.g. by using
autoclavedeat substrates during the plmgppagation). In addition, to verify if there is a
correlation between better spore dormancy breakage and higher RLC, assessment of spore
viability and a spore germination bioagsan minimal (M) medium should be run in

parallel Jugeet al, 2002.

Additionally, AMF species used in experiment 5 resulted in a different level of strawberry
root colonisationThe plants prenoculatel with C. claroideumpresented a significantly
higher level of root colonisation although the MPN test revealed the lowest number of
viable propagules for this AMF species comparedRtoirregularis and F. mosseae.

Therefore, assuming that the three AME@ps tested had similar colonisation capacities,

~83~



Chapter 3

it was hypothesised that the cold storage treatment resulted in a higher breakage of spore
dormancy forC. claroideumand/orC. claroideumspores presented a better tolerance to
freezing injuresPreviousstudies have highlighted that the requirement to break spore
dormancy varied greatly among AMF species (Do&dSchenk 19921 Jugeet al, 2002)

as well as their tolerance to freezing temperatures (Klironanals 2001)

3.5. Conclusion and prospects

The results presented in this chapkave confirmed that AMF propagules can colonise
strawberry roots of several commercial cultivars when incorporated as a powder layer in
an Irish peat/base mix, vermiculite and coir under misting conditions or plant propagators.
Therefore, AMF inoculated ding the weaning stage of microplants or runner tips can
result in a high level of mycorrhizal colonisation, independently of plant material size
and/ or the strawberry cultivar 1inocu-l at e
inoculation of strawerry transplants with AMF does not necessarily translate to improved
plant growth during weaning and propagation. In addition, AMF propagules can tolerate
the formation of ice in the root ball induced by the cold storag&@tfor several months.
Therefaoe, commercial AMF inocula may be applied during strawberry tipping without
reducing the mycorrhiza viability during subsequent cold storage afgtoaised plants.
Interestingly, this study has also highlighted the presence of DSE in Irish dark peat that
may have competed with AMF root colonisation, but tieiguires further investigation

The main results of theive experiments were summarised in Table 3.9 (note the

interactiontermswerenot presentetbr clarity).

Furthermoe, with the respect to commercial introduction of AMF during weaning of
strawberry transplants, the results of these five experiments are valuable for the strawberry

nurseries that may consider introducing AMF viaim@culated strawberry plugs in their
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fumigated field or soiless substrate system, both systems often lacking beneficial
microbes. Future research efforts should focus upon understanding the outcomes of the
interaction among strawberry cultivars, AMF species (or strains), other root eng®phyt
(e.g. DSE) and substrate (e.g. e@ind peabased substrates). This will help the growers

to select the best AMBtrawberrysubstrate combinations to maximise AMF beneficial
effects during propagation and after transplantation. Further research alsouigcus on

testing lower amoustof AMF inoculum to reduce the costs for growers, improving the

inoculation method to make the technology cheaper and less labense
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Table 3.9: Results ammaryof thefive experimentpresented in Chapter @nly the main factors ateereafteipresented anihteractiors between factorare omitted
for clarity.

Experiment

1 2 3 4 5
Total no. treatments 5 4 10 48 30
AMF species and control3 F.m, R.i, C.c, Ch Cb R.i, Cb F.m, R.i, C.c, Ch Cb F.m, R.i, C.c, G.m, F.g, Cb F.m, R.i, C.c
Plant cultivars® EM-1996 Y RG, V E, MC, RG, V RG, V
Plant (runner) size categories - - - Small/Large -
Weaning substrate Vermiculite Vermiculite or Coir Peat/perlite mix Peat/perlite mix Peat/perlite mix
Re-growth substrate - - - - Attapulgite clay
Cold storage duration at-2°C (months) - - - - 1,2,3,4,5
% RLC (range) 94% 40-76% 67-81% 12-64% 34-54%
Effect of AMF species on % RLC ns - ns kk kk
Effect of plant cultivar on % RLC - - * * ns
Effect of plant size on % RLC - - - ns -
Effect of cold storage duration on % RLC - - - - *
Effect of substrate on % RLC - * - - -
Effect of AMF inoculation on plant survival - - - ns -
Effect of AMF inoculation on plant crown size Frk ns ns ns -
Effect of AMF inoculation on plant height ns - ns - -
Effect of AMF inoculation on fresh biomass * ns - - -

aAbbreviations F.m, R.i, C.c, G.m and Feagpectively stand for the single AMF species inocula&edneliformis mossea&hizophagus irregularisClaroideoglomus claroideum
Glomus microagregatunfrunneliformis geosporunCl: a control inoculated with autoclaved attapulgite clay;: @kcontrdinoculated with an autoclaved equal mix of AMF species
used and inoculated with bacterial washing

bAbbreviations E, MC, RG, and V respectively stand fod 6tWebsanadberry cultivars:
dsdstands fornot significan§ *P 00.05, **P 00.01, ** P 00.001
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Chapter 4. Evaluation of the potential of precolonised
strawberry plugs with mycorrhizal inoculants to increase

tolerance toVerticillium wilt

4.1. Introduction

The soitborne pathogeerticillium dahliae (Kleb.) is a serious threat to strawberry
production in soi{Pegg & Brady, 2002)This pathogen invades the vascular tissues of the
roots and crown depriving the leaves and stems of w@eat & Subbarao, 1999
Lovelidge, 2004) The soil fumigant methyl bromide has been routinely applied for the
past 40 years to control strawberry wilt; however, it was banned in Europe due to its high
ozonedepleting potential and its chemical alternadjvehloropicrin,facesan uncertain
future due to possible legislatigRistaino & Thomas, 1997; Martin, 2003 lternative
measures, such as biofumigation, solarisation and crop rotation, contribute to disease
control, but they are usually not as effective as commercial cherhicggants
(Tahmatsidotet al, 2006; Korthalst al, 2014) Consequently, extensive effort has gone
into finding other economically effective alternativesniigate the threat adtrawberry

wilt (Martin, 2003; Goicoecheet al, 2010) One approach i® exploit AMF as a bio
protectant against strawberry wilt. Inoculation of AMF at planting could increase
strawberry plant tolerance b dahliag(Ma et al, 2004; Tahmatsidoet al, 2006; Sowik

et al, 2016) Precolonisation of horticultural plants with AMF before transplanting has
been proposed as a method protecting plants againstosoé pathogen@zconAguilar

& Barea, 1997; Vestbergt al, 2004) Although strawberry is an ideal production system

to study such a control method, thus far there has not been any published information

regarding the use of AMF piiaoculated strawberry plug transplants to conttadlahliae
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The aim of this study was to investigate whether strawberrysgduginoculate with
commercially available AMF could enhance plant growth and reduce strawberry wilt
incidence in contaminated soils. Several strawberry cultivars susceptible to wilt were
screened to test the hypothesis thatipoeulation with AMF can increase toleiee to

wilt after transplantation under glasshouse or open field conditions.

4.2. Materials and methods

A total of seven experiments were conducted in 20A¥6. Three experiments were
carried out with wilt conidial suspensions and one experiment with myoaebizr
controlled conditions. However, none of these inoculations resulted in wilt development;
hence are not discussed further. The other three experiments were carried out with soils
[naturally contaminated witi. dahliaeinoculum under glasshoug&igure 4.1A) or open

field (Figure 4.1B) conditions as summarised in Table 4.1.
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i0
Step 1: AMF pre-inoculation, and o/ ,}At
plug plants weaning/propagation 5
A\ll inoculation

I 6 weeks 20 weeks
Plug plants Step 2: Plug plants cold storage o
were ot at -2 °C and re-growth under 7 weeks
cold stored poly-tunnel conditions ©

l l 6 weeks

Step 3: Transplantation in field
soil contaminated with
Verticillium dahliae

Indigenous wilt
microsclerotia

Indigenous xl\IF—)’&. 3

Field soil ———>.

Glasshouse conditions

Field conditions

25-27 weeks Im.llgenous “.'llt
microsclerotia 18 weeks

Step 4: Strawberry wilt incidence
assessment

Figure 4.1: Schematic representation of the experimental setup to study the effect of arbuscular mycorrhiza fungiéfidEdlation againsterticillium dahliae
(A) glasshouse experiments (experiment 1 and 2) and (B) field experiment (experiment 3). Micooplamtertips were AMF inoculated and propagated in-soil
lesssubstrates (Step 1). Plugs were cold stored for seven we@R€ ainly for experiment 3, while plugs were kept under glasshouse conditions for experiment 1

and 2 (Step 2). Plugs were trarsykd in field soil contaminated with dahliaemicrosclerotia (Step 3) and disease development assessed (Step 4).
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Table 4.1: Summary of the three experiments to study the effect of early arbuscular mycorrhizal fungi (AMF) colonisation of strdugbraggplants on the

development of wilt caused Merticillium dahliae

Experiment number
AMF treatment

1 2 3
Total no.treatments 5 10 12
AMF species and contrdls F.m, R.i, C.c, ChCb F.m, R.i, C.c, ChCb F.m, R.i, C.c,Cb
Plant cultivar8 EM-1996 RG, V MC, RG, V
Total no. of replicates 12 10 96
No. blocks 3 5 6
Type of plant material Plug plant Plugplant Cold stored plug plant
Location Glasshouse Glasshouse Field
Pathogens propagule density 22.2 CFU ¢ of soil 22.2 CFU ¢ of soil 1.9 CFU ¢ of soil
Start date (i.e. transplantation) 19/03/14 16/04/14 22/05/15
Experimental duration 27 weeks 25weeks 18 weeks

a Abbreviations F.m, R.i, C.c, G.m and F.g respectively stand for the single AMF species inodalateeliformis mosseadrhizophagus irregularisClaroideoglomus
claroideum Glomus microagregatuntunneliformis geosporunCh: nonAMF control inoculated with autoclaved attapulgite clay;:ChonAMF controlinoculated with an
autoclaved equal mix of AMF species used and inoculated with bacterial washing

b Abbreviations E, MC, RG, and V respectively stand for strawberryvcalti s : O0El sant ad, 6Mal |l ing .Centenaryo, 6Red
¢The pathogen propagules were microsclerotia naturally present in the field soil. CFU stands feforolory unit
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4.2.1. Plant materials

All strawberry cultivars used are known to be susceptibM.tdahliae The AMF pre
colonised strawberry plug transplants used in experiment 1 and 2 were derived from plugs
produced in Chapter 3 (see Section 3.2.2 experiment 1 and 3). For experimefit BtéAM
colonised strawberry plugs were produced as described in Section 3.2.2 with the following
modifications: (1) after cultivation for 82 d under glasshouse conditjplasis were
transferred to a poltunnel with natural shorter days and cooler tentpeea for 76 d to
induce dormancy, (2) plants were acclimated to lower temperatures for 8 d in the dark at
2°C and (3) strawberry plugs were cold storee?a€ for 7 weeks. At the end of the cold
storage period, plants were transferred to a-poipel fa six weeks (spring time) to

induce plant growth before field transplantation.

4.2.2. Determination of wilt inoculum density in field soils

Estimation ofV. dahliaemicrosclerotia concentration in the soils was carried out using the
Harris methodHarris et al, 1993) In experiment 3, soil samples deriving from each of
the 72 plots of the experiment wep®oled together for this analysis. Microsclerotia

concentrations are expressed in colbmyning unit (CFU) per grarof soil.

4.2.3. Plug transplantation in wilt contaminated soils

A randomised block design was used in all three experiments (Tablén4egperiment 1
and 2 plugs were rgootted into 1 L plastic pots (11 x 11 x 12 cm, Desch Plantpak Ltd,
Essex, UK) filled up with soil collected from a ntumigated conmercial strawberry field
atNIABEMR, UK (N 51A17620.9366, E O00A270611
sand). The background nutrient status of the field soil was analysed before plant

transplantationto identify potential elements that couliegatively influence AMF
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colonisation in thistudy(e.g.low pH andor high P level;Table 4.2) The soil was sieved
beforehand with a garden riddle (square hole wire mesh ca. 5Stna)berry pugs were

then kept under standard greenhouse condition2322, ca. 406 RH, natural light:dark
cycle, adequate pest control; Figure 4.2A, B) as outlined in Table 4.1. Plants from
experiment 1 and 2 were watered daily with tap water and fertilised once a week with 50
mL of full-s t r e n gt h nufRentr solgtionnbdt svith phosphate omitt@dewitt &
Bureaux, 1966)To induce a moderate water stress to encourage wilt development for the
last seven weeks of experiment 1 and 2, plants were wateretivanbr three times per

week (one of those waiag event included fertilisation).

Experiment 3 was carried out iraised doubleow beds at NIABEMR, UK (N
51A17619. 9066, E 00A270613.38006 s-fieidiThe Bar
background nutrient status of the field soil adsaralysed before transplantationthis
experimen{Table 4.2). The soil was not fumigated before planting. Plastic drip irrigation
was laid down in the middle of the bed, which was covered with blue plastic mulch (Figure
4.2C, D). A spacing of 30 cm betwessws and between plants was used. There was a
spacing of ca. 100 cm between neighbouring plots (each containing 16 plants) in the same
bed (i.e. block). Irrigation, fertilisation and pest control followed standard commercial

practices.
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Figure 4.2: Strawberry plants were grown in pots filled up with field soil under glasshouse
conditions in experiment (A) 1 and (B) 2. Strawberry plants in experiment 3 were grown in field
plots at (C) one week arfd) 15 weeks post transplantation.

Table 4.2: Background nutrient status analyi§the field soil (Barming series) used in the three

experiments.

NO, NH, P K Mg
Experiment pH =
ppm =mg kg
1,2 5.9 8.1 0.9 311 198.6 69.6
3 7.9 2.4 2.0 30.4 188.5 52.1

aAvailable nutrient status of each growth medium was provided by NRM LaboratBedsshire, UK

in mg L'and it was converted to mg kgNOs was determined by ion chromatography andsNby

colorimetric analysis. P, K, Mg and Ca were analysed by®ES (Inductively Coupled Plasr@ptical
Emission SpectroscopyNote that the nutrient statuanalysis of each growing mediwnuld not be
replicated de to high cost

4.2.4. Root sample analysisand plant growth

Plant growth and percentage of AMF root colonisation were assessed at the end of
experiment 1 and @nda subset of three samples (= three individual plants)uaedfor

AMF colonisationassessmentsf each treatmenin experiment 3percentage of AMF

root colonisation was not assessed due to the presence of resident AMF confirmed in the

soil samples used in experiment 1 and 2. Fresh rootsraredemlysampled and stained
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(Section 2.3.1) to assess AMF colonisation (Section 2.3.2)atdonpt was made to

distinguish between indigenous and-preculated AMF.

The number of plants producing runners, crown size and plant dry weight were only
assessed in experiment 1 and 2. To measure total dry weight, plants were harvested and
washed wih tap water to remove soil particles. The plants were then oven drieéiCat 80

for 3 d and then weighed. To calculate the root weight ratio (RWR: root dry weight as a
fraction of the total plant dry weight), roots were weighed after being separated from the
shoot. In experiment 1, nutrient content in strawberry sheas analysed by inductively
coupled plasmaptical emission spectroscopy (ICKFES) for P, K, Mg, Ca and micro
elements (Cu, Fe, Zn, B, Mn), while the total nitrogen and sulphur were meastiréaewi
Dumas methodAOAC, 1989. Each strawberry shoot sample analysed was pooled from
four individual plants from the same block. The shoot nutrient analysis was conducted by

NRM Laboratories, Berkshire, UK.

In experiment 1 and 2, fruit yield was notoeded because plants had not been subjected
to adequate chilling and insect pollinators were not provided in the confined coraptart
(natural pollinators could nagnter the compartment sinceetfacility was completely
sealed for the purpose of contadllisolation). In experiment 3, the fruit yield was also not
assessed. Cultivars O6Malling Centenarybod
behaviour (i .e. l ow fl ower production) f

normally but most of thertiits were eaten by birds before harvest.
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4.2.5. Disease assessment

Wilt development was scored on the following scale: 0: no wilt symptoms and 1: presence

of strawberry wilt symptoms such as wilted leaves, brown leaves, stunted or plant death.

4.2.6. Data analysis

All data were analysed using GenStat"1&dition (VSN International Ltd, Hemel
Hempstead, UK). AMF root length colonisation (% RLC) and RWR data were analysed
by ANOVA after arcsine square root transformation to satisfy normality. In experiment 1,
therewas only one treatment factor (AMF species). In experiment 2, there were two
treatment factors (AMF treatment arstfawberry cultivar); an unbalanced twoay
ANOVA was used to analyse the data. Significant differences among individual treatments
were deteminedby LSD posthoc test if the overall treatment effect was signific&n©(

0.05).

The number of plant producing runners (experiment 1) and disease incidence (experiment
3) were analysed usirgLM with residual errors assumed to follow binomial dlgttions;

the logit link function was used.

Only significant differences are reported in the text. For plant growth variables, i.e. crown
diameter, RWR and plant dry weight, there were no significant differences among the
AMF species tested, the ddtam different AMF species were hence pooled to form a
single group (AMF inoculated). The nonycorrhizal (NM) control (Cband Ch) data

were treated similarly. Therefore, only the overall effect AbM=NM for plant growth

parameters was hereafter praeel.
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4.3. Results

4.3.1. Establishment of AMF inoculants after plug transplantation

After cultivation in nonsterilised field soil, microscopic assessment of strawberry roots
from experiment 1 and 2 showed the presence of AMF structures in the roots of AMF pre
inoculated plants antiM controls (Figure 4.3).In experiment 1, at 27 weeks gio
transplantation all treatments were colonised by AMF to a similar extent (a%mage
across all treatments: ca. %3 arbuscules and vesicles frequency cd03ihd 485,

respectively).

In experiment 2, averag® RLC at 25 weeks reached ca.9%®@cross all treatments
including the NM controls. There was a significant differencednRLC between
strawberry cul ti var gFigire/4.48F1aen 6.58;Pa 0.aR0) %R e d
RLC was 9% and 82%f or &6 Red GI or y 6 a nArbuscMd flequencyt 6 ,
differed with AMF treatmentFigure 4.4Bf4,18= 3.08;P = 0.043) but not with strawberry
cultivar. Rants preinoculated withC. claroideumhad a higher frequency of arbuscules
(14%) than the other AMF treatment) However, AMF treatment aralltivar did not
affect vesicldrequency (average ca.%. There were no significant interactions between

AMF treatment and cultivar for any AMF parametereasured.
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Vibrant

Figure43:Root <col onisation by arbuscular mycorr hi zal 9féuenég)i a(nAdMFe)x poefr isnierna
and O6Red Gloryd) respectively after 25 and 27 sexengartmenbd fongiudihat sguash bfi o n
roots stained with trypan blue colonisation by AMF, in-AdF plant controls (a) Cland (b) Cb, as well as plants piieaoculated with (cFunneliformis
mosseag(d) Rhizophagus irregulariand (e)Claroideoglomusclaroideum Letters next to the arrows are A: arbuscule, H: hyphae, S: spore, V: vesicle
(red scale bars represent 100 e&m).
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Figure 4.4: Percentage of strawberry ramlonisation by (A) arbuscular mycorrhiza fungi (AMF,
% RLC) and (B) arbuscules in experiment 2. The abbreviation€ddh F.m, R.i and C.c represent
nonAMF control (Cb), nonrAMF control with bacterial washing (Ch Funneliformis mosseae
(F.m), Rhizophagus irregulari¢R.i) and Claroideoglomus claroideurfC.c). Bars are standard
error (+ 1 SE), andis the number of replicates per treatm&ttawberry altivar had a significant
effect on (A)% RLC (F1,18= 6.53;P = 0.020). AMF treatment hadsignificant effect on (BYo
arbusculesKas,1s= 3.08;P = 0.043).Note that one of thecale desnot start at 0

4.3.2. Effect of AMF pre-inoculation on plant growth

In experiment 1, all plants survived transplantation and grew normally. The AMF pre
inoculated plants appeared to have larger crown size (16.2 £ 0.4 m&8) than the NM
control plants (14.8 £ 0.6 mm;= 24); this difference was close to statisticghgicance

(F156 = 3.88;P = 0.054). Plant dry weight and RWR were not influenced by AMF pre
inoculation. The GLM analysis showed that the production of runners was affected by
treatment P = 0.032); the number of plants producing runners wasinette nonAMF
control with bacterial washing (CpandC. claroideuntreatments compadeo the non

AMF control (Cb; Figure4.5). Foliar concentrations of both maaements (N, S, P, K,

Mg and Ca) and micrelements (Cu, Fe, Zn, B and Mn) were not influenogeAMF pre

inoculation.
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Figure 4.5. Results of generalised linear models fitting number of plants producing runners
without preinoculated mycorrhiza (neAMF control (Cb) and norAMF control with bacterial
washing (CbB)) or preinoculated with single AMF speciestunneliformis mosseaér.m),
Rhizophagus irregulari¢R.i) andClaroideoglomus claroideurC.c) in experiment 1. Data are
number of plants producing runners< 12). The overall treatmeeffect was significant (GLM,

P = 0.032). Treatments that did not differ significantly share at least one common letter (Pairwise
comparisonsPO 0. 05) .

In experiment 2, crown diameter was not affected by AMFmoeulation but it was by
cultivar F1,89=23.1;P<0.00) . Average crown si zen=df) 0OVi
was bigger than 0Read50GRWMRwWaDNOt@Efe@ed By AMF@e 3
inoculation but by cultivarH1,89=6.6;P=0.010 . Aver age RWR value
+0.01,;n= 47) was higher t hagms50§ Randdry@eightrdig dot ( O .
vary with AMF treatment, but the two cultivars differed significantly in total dry weight
(F180=494;P< 0. 001) as OVibranto pr0ddume47d mor
than O0Red Gl n¥59)0Theirferadtiontbet@eer2AME treatmant cultivar

was not significant. None of the plants produced runners in experiment 2.
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4.3.3. Effect of AMF pre-inoculation on strawberry wilt incidence

In experimentl, 27 weeks after ansplantation in soil with an average wilt inoculum
densityof 22.2CFU g* of soil, only a few plants showed wilt symptoms (Figure 4lba

In the plants without AMF preoculation two out of 24 plants showed typical wilt
symptoms; whe in the plants prénoculated with AMF, five out of 36 plants were wilted.

Such differences were not statistically significant.

In experiment 2, 25 weeks after transplanting in soil containing 22.2 Criflgpil, only
a few 6Vi br an iitéymmdma (Figuse 4.6eh)o,wewh i st al |l O6R
remained healthy (Table 4.3). The number of diseased plants was too low to allow for

meaningful statistical comparison.

In experiment 3, 18 weeks after cultivation under field conditions withvanage wilt
inoculum density of 1.9 CFUYgof soil, wilt symptoms were observed (Figure 4iBg

AMF pre-inoculation increased or decreased the number of diseased plants depending on
individual AMF species but differences were not statistically sigmitic The three
strawberry cultivars differed significantly in the incidence of wilt50.029 Table 4.3.

The wilt i ncidence was i n 4180h1é8 oatrofd384) > o f
OVi br3aemt1d7 (out of 38 2lpe:82 outbofB&4dFigued 407). Thére (
were no significant interactions between AMF species and cultivar. The spatial map of
strawberry wilt indicated two foci with high numbers of wilted plants Q&0 diseased

plants per plot indicated by orange to red colour; fEgu8).
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Figure 4.6: Strawberry wilt symptoms observed across experiments were characterised by wilted
leaves, brown leaves and stunted plantst) @periment 1; () experiment 2; (d) experiment
3.
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Table 4.3: Number of wilted and healthy plants in experiment 2 for treatments without or with

AMFprei nocul ati on of strawberry cultivars &6Vib

No. of plants
Cultivar AMF pre-inoculation diseased Healthy
_ No 2 18
Vibrant Yes 3 24
No 0 20
Red Gl
ea oy Yes 0 30

Table 4.4: Generalised linear model (GLMnalysis of deviang®f thenumber of diseased plants
in experiment 318 weeksafter cultivation under field conditionSignificant differences are
shown by bold fontFO 0. 05) .

Number of diseased plants
Source of variation

df Deviance P
Cultivar 2 42.6 0.029
AMF 3 11.8 0.559
Cultivar AMF 6 20.9 0.716
Residual 55 310.6

~102~



Chapter 4

Number of diseased plants

Cb+ F.m‘ R.i ‘ C.c |Cb+ F.m‘ R.i ‘ C.c |Cb+ F.m‘ R.i ‘ C.c
Vibrant 2 Malling Centenaryab Red Gloryb

Figure 4.7: Number of diseased plants in experiment 3 withoutipoeulated mycorrhiza (Ch

or preinoculated with single AMF speciesynneliformis mossed&.m),Rhizophagusregularis

(R.i) andClaroideoglomus claroideutc C. ¢) ) of three strawberry
Centenary6 a,ig8weekddfeedcultimatianrurydér field condition®ata are number

of diseased plants & 96). Strawberry cultivarshat did not differ significantly share at least one

common letter (Pairwise comparisoR) 0. 05) .

Key colour
0123456 7 8 910111213141516
Value

Block 1
Block 2
Block 3
Block 4
Block 5

Block 6

Figure 4.8: Spatial map oY erticillium dahliaeon strawberry field at 18 weeks post transplantation
showing two foci with hig numbers of wilted plants per pldthe legend bar represents a colour
key for the number of diseased plap&s plot. There were six blocks (i.e. six planting beds) and
72 plots each with 16 plants (AMF treatment and strawberry cultivar for each individual plot are

not presented for clarity).
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4.4. Discussion

Since AMF have been shown to have positive effects awbarry growth and health
(Khanizadehet al, 1995; Normaret al, 1996; Tahmatsidoet al, 2006; Sowiket al,

2016) there is an increasing interest to use them in commercial horticulture to increase
yield and fruit quality while reducing fertiliser abdbcideinputs. After several months in

pots filled up with norautoclaved field soil, AMF colonisation of strawberopts reached

on average 9 in experiment 1 and 2, agreeing with a previous study showing%igh
RLC (70%) in strawberry plants cultivated in s¢BantosGonzalezet al, 2011) This is

the first report of such a high level of root colonisation fovgbexry plants grown in pot

filled up with norautoclaved field soil. At the end of experiment 1 and 2, the controls and
AMF pre-inoculated treatments showed similar levels of AMF root colonisation, indicating
the presence of indigenous AMF propagules @tffidld soil used for both pot experiments.

I n addition, OVibrantdé showed overall a |
in experiment 2. This is in agreement with other studies showing that strawberry cultivars
could differ in their responséo AMF colonisation under both glasshouse or field
conditions Robertsonet al, 1988; Chavez & Ferref@errato, 1990; Vestberg, 1992;
Khanizadelet al, 1995) However, it was not possible to confirm whetheripeeulated

AMF species persisted in thetgxperiments due to the presence of AMF root colonisation

in the controls. A number of studies have already discussed the fact that soils containing
native AMF propagules are problematic in the sense that inoculated fungi cannot be
distinguished easily ém the indigenous AMENiemi & Vestberg, 1992; Tahmatsidet

al., 2006; Rodriguez & Sanders, 201%herefore, a metagenomic approach may be used
in the future to assess whether -preculated AMF species persisted temporally and
spatially and if they adtred the composition of the native AMF community in the field soill
(Rodriguez & Sanders, 2013)jowever, this will be only possible if there are significant

genetic differences between field and inoculated AM& rssand species
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Precolonisation by AMHRid not result as expected in an enhanced plant growth (e.g. plant
dry biomass) after transplantation in pots containing-sterile field soils. It was
suggested that in such lotgrm experimentthe indigenous AMF inocula present in the

soil could havemasked the initial positive effect on plant growth provided by AMF pre
colonisation. Nevertheless, future experiments with other strawberry cultivars and
sampling times closer to the transplantation time may reveal whether thwguétion

was of any adantage for plant growth and nutrition in the early stage of establishment in
the field. Moreover, nomycorrhizal control plants inoculated with bacterial filtrate in
experiment 1 indicated a negative effect of the background bacterial community of the
commercial AMF inoculants on the number of plants producing runners. Several authors
have discussed the potential of some bacterial strains to positively influence the production
and quality of strawberry runnefsAs | ant ak & G¢l ery ¢0Q),buk 004 ;
this is the first report of a negative effect of bacteria associated with the AMF inoculants
on the production of strawberry runners. Therefore, additimork is needed to confirm

this resultand identify candidate microf® responsible for tis phenomenon.

It was not possible to confirm that early AMF colonisation can improve plant tolerance to
wilt in pot experiments under glasshouse conditions (experiment 1 and 2). In fact, natural
Verticillium inoculum (microsclerotia) only resulted irvary low level of wilt symptoms

on susceptible strawberry cultivars despite the sufficient level of viable microsclerotia in
the soil (22 CFU g of soail). Even as little as 1 CFU gof soil can normally lead to
significant wilt symptoms on strawberry imaturally infested field soil (Harris and Yang
1996). However, the reasons for the low level of wilt symptoms observed in experiment 1
and 2 are unknown. The transfer of the wilt infected soil under pot conditions may have

reduced the microsclerotia infegty. Therefore, other inoculation methods usanmix

~ 105~



Chapter 4

of wilt isolates were also tested: (a) drenching soil with wilt conidial suspension without
root injury in soil or sandy compost, (b) direct injection of conidial suspension in
strawberry crown, (c)aot dipping in conidial suspension with artificial root injury before
transplantation in autoclaved sandy comgBstat & Subbarao, 1999{d) inoculation of

wilt hyphae with colonised potato dextrose agar (PDA) media plates buried at the bottom
of the pos filled up with attapulgite clay. However, none of these methods led to wilt
symptoms under controlled conditions (data not presented). Hence, it is of great
importance to optimise another wilt inoculation method to enable further research under

controlled conditions.

Nonetheless, the results of pot experiments cannot be directly compared to open field
conditions, where much more complex sysgarhinvertebrates, microbes and nutrients
prevail. When the field soil was transferred into p@speriment land 2),its structure

was dramatically modified (e.g. by sieving) and glasshouse conditions were rather different
from those in the open field. In the current study, these differences may have modified
complex interactions between plants, soil borne pahsgnd/or beneficial microbes
resulting in the low number of wilted plants observed despite the high wilt propagule

density in the soilested

In the open field study (experiment 3), all three susceptible strawberry cultivars tested
suffered fromVerticillium wilt. The typical strawberry wilt symptoms developed across
plots contaminated in average with 1.9 CFtof§isoil. However, results showed that none

of the preinoculated AMF species could significgnteduce wilt incidence unddield
condtions. Although AMF inoculants were not effective under the conditions tested, this
does not rule out their utilityith other strawberry cultivars and/or in othecations. In

addition, there waa high degree of spatial aggregation of plants Wehidllium wilt
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(Figure 4.8), with two apparent foci. This aggregation pattern, as observed. wahliae

on other crops (Xiaet al,, 1997; Johnsoet al, 2006; Wei eal., 2015) is most likely due

to the heterogeneity in soil pathogen inlooo. This aggegation may havenasked any
treatment effect§ random assignment of treatments to individual plots is not able to
reduce tle negative influence caused by aggregated inoculum. If soil samples from each
experimental plot had been tested for wilt propagolecentration (e.g. via waieving
plating or wetsieving gPCR metha@) before plantation, it could be possible to use these
inoculum concentrations as covargte analyse the data. Therefore, it is advisable for
future open field experiments to carrytault propagule density tests before strawberry

plugstransplantation.

4.5 Conclusion and prospects

In summary, the present study highlighted the difficulty in condudinawberrywilt
inoculation experiments in pots under glasshouse condieeswhen usinga field soil
naturally contaminated witierticillium dahliaemicrosclerotia This study also showed
that AMF preinoculation of strawberry plugsfailed to enhance plant growth after
transplantation ira soil alreadyinhabited by native AMF and did not improve plant

tolerance toV. dahliaeunder field conditions.

The use of beneficial microbes such as AMF to control strawberrpsoik diseases is

still in its infancy, but it must be considered and studied as a potential alternative to
chenical soil fumigants. Although few attempts have been made previously to select
effective AMF species/strains, none of them have yet achieved a complete control of
strawberry root diseases under field conditivartin & Bull, 2002; Tahmatsidoat al,

2000). In fact, small changes in field conditions may result in greater changes in the
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biological control abilities of nomative AMF inoculantgVestberg, 1992; Vestbegd al,

2005; Rodriguez & Sanders, 201%he variation of AMF inoculants effectivenegginst
soil-borne pathogens under field conditions is context dependent because of (1)
environmental factors, (2) production practices (e.g. use of fertilisers and biocides), (3)
host species/cultivars, (4) competition with indigenous AMF communities, (3nd
multiple pathogens. Another important aspect is that English strawberry cropping is
currently moving away from traditional field itwation toward production irsoil-less
substrate to mitigate the threat sfrawberry wilt and othesoil-borne pathogns
Therefore, strawberry wilt is expected to be less of a problem in strawberry production in
the UK. Nevertheless, strawberry cultivation in substrate still relies on high water and
fertiliser inputs and other typ®f root pathogens such Bhytophthoa remain an issue.
Therefore, the use of AMF inoculation forastrbery plantsgrown insoil-substrate may

help to reduce chemical inputsater useand increase plant taknce to root pathogens.

In conclusion management programs of strawlyeroot digases using AMF shoulae

specifically designed for seléss production systems.
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Chapter 5. Evaluation of the potential of arbusawlar
mycorrhiza fungi and plant growth promoting rhizobacteria to
increase strawberry productivity and tolerance toPhytophthora

fragariae and Phytophthora cactorumn soil-less substrates

5.1. Introduction

Control of soitborne pathogens is a major problem in strawberry field produséocause

of the withdrawal of methyl bromide, an effective bresgmbctrum chemical fumigant
(Ristaino & Thomas, 1997; Tahmatsidat al, 2006) Recently, UK strawberry
produdion has been rapidly moving away from traditional field cultivation towards-table
top system, where strawberry plants are grown inlesd substrate (e.g. coir and/or peat)
under protection (e.g. polythene tunnel or glasshd@mgeret al, 2016) Theke are several
advantages to the adoption of de#s substrates in commercial strawberry production,
including reduction in picking cost, extension of the growing season and reduced risk of
soil-borne diseasegParanjpeet al, 2008; Martinezet al, 201Q Lieten, 2013)
NeverthelessPhytophthora fragaria@andP. cactoruncontinue to pose a serious threat to
strawberry growing in soiless substrateas they may have infected initial planting

materials in nurserigchnitzler, 2004; Martinet al,, 2010)

By inoculating strawberry rhizosphere with beneficial microbes, plants may be protected
against biotic (e.g. pathogens) and abiotic (e.g. drought) stresses, while water and nutrient
uptake could also be improv§destberget al, 2004; Boyeret al, 2016). Strawberry is

an ideal production system to study such methods as planting materialsi@a.
propagated or runnéerived plug plants) can be easily inoculated with beneficial microbes
during their propagation and/or at planting. Several biologicatulants have already

been shown toeduce the threat atrawberryroot diseases in seliéss substrates when
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introduced at plantingMartinez et al, 2013; Rouphaeét al, 2015) Amongst those
beneficial microbes, AMF showed to enhance plant growmtirease fruit yield and/or
improve fruit quality in sodless substrategCekic & Yilmaz, 2011; Boyeet al, 2015
Palencieet al, 2015; Boyeret al, 2016; Cecattet al, 2016)and/or increased tolerance
to root pathogens such Bs cactorumandP. fragariae (Murphy et al, 2000; Vestbergt
al., 2004) In addition, plant growtfpromoting rhizobacteria (PGPRyre commonly
growing onthe root surface, or rhizoplarand increase plant growth aondproductivity
by one or more mechanisms such as imedownineral nutrition,protection against
pathogens oprodudion of phytohormoneéGlick, 1995; Vestberget al, 2004. Various
symbiotic  Rhizobium Bradyrhizobium Mesorhizobiurph  and norsymbiotic
(PseudomonasBacillus Klebsiella Azotobacter Azospirillum Azomonas PGPR are
currently being useds biginoculants to promote plant health and produttighhemad
et al, 2014). Several studies have highlighted beneficial effects of PGRRubous crops
including strawberry(Esitkenet al, 2010;lIpek et al, 2014; Hautsal@t al, 2016) For
example, PGPR inoculation showed to incregsawth, chlorophyll contentnutrient
element contentjield of strawberry plantand even mitigated deleterious effects of salt
stress(Karlidaget al, 2013). Some works havalsoreporteda strong stimulatory impact
of PGPRon AMF symbiosisandits functioning (Arturssonet al, 200§. Interestingly,
synergistic effects on strawberry growth followingionoculation with PGPR and AMF
were reported(Vosatkaet al, 1992)and PGPR were also found to stimulate AMF root
colonisation(Vosatkaet al, 2000) Therefore, additional studiesiouldstrive towards an
improved understanding of the functional mechanisms bedMB-PGPRinteractions,
thusthat optimized combinations ¢iose benefial microbes could be usex$ effective

inoculants wihin sustainable strawberpyoduction systems.
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The first aim of this study was to investigate whether commercially available AMF and/or
PGPR inoculants camneduceP. cactorumor P. fragariae development in soiless
substrates. Strawberry cultivars oMallin
hypothesis that AMF pranoculation and/or inoculation of AMF and/or PGPR at planting

time can enhance tokance toP. fragariaei n sandy compost. Then
was used to study whether AMF greculation can increase toleranceRocactorum

The second objective was to assess whether commercially available AMF and PGPR
inoculants can increase siigerry yield in coir.The $ r awberry cul tiwv
Ce nt e nasusgdoto test the hypothesis that inoculation of AMF and/or PGPR at

planting time can increase strawberry yield and plant growth.

5.2. Materials and methods

A total of four experiments wer@nducted in 2012016. Experiment 1 and 2 were carried
outto study the protective effect of AMF and/or PGPR agdmétagariaeunder growth

room conditions. Experiment 3 was carried out under glasshouse conditions to test whether
AMF can reduceP. cactorumdevelopment. Finally, experiment 4 was conducted under
glasshouse conditions to evaluate the effect of AMF and/or PGPR on strawberry plant

growth and productivity in coir. Table 6.1 gives the summary of each experiment.
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Table 5.1: Summary of the four experiments to study the effect of arbuscular mycorrhizal fungi (AMF) and plantgpawtiting rhizobacteria (PGPR) o
strawberry plant health or productivity in st@ks substrates under controlled conditions.

Number of experiment

Microbial treatment

1 2 3 4
Number of treatments 4 8 2 4
Treatment’d M, P, M+P, Cb M, P, M+P, PreM, PreM+M, PreM+P, PreM+M+P,C M, Cb M, P, M+P, Cb
Plant cultivars O0Vibra 6Mal ling Centena 6Malling 6Mal |l ing
Total no. of replicatés 20 16 20 3
No. blocks 4 4 - -
No. of experimental repesit 1 1 2 2
Storage temperature of plug -2°C +2°C -2°C -2°C
Location Growth room Growth room Glasshouse (chilled] Glasshouse
Growing substrate Sandy compost Sandycompost Compost Coir
Pathogen inoculated P. fragariae P. fragariae P. cactorum -
Pathogen inoculation metho Slurry Slurry Wound + zoospores -
Pathogens concentration - - 10° CFU mL? -
Experimental duration 5 weeks 6 weeks 7 weeks 13 weeks

aM: commercial AMF mix inoculum (RootgrdW) containing five speciesunneliformis mossea&. geosporunRhizophagus irregularisClaroideoglomus claroideum
Glomus microagregatun{providedby Plantworks Ltd, Kent, UK).P: commercialbacterial preparation containing four PGPR spediszobium(Agrobacterium) strain
IRBG74,Derxia lacustrisHL-12, Bacillus megateriunandB. amyloliquefacienéisclosed by PlantWorks Ltd, Kent, UKM+P: AMF and PGPRPreM: plug plants pre
inoculated vith Rootgrow™ during tipping.PreM+M : AMF pre-inoculated plugs inoculated with Rootgrévy PreM+P: AMF prenoculated plugs were inoculated with
PGPRPreM+M+P: AMF pre-inoculated plugs were inoculated with Rootgfvand PGPRCb": negative control withat AMF preiinoculation and no microbial inoculum.
All microbial treatments were added at planting, except for treatment PreM.

b1n experiment 4, each coir bag (replicate) was planted with 10 strawberry plants

¢Thenumber of time the experiment was conducted

dCFU: colony-forming unit.

~112~



Chapter 5

5.2.1. Plant material

Cold stored {2°C) strawberry plugs used in experiment 1, 3 and 4 (Table 6.1) were
obtained from Hargreaves Plants, Norfolk, UHiants derived in this way have shown in
previous work to be free from AMF colonisation (Xu, pezomm.) and several plants

were tested prior to the main experiments to confirm this.

For experiment 2, AMF praoculated and nemycorrhizal strawberry plys were
obtained fronR W Walpole Ltd, Norfolk, UKPlastic trays (40 cells, ca. 132 tper cell;

PG Horticulture Ltd, Northampton, UK) were filled up witlp@at/perlite/coir mix (7:2:1,

viv; fertilised by the supplier with Osmoc8tdded at 3 kg ] and Microma® premium

[trace elements and magnesium fertiliser added at 0.3%glLmgro Beheer b.v., Asten,

The Netherlands) using an automatic Javo tray filler (Javo b.v., Noordwijkerhout, The
Netherlands; Figure 6.1&). For theAMF inoculated plantsRootgrowE (PlantWorks

Ltd, Kent, UK) was mixed homogeneously with the potting mix &b 1@v), while only

the potting mix was used for the norycorrhizal treatmenOn 7" July 2015 runner tips

o f cv. QeMatlelnanrgy 6 wer e h ardevnsuhderdglasshouse t h
conditions at R W Walpole Ltd, Norfolk, UK. The plantlets were firstly weaned (using a
misting system spraying watewvery hour for the first 5 d aiming fé&H 80% and then
everythreehoursfor the next 5 d, while plants were protected from direct sunlight; Figure
5.1D). The misting system wakenswitched off. The plants were irrigated as needed, no
additional fertiliser was added and direct sunlight was progressively introditeg@lug

plants were grown for seven weeks (Figure 5.0#).27" August 2015, plug plants were
sent toNIAB EMR, where they were cold stored &CXor 14 weeks. A few plants were
tested prioto the experiment to determine whether theipaeulation wasuccessful (10
samples, each with five plants); the results indicated the presence of a low level of AMF

structures in root (Figure 5.2) with averdgdrL.C of ca. 3o.
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Figure 5.1: (A) Bale breaker loading the tray filler machine with potting substrate (i.e.
peat/perlite/coir mix: 7:2:1, v/v), heieoculated with the commercial AMF inoculum Rootgféw

(B) Javo tray filler loading the plastic trays with potting mix. (C) View ofastic tray filled with
potting mix. (D) Strawberry plugs weaned under a misting system. (E) Plug plants grown under

glasshouse conditions seven weeks post transplantation.
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Figure 5.2: Root colonisation by arbuscular mycorrhiza fungi (AMF) of strawberry plugs in
experiment 2 after 21 weeks (i.e. after 7 weeks under glasshouse conditions and 14 weeks in a dark
storage compartment at 2°C) of cultivation. Letters next to the arrows arbuscule, H: hyphae,

V: vesicle (red scale bars represent 100 &m)

5.2.2. Beneficial microbe inoculations

Inoculum of AMF and PGPR were provided by PlantWorks Ltd, Kent, UK. The AMF
granular formulation was applied as commercially available Roofgrowna
clay/pumice/zeolite mix containing spores, mycelium, and colonised host plants root
fragments of five different AMF speciesynneliformis mosseaeF. geosporum
Rhizophagus irregularjs Claroideoglomus claroideum Glomus microagregatum
RootgrovE contain@ ca. 350 propagules ritlas determined by MPN analysis (Section
2.1.2; Cochran, 1950). The PGPR inoculum contain€@CEW mL* and was supplied as

a fine grade (0A.0 mm) pumice containing four different rhizobacterial species
(Rhizobium strain IRBG74, Derxia lacustris HL-12, Bacillus megateriumand B.
amyloliquefaciens This PGPRmix was used becaus#avas commercially available and
because itontained bacteria speci@s. Bacillus)reported to haveeneficial effect on

strawberry productivity and to inhibit the growth of thestrawberry pathogen
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Colletotrichum acutatunm vitro (Erturk et al, 2012;Ipek et al, 2014 EsSoufi et al,

2017). In each experiment, the negative control §J@kas not pranoculated or inoculated

at planting. At time of planting the granular AMRdor PGPR inoculum ereplaced into

each planting hole before transplantation of the strawberry plug. In experiment 1 and 2,
the volume of granular inoculum added jpéanting hole was ca. 7.6 mL for AMF and
PGPR. In experiment 3, each pot received 25 mL of granular AMF inoculum. In
experiment 4, each planting hole received 20ahRMF inoculum and/or 2 mL dPGPR

inoculum.

5.2.3. Pathogeninoculation

A mixture of threeP. fragariaeisolates (BC1, BG-16 and Now), from the pathogen
collection ofNIAB EMR, Kent, UK was used to inoculate plants in experiment 1 and 2.
The isolates were cultured separately in Petri dishes on sterile modified kidney bean agar
(KBA) for at least 30 d in the dark at 18 2@ (Wynn, 1968; Maas, 1972ror each isolate,

one piece (¥ mn?) of colonised KBA (from each stock culture) was then transferred to
new Petri dishes containing fresh KBA and incubated separately as above. Mycelia were
then tarvested 3@®0 d after plate inoculation. The excised colonies of the three isolates
(including the agar beneath) were put into a blender with iGe(H g culture: 1 g ice D)

in equal réio and blended twice for-2 s The resulting inoculum slurry wasansferred

to a cooled beaker, which was kept on ice during the entire inoculation procedure. Before
transplantation, roots were gently washechwdp water to remove substratarticles.

Plants were then inoculated by dipping the roots into the inocsiumy.

OneP. cactorunisolate (P414; known to be pathogenicagaindtal | i ng Cent en

NIAB EMR was used in experiment 3. The stock culture was cultured in Petri dishes on a
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sterile V8(Campbell's V8 juice) agdor 7 d in the dark at 18 +°C (Harriset al, 1997)

Then a sterilised cork borer was used to cut 10 mm discs from the margins of actively
growing cultures. Discs were immersed in a-1sterile compost extract (2 L distilled water
drained through 50 g compost and diluted-falol before usage) and incubated for 2 d at
20°C in an illuminated incubator. A suspension of 26ospores mt was then produced
following the method described by Hargsal. (1997). A vertical slit (ca. 10 mm long)

was made using scalpel blade at the base oftamal leaf (close to the crown). The
inoculum was then directly sprayed onto the wounded area using a garden sprayer, 5 mL
per plant. Inoculated plants were placed into a chilled glasshouse compartmerntGa. 20

and covered with a clear polythene dHee48 h to prevent the zoospores from drying out.

5.2.4. Transplantation

In experiment 1, there were four treatments: plug inoculated at planting with (1) AMF [M],
(2) PGPR [P], (3) both AMF and PGPR [M+P], and (4) a negative control without
microhbal inoculaton [Cb’]. Each treatment contained 20 replicate plants giving 80 plants
in total; a randomised block design was used. About three weekg@tia start of the
experiment, ca. 100 cold store@C) pl ugs of cv. n@d/todpolyant 6
tunnel with natural temperature and light conditions for ca. two weeks to induce plant
growth. Plants were watered once iy with tap water. No additional fertiliser was

added.

All plants were inoculated witR. fragariaeas described in Sectidn2.3. Immediately
after pathogen inoculation, plants were transplanted into 500 mL plastic pots (9 x 9 x 10
cm, Desch Plantpak Ltd, Essex, UK) filled up with ca. 400 mL of autoclaved (two cycles

at 12FCfor 20 min with about 4 d between cycles) sandyposh(Table 5.2). The paotiy
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mix consisted of one pasaind (Sinclair horticulture Ltd, Lincoln, Uknhd one partieved
compost (reduced peatixeswith added bark and gritom Sinclair Pro, Cheshire, UK)
fertilised with Mult-Mix® (added at 1 kg my Sinclair Pro, Cheshire, UK Pots were

placed in a growth cabinet (Meridian Refrigeration Ltd, Croydon, UK; const&f ta.
72%RH, |1 ight: dar k 16 "38h).8Plaits stod FasHallow layer4 0 ¢
of water (27 mm) during the entirexperiment. The experiment was terminated five weeks

after transplanting.

In experiment 2, eight inoculation treatments were tested. There were plants inoculated at
planting time with (1) AMF [M], (2) PGPR [P] and (3) both microbes [M+P]. There were
also(4) AMF preinoculated plant [PreM] and AMF piieoculated plants inoculated at
planting with(5) AMF [PreM+M], (6) PGPR [PreM+P], and (7) both AMF and PGPR
[PreM+M+P]. A negative control (8) without microbes inoculated[@as alsancluded.

Each treatrant contained 16 replicate plants giving 128 plants in total; a randomised block
design as used. About two weeks ptmthe start of the experiment, ca. 320 cold stored
(2°C) plugs of cv. 6Mal |l ing Centenarydé wer
Refrigeration Ltd, Croydon, UK; day and night°C5 ca. 726 RH, light: dark 16 h/8 h,
PPFD of ®#%teindode plant growttPlants were watered once pegek with

tap water and no additional fertiliser was added. Finally, plugs were inocwiteé.

fragariaeand treated as in experiment 1. The experiment was terminated after six weeks.

In experiment 3, there were two treatments: (1) plugmpreulated with AMF [PreM] and
(2) negative control without AMF primoculation [Ch]. Each treatmencontained 20
replicate plants giving 40 plants in total. This experiment was conducted on two separate
occasions (Table 5.1). Before pathogen inoculation, cold ste®€)(plugs of cv.

OMal ling Centenaryd were tramxddannDescd i n
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Plantpak Ltd, Essex, UK) filled up with ca. 450 mL of stard compost mix (reduced peat
with added bark and gritertilised with Mult-Mix® [added at 1 kg ri] and Osmocofe
[added at 4.44 kg Hj, from Sinclair Pro, Cheshire, UKFable 5.3. Plants were then
transferred to a poffunnel under natural temperature and light conditions for ca. five
weeks to induce plant growth and AMF colonisationnBlavere manually watered once
per day with tap water and no additional fertiliseas added. All plants were then
inoculated withP. cactorumas described in Section 5.2.3. Finally, each plant was
randomly placed into a chilled glasshouse compartment (temperature se€ atu?idg

the day and 1% during the night, with natural light/cle). Plants were watered as above.

The experiment ran for seven weeks before destructive sampling.

In experiment 4, there were four treatments: plug inoculated at planting time with (1) AMF
[M], (2) PGPR [P], (3) both AMF and PGPR [M+P], and (4) a niegatontrol with no
microbes inoculated [Cp This experiment was conducted on two separate occasions.
There were three replicate coir bags and a randomised design was used (Table 5.1). Cold
stored {2°C) pl ugs of cCV. 6 Mal | i nog ba@Gse(Botaei@om,r y 6
London, UK), 10 plants per bag and inoculated with AMF and/or PGPR at planting as
described in Section 5.2.2. Irrigation was delivered to plants via four irrigation lines using
drippers (four per bag), controlled by Galcon irrigatimner (DC15: City Irrigation Ltd,

Kent, UK). Three were three coir bags per irrigatioe. The volume of irrigation was
adjusted over time and reached 1 L per day per bag at 6 weeks from plantation.
Concentated nutrient solution of Vitafeed 102 (100 g;LVitax Ltd, Leicester, UK) was
injected into the irrigation lines by a dosatron injector (¥8en lineCity Irrigation Ltd,

Kent, UK) set at a dose rate of G%v/v) for two weeks from plantation and then adjusted

at a dose rate oP4 (v/v) and therafter remained at this rate. After the onset of flowering

a mini hive of bumblebeesBOmbus terrestrisaudax; Agralan, Wiltshire, UK) was
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introduced to the compartment to pollinate flowers. Plants were grown in a glasshouse
compartment set at 2@ day/20C night with natural light cycle. Eperiment 4 was

terminated after the final fruit harvest (i.e. 13 weeks post transplantation).

Table 5.2: Background nutrient status analy$the substrate used in experiments.

NO, NH, P K Mg
Experiment Substrate pH T
ppm =mg kg
1 Sandy compost 5.8 75 27 16 200 45
2 Sandy compost 4.9 175 131 62 267 51
3 Compost 4.7 236 75 101 380 130
4 Coir 6.6 <4 20 <6 31 <1

@ Available nutrient status of each growth medium was provided by NRM Laborat@éskshire, UK in
mg L?! and it was converted to mg kgNOs; was determined by ion chromatography andsNbly
colorimetric analysis. P, K, Mg and Ca were analysed by®&S (Inductvely Coupled Plasm@ptical
Emission SpectroscopyNote that the nutrient statuanalysis of each growing mediuoould not be
replicated de to high cost

5.2.5. Disease assessment, plant productivity and root sample analysis

In experiment 1, 2 and 3, plants were assessed once a week for aboveground disease
symptoms on a rating scale:

17 no symptoms,

21 flaccidfoliage,

317 totally collapsed and dead.
In experiment 3, after the final aboveground disease assessmentouimes evere cut
longitudinally and the extent of internal necrosis was recorded:

17 no necrosis,

271 up to 286 necrosis,

371 25 to 506 necrosis,

47 50 to 786 necrosis,

51 75 to 10046 necrosis.
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In experiment 4, ripe fruits were pickédice weekly. Dtal and Class fruits (> 18 mm
diameter) were obtained for individual coir bags and the number of fruit was recorded for
every pick. After the final fruit pick, total fresh shoot weight of the plants from individual
bags was also determined. A few pladiesd during the experimerdyelage number of
fruits (total and Tass Ifruit), average plant yields (total and Class | fruad average

fresh shoot weight were calculateér plant for each individual coir baand used in

subsequent statistical anab/s

At the end of each experiment, a composite sample of was taken for each pot or coir

bag (i.e. roots deriving from three plants out of 10 were pooled together) for assessment of
AMF root colonisation (preferentially on younger roots). The roots were then cleared with
2% KOH before being stained with Tryparub (Section 2.3.1) and microscopically

assessed for root length colonisation (RLC; Section 2.3.2).

5.2.6. Data analysis

All data were analysed using GenStat"1&dition (VSN International Ltd, Hemel
Hempstead, UK). Only significant differences were reported in the text. For experiments
with more than one factaihe interactions were statisticatgsted. In experimesi-3, the
disease dataere all analysed usg generalised linear models (GLM) with residual errors
assumed to follow Poisson distribution; the log link function was used. There were two
treatments factors (M and P) in experiment 1, three factors in experiment 2 (PreM, M and
P) and one factor in egpment 3 (M).In experiment 3, individual experiments conducted

at different times were treated as a blocking fadtoexperiment 4, for each bag average
fruit yields (total and Class | fruit), average number of fruits (total and Class | fruit) and

averlge plant fresh shoot weight per plant were analyséddsyway ANOVA. There were
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two treatment factors (M and Pdividual replicate experiments were treated as a
blocking factor.Common diagnostic plots (e.g-qgplots, residuafitted value plot) did

reveal apparent violation of the normality and homoscedasticity assumption. Hence,
average number of fruit data were square root transformed, while average yield and fresh
shoot weight were both log transformed to satisfy normality. If ANOVA indicated
significant effects of a specific treatment factor or interaction, pairwise comparison was
performed based on the LSD tdstall experiments, the AMF root colonisation data were

not statistically tested due &very low level of AMF within roots.

5.3. Results

5.3.1. Establishment of AMF in the substrates

Experiment 1 and 2 were carried ¢otstudy the protective effect of AMF and/or PGPR
againstP. fragariag while experiment 3 was undertaken to test whether AMF can control
P. cactorum Finally, experiment 4 was nducted to evaluate the effect of AMF and/or
PGPR on strawberry plant growth and productivity in dairexperiments B, there was

no AMF colonisation observed in the roots of AMF treated plants. In experimaMPr
pre-colonised plugshowed an averagd 3% RLC before transplantation; but no AMF
colonisation was observed at the end of the experiment. In experinEhtwvkeks post
inoculation, AMF colonisation was observed at a low level (averagé REC) and varied
greatly among samples; there was no AMF colonisation in nAduily inoculated root

samples. There were no obvious differences in RLC between M and M+P treatments.

5.3.2. Effect of beneficial microbes against red core and crown rot

The effects of AMF and PGPR inoculations agaistragariae(red core) were studied

in experiments 1 and 2. In experiment 1, the first wilting symptoms appeared eight days
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after pathogen inoculation. In general, the number of plants with visible symptoms
remained stable after 20 d from inoculation (FiguBA5B); 60 out of 80 plants showed
disease symptoms at the end of the experiment. The number of diseased plants was
decreased by A inoculation at plantingR = 0.020; Figure ), while PGPR treatmén

did not affect the number of diseased plants. There was no significant interaction between

AMF and PGPR.

In experiment 2, the first wilting symptoms appeared in less than a week after inoculation.
No more symptoms appeared after 20 d from pathogenletemn and the overall number

of wilted plants was lower than in experiment 1; 40 out of 128 plants showed disease
symptoms. However, there were no diigant treatment (PreM, M, Pegffects on the
number of diseased plants; neither were there signifioéetactions among treatment

factors.
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Figure 5.3: Plants inoculated witRhytophthora fragariaén experiment 1 (view of block 4 only)
at two different time points: (A) at planting and (B) three weeks after planting. Diseased plants

were wilted and sheed brown leaves (red arrows).
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Figure 5.4: Influence of arbuscular mycorrhiza fungi (AMF) addition in experiment 1 on disease
score 35 d after inoculation Bhytophthora fragariacData are the total number< 40) of plants

in each of théollowing disease category:-ho symptoms, 2floppy foliage, 3- totally collapsed

and dead. White bars show plants inoculated with mycorrhiza at planting (AMF+; i.e. M and M+P

treatments) and black bars show plants without mycorrhiza (AMF P and Clireatments).

The effect of mycorrhizal inoculatioagainstP. cactorum(crown rot) was studied in
experiment 3. The first wilting symptoms appeared about two weeks after inoculation
(Figure 5.4A) and the number of plants with visible symptoms remained stable after five
weeks from pathogen inoculation. fatal, 31 and 33 out of 40 plants showed crown
necrosis for theland 2 replicate experiment, respectively (Figuré/. B). However,

there were no significant effects of AMF greoculation on the number of diseaséans

and crown necrosis level.
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Figure 5.5: Plant inoculated witHPhytophthora cactorunin experiment 3 (replicate 1) seven
weeks after pathogen inoculation: (A) severely wilted plant and (B) observatiomwn necrosis
(level 4, see &ction 5.2.5).

5.3.3. Effect of AMF and PGPR on strawberry production in coir

Strawberry plants in experiment 4 grew normally and there were no visual differences in
plant growth among treatments (Figur6)5A single plant in each coir bag produced on
averagenine and ten fruits for thesland 2 replicate experiment, respectively; the
corresponding average fruit weight was 60 and 67 g. There were no significant differences
in the average pht yields (total and I@ss | fruit) and average plant number oftsiotal
andClass | fruit) among treatments. The interaction involving the factors M and P was not
statistically significant. For the average plant fresh weight, none of the treatments resulted
in significant differences and there was no significantaugon. Despite th absence of
asignificant effecbnthe average plant yieldei@ number of fruits (total andl&ss Ifruit)
followed the same treatment order: P > M+P > M > (Eigure 5.A), whereas the
treatment order for average plant shoot fresigitewas: M > M+P > P > CHFigure

5.7B).
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Figure56: St r awberry cv. 6Mal l ing Centenarydé pl an

weeks after plantation.
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Figure 5.7: Average plant @ss | fruit yield (A) and average plant shoot fresh weight (B). The
treatments were plugs inoculated at planting time with AMF; PGPR (P), both AMF and PGPR
(M+P) and a negative control with neither AM&riPGPR added (OQbNote the scakdo not start

at 0. Treatments that did not differ significantly share at least one common letter (Pairwise

comparisonsP 00.05).Note thescales do not start at 0
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5.4. Discussion

The soitless substrates used in horticultural production usually lack beneficial microbes
(Postmeet al, 2008) By inoculating commercial AMF and PGPR alone or together to the
plant rhizosphere, it might be possible to reduce chemical inputs and grow strawberry more
sustainably(Boyer et al, 2016) Bacteria and mycorrhizal fungi occurring naturally in
plant rhizephere could be excellent candidates for the development as a biocontrol agent
or a biofertiliser because they are already part of the balance between plants, pathogens
and soil(Whipps, 2004) The main objective of this study was to investigate whether
commercially available AMF and/or PGPR inoculantaild reduce development jot
pathogens such d3. fragariae(red core), and®. cactorum(crown rot) in peabased
composts and test whether AMF and/or PGPR can improve strawberry productivity in coir

unde controlled conditions.

In experiment 43, AMF inoculation in composiixes containing peat and fertilisatid

not result in strawberry root colonisatioHowever, a low level of root colonisation
(averagel5%) was detected in coir bags in experiment HAerefore, soilesssubstrates
used in tlose experimentappeared not to be conducive for &Nloot colonisation, in
contrast to the results obtained in ChapteiN8vertheless, previous studies reported
negative effects of certain peat types and coir on strawberry(Ré§tberget al, 2004;
Boyeret al, 2016) For example,drtilised compost mixes were previously used to test the
effect of AMF against Phytophthoraon strawberry plants and results were rather
disappointingn term of disease severity reduction and/or AMF root colonisation that was
associated to the high level of available P measured in the sub@itatphyet al, 2000;
Vestberget al, 2004) In addition, high inputs of fertilisers under commercial practices
have been shown to reduédF root colonisationin strawberry(Niemi & Vestberg,

1992) For example, xcessive P inputs showed to often reduce AMF colonisation in
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several crops when appliedtte substrate in pot experiments under controlled conditions
(Olssonet al, 1997).Consequentlythe absence of root colonisation in the compost mixes
used in experiment 13 may have béea results oh high concentration of available P
(16-101 ppm; Table 5.2) and a low pH (i.e. < 5.3; Table 6t2he combination obther
chemical, physical and biological propesiof the substrates themseliagontrary even

low, AMF root colonisation was observed aoir used in experiment, 4ha presentedh
relatively neutral pH(6.6) and avery low P level(i.e. < 6 ppm;Table 5.2) Therefore,
further investigations on the role of commercial fertilisers and substrate properties on AMF

colonisation are needed.

In experiment 1, the number ofseéiased plants was reduced by AMF inoculation at
planting time. This agrees with several studies highlighting the positive effect of AMF
inoculation against red coi@®lark & Cassells, 1996; Normagt al, 1996; Norman &
Hooker, 2000) However, PGPR alone and-owmculation with AMF did not result in
reduced disease development in experiment 1. In contrast, Vestlar(2004) reported

an increase in disease developmenPofragariaeafter AMF inoculation (alone or in
mixture with PGPR). However, it should be noted that although the AMF inoculation
showed a positive effect against red core in experiment 1, AMF colonisation was not
detected in the roots. Either the sampling method failed to detect a low level of AMF
colonisation or the substrate containing the AMF inoculum (i.e. attapulgite
clay/pumice/zeolite mix) could have achieved this as attapulgite clay has previously been
found to limit the development éfhytophthorasymptoms in strawberry planfslautsalo

et al, 2016; persobervation) In experiment 2, neither AMF piroculation, nor microbial

(i.e. AMF and/or PGPR) inoculations at planting, nor the combination of both inoculation
methods reduced disease development. Fewer plants in experiment 2 suffered from red

core (320) than in experiment 1 (%b). It is, however, unclear whether the lower level of
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diseased plants in experiment 2 was due to the differences in susceptibility between the
two cultivars and/or an effect of the growing season. Previous studies have higdrtlghte
difference of red core susceptibility between strawberry culti¥éas de Weg, 1997gnd

the growing season has also been shown to modify the effect of the beneficial microbes
againstPhytophthora(Vestberget al, 2004) The reasons for the differee in disease
development may be the physiological status of the strawberry plants that may modify the
root exudation and the microbial community composition in the rhizosphere, either
introduced or natural. In experiment 3, disease reduction was alsahmeved by AMF
pre-inoculation during the season favourable for strawberry growth. The reason for this is
unknown. Nevertheless, in experiment 2 and 3, the absence of AMF root colonisation
might have explained the absermfethe biological control effectexpected. It is now
essential to establish a reliable experimental system to study the potential bioprotective

effect of AMF againsP. fragariaeandP. cactorum

In experiment 4, inoculation of plants with AMF and/or PGPR at planting time in coir had
aconsistent positive trend of increasing shoot fresh weight, fruit yield and number of fruits
produced. These observations agree with previous reports of AMF inoculation of
strawberry in coifBoyer et al, 2016) Coinoculation of AMF and PGPR did not give
better results than the inoculation of either AMF or PGPR alone for strawberry growth and
yield, supporting a previous stuflyestberget al, 2004) However, the positive effects of

AMF and PGPR observed in the current study were not statisticallyisagnifThe nature

of the experimental design (i.e. random design) could have been responsible for large
experimental residual errors, leading to the absence of significant treatment effects. Four
irrigation lines were used for this study to deliver wat¢o icoir substrate. Although the
irrigation lines are supposed to provide equal an®ahwater and fertiliser, they are

known to often introduce systematic differences in experimental results (Xu pers. Comm.).
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Consequently, the use of a randomised btedign with a single irrigation line as a block
may have been more appropriate than a randomised design to minimise experimental

residual errors.

5.5. Conclusion

Use of AMF and PGPR to redudesease development anditgprove crop production in
commercial strawberry production remains a challenge despite extensive esaf¢hes
beneficial impacts. In fact, for biological agents to have real potential to be developed as a
commercial producand used by strawberry growers, their positive effects need to be
consistent and reliable. Unfortunately, the beneficial impact of AMF and PGPR appear to
be context dependent and variable, highligh the complexity of planrmicrobe
interactiors and sothe difficulty to establish AMF symbiosis in different stdks
substratesThis study highlighted the difficulty for AMF to establish in sleits substrates
containing high P level and/or presenting a low. pHherefore, strawberry cultural
practices sut as the amount of fertiliser, the irrigation regime and the type of substrate
may have to be adjusted to improve AMF iamdPGPR colonisation. In addition, AMF

and PGPR inoculum production methods may need to be improved for better application
and estabhment of those beneficial microb&s commercial soHess strawberry
production systemd.o take this research forward, it is imperative to find a substrate that
could be commercially relevant and conducive for AMF and/or PGPR. Although microbial
inoculdion did not result in significant positive effects on strawberry health and yield in
this study, further optimisations and understanding of the strawbgcrpbe interactions

in soil-less substrates is needed before this technology can be adoptedstrgwherry

industry.
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Chapter 6. Can an axenic autotrophic in vitro system be
establishedto explore the nature of interactions between AMF

and soilborne pathogens in strawberry plants?

6.1. Introduction

Among other benefits, AMF colonisation is known to alter strawberry plant response to
biotic stresses, leading to increased tolerance to attacks by root patfiégenanet al,

1996; Tahmatsidoet al, 2006; Sowiket al, 2016) However, the interacti@among

AMF and pathogens are complex; a further complicating factor is that most of these studies
have been conducted under glasshouse or field conditions where changes in the
environmental conditions also affect the nature of these interactions. Therefor
investigating the nature of the interaction between pathogens and AMF innd&no
conditions may help to reveal the role of AMF in increased tolerance/resistance to

strawberry sotborne pathogens.

The application of autotrophic systems (irevitro culture systems with photosynthetic
active plant tissues) may therefore be a useful approach to study various aspects of plant
AMF interactions. The AMF symbiosis has been successfully established under axenic or
semtaxenic controlled conditions witkeveral plant species (e.g. banana, barrelclover,
clover, ficus, potato and vin3depper, 1981; Voetst al, 2005; Koffiet al, 2009; Voets

et al, 2009; Nogalegt al, 2010; Lovatcet al, 2014) including strawberryElmeskaoui

et al, 1995; Cassellet al, 1996) Autotrophic systems may facilitate the study of
biochemistry, molecular and physiological aspects of the ipAET pathogen

interaction, allowing more accurate assessments than in conventional pot systems.

~ 131~



Chapter 6

Recently, several autotrophic stsgms have been developed and demonstrated the
protective effect of AMF against pathogefi¢ogaleset al, 2010; Koffi et al, 2013;
Lovatoet al, 2014; Oye Andat al, 2015) In addition, then vitro system developed by
Sowik et al. (2008) allowed the successful association of strawberry plantlets with
Verticillium dahliaeunder axenic conditions, speeding up screening for wilt resistance.
Although strawberry roots were successfully associated with AMF uimderitro
conditions(Elmeskaouiet al, 1995; Nuutilaet al, 1995; Cassellst al, 1996) the study

of theinteractionsamongstrawberrycultivars AMF and pathogens baot been reported

yet under axenic conditions.

The objective of this study was to establish a simple experimental culture system
associating micropropagated strawberry plantlets with AMFaasthgleroot patlogen

under a controlledndaxenic environment. Twautotrophic systems developed by Muller
etal. (2013) and Voetst al.(2009) were adapted into a singlevitro system tastudy the

effects of AMF againsstrawberryroot pathogensRhizophagus irregularigMUCL

43194) was used as the AMF inoculant and two strawberry pathogens were tested
separatelyV. dahliaewas inoculated ontBragaria vescgone diploid parent of cultivated
strawberry) andP. fragariaewas inoculated ontb. ananassa v . 6Cal ygpoeo 06 .
gernination, spread of the pathogen the medium, disease scores and intraradical root

colorisation by AMF and the pathogerere assessed.

6.2. Materials and methods

This study aimed to investigate the protective effects of AMF ag#indgahliaeor P.
fragariae under an axenim vitro culture systemTwo experiments were carried out and

a schematic representation of the experimental setup is shown in Figure 6.1.
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Step 1: Plantlets rooting
on solid MSR medium

Step 2: Rhizophagus
irregularis inoculation

AMF propagules 1n sterile
liquid suspension

© o
= 0 ° 0
000 Step 3: Pathogen
) inoculation
Pathogen Plugs of medium
isolate culture overgrown with

pathogen mycelium

Step 4: Disease severity and
AMF/pathogen root colonisation
assessments

Figure 6.1 A schematic representation of the experimental setup to study the interaction of
arbuscular mycorrhiza fungi (AMF) anderticillium dahliaeor Phytophthora fragariae@inderin

vitro culture (1) strawbery microplants were rooted onddified Strullu Romand (MSR) medium;

(2) microplants were then inoculated with commercial st&®fleophagus irregularispores (3)
microplants were inoculated with plugs of medium overgrown with pathogen mycaelnth{4)

disease severity in addition to AMF or pathogen root colonisation was assessed.
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6.2.1. Plant materials

Tissue culture plants of & vesceclone VSI and-. x ananassa v . 0 Cmoducens o 6

as akscribed in Section 2.2\Mereused in experimentdnd 2, respectively

6.2.2. Arbuscular mycorrhiza fungus

Rhizophagus irregularigN.C. Schenck & G.S. Sm.) C. Walker & A. Schuessler 2010,
strain MUCL 43194, was purchased from Premier Tech Biotechnologies (Mycorise®
ASP, Rivieredu-Loup, Canada) as a sterile suspension of spores (400 sporgsant.

used to inoculate vitro strawberry plants.

6.2.3. Strawberry plantlets establishment in axenic conditions

The autotrophian vitro system was adapted from axenic culture systems deactlop

Miller et al.(2013) and Voetst al.(2009). Square Petri dishes (12 x 12 cm) were used as

in Mller et al.(2013) to maintain axenic conditions. The plates were filled with Modified
Strullu Romand (MSR) mediurfDeclercket al, 1998) lacking sucree and vitamins as

in as in Voetst al. (2009), but the medium was solidified with 5 g PhytogeE instead

of 4 g ! Gel GrE . After solidification, the upper half of the medium was removed from

the Petri dishes. Two microplanigere then transferred into each square plate, with the
roots placed on the surface of the MSR medium and the shoot extending into the empty
part of the plate. The square plates were then sealed with parafilm and incubated vertically
in a growth room (2°C, light:dark 16 h/8 hPPFDo f 4 0 '&£shddr 3 weeks to

allow plants to produce new roots.
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6.2.4. Strawberry plantlets inoculation with AMF

After 3 weeks on the MSR medium, each pl
of the sterileR. irregularis spore suspension. For each expent, 20 square plates with
AMF (+AMF treatment) and 2lateswithout AMF (-AMF treatment) were set up. The
plates were sealed again with parafilm and the root area was @aviéheauminum foll

to allow the roots andAMF to grow under darkened conditions. The plates were incubated

for 7-8 weeks after MF inoculation.

6.2.5. Soil-borne pathogens

Three isolates of botii. dahliaeandP. fragariaefrom the collectiorheld at NJABEMR

(Kent, UK) were used.

In experiment 1,ireeV. dahliaeisolates (12251, 12252 and 12253) were recovered from
NIAB EMR cryostore and cultured separately on sterile prune lactose yeast agar (PLYA)
medium(Talboys, 1960jor ca. 1 month in the dark at 22 ¥ Sterile purified water was
pipettedonto each Petri dish (5 mL) and the medium surface gently rubbed to make a
conidial suspension. Finally, 0.2 mL conidial suspension of each isolate was pipetted onto
the same fresh PYLA plate; the plates were then incubated for 18 d at ambient conditions

close to a natural light source.

In experiment 2three P. fragariaeisolates (BC1, BG-16 and Now9) were cultured
separately on sterile modifié&BA medium(Maas, 1972jor 1-2 months in the dark at 18
+ 1°C. Then one piece {4 mn?) of colonised KBAwas transferred to a fresh KBA

medium plate, and then incubated in the dark at 18#dr ca. 3 weeks.
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6.2.6. Inoculation of strawberry plantlets with pathogens

In experiment 1, after 8 weeks of growth in plates with or without AMF, the plantlets were
randomly dvided in four treatments: inoculated with (1) wilt and AMF (+AMF+Wilt), (2)

AMF only (+AMF-Wilt), (3) wilt only (-AMF+Wilt), and (4) no AMF or wilt {AMF-

Wilt). Each treatment had ten replicate plates each with two plantlets. Inoculatiowi. with
dahlia was as follows:hyphal plugs, 5 mm in diameter, were harvested from 18 d old
colonised PLYA Petri dishes using a sterilised cork borer and transferred onto the roots
(three plugs per plant). The plates were then sealed, shaded with aluminium foil and
incubatel in a growth room (Meridian Refrigeration Ltd, Croydon, UK; day and night 21
22C, |light: dark 16 h?s8§. Tie,posiBoRr Bf Raclodlate hh@he £ moa

growth room was randomised.

In experiment 2, after 7 weeks of growth, the plantlets waneomly divided in four
treatments: inoculated with (P) fragariaeand AMF (+AMF+Pf), (2) AMF only (+AMF

Pf), (3) P. fragariae only ((-AMF+Pf), and (4) no AMF orP. fragariae (-AMF-Pf).
Inoculation withP. fragariaewas as follows: Hyphal plugs, 5 mm inliameter, were cut

from the growing edge dhreeweeks old colonised KBA Petri dishes and transferred onto

the plants roots (one plug from each of the three isolates per plant). The plates were sealed,
covered with foil, and incubated in a growth room (Meridian Refrigeration Ltd, Croydon,
UK, day and mght 1516°C, | i ght : dar k 16 HE8Figare6.2>PFD

the position of each plate in the growth room was randomised.
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Figure 6.2: A photo depicting the square plates of experiment 2 incubated in a growth room at 15
16°C after inoculaibn of plantlets withPhytophthora fragariaéayphal plugs.

6.2.7. Estimation of disease severity and assessment of root colonisation by
AMF and pathogens

In both experiments, disease severity was assessed five weeks after inoculation with hyphal
plugs. The symptom was assessed on a rating scale from 0ta&s@mptoms, 1shoot
with a single leaf showing symptoms (yellowdstown appearance), 2up to 5% of
leaves showing symptoms,-3ip to 5@%6 of leaves showing symptoms-4up to 736 of

leaves showing symptoms, and flant death.

After disease severity assessment, AMF root colonisation (i.e. hyphae, arbasulles
vesicles) was assessed on the plantlets in the mycorrhizal treatments (<uMigtly,
pathogen structures (i.e. hyphae and microsclerotid/fatahliaeand oospores foP.
fragaria€) were assessed in those plantlets inoculated with the pathddenglantlet

roots were removed from the plates with a pair of forceps and stained as described in

Section 2.3.1. Each root sample was pooled from four individual plantlets (i.e. two plates).
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6.2.8. Data analysis

All data were analysed using GenStat"1&dition (VSN International Ltd, Hemel
Hempstead, UK).In both experiments, AMF colonisation was not observed in the
mycorrhizal treatments. Therefore, to analyse the disease severity, data from the AMF
treatments were pooled with their respective-AbfF treatmens. The disease severity

data were all analysed using a generalised linear model with the Poisson distribution and

a loglink function. There was no evidence of oxdspersion in the residual deviance.

6.3. Results

Fragaria vescaandF.xananass& v. O0Cal ypsodé plantlets we:
and leaves on modified MSR mediuma completely sealed environment (Figure 6.3A,

B). In addition,R. irregularis(MUCL 43194) could germinate on modified MSR medium
(Figure 6.4A, B), but no AMF in&radical colonisation was observed after trypan blue
staining ofF. x ananassandF. vescaoots. The mycelium of both pathogens was able to
grow and spread on MSR medium in the presence of plant roots (Figure 6.5A, B). Staining
of F. vescaroots with trypan blue failed to detect wilt infection (i.e. presence of hyphae
and/or microsclerotia). Neverthelesse shoot showed symptoms of wilt (Figure 6.6A).
F.xananass& v. O0Cal ypsod pl ant IPefrgariaeffegure 6.68) g h |
with the presece of abundardospore in the root tissues (Figure 6.5C) and the petiole of
the leaves (Figure 6.6Dfor both experiments, the number of diseased plants was

increased by pathogen inoculatidh< 0.001; Figurés.7A, B),
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Figure 6.3: (A) Fragariavescaand (B)F. xananass& v. O Cal y p s o 6 -egidblahed | et
root systems and healthy shoots after one month of cututdodified Strullu RomandMSR)

medium under axenic conditions.

Figure 6.4: GerminatedRhizophagus irregularispores (black arrow = mycorrhizal hyphae) on
Modified Strullu RomandMSR) medium. Photos were takafter two months of culturender

axenic conditions witQA) Fragaria vescand (B)F. xananassz¢ v. 6 Cal ypsod6 pl an
was not available in the camera used for image acquisition, thus the magnificationrtedrepo
instead.
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Figure 6.5: (A) Fragaria vescalantlets inoculated with hyphal plugs\éérticillium dahliaeand
(B)F.xananass& v. O6Cal ypsod pl ant | et &hyiophtbarafragartaee d wi
5 weeks after pathogen inoculation. Both pathogens could spread and establish on the surface of
Modified Strullu Romand (MSR) mediu¢black arrows highlight areas where the mycelium grew

around the mycelial plugs).
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D

Figure 6.6: Disease symptoms of (Aragaria vescalantlets inoculated witierticillium dahliae

and (B)F. x ananassa Vv . 6Cal ypsod pl Bhytophtleotafsagariar, 6 waeksat e d
after pathogen inoculation. Longitudinal squ
with trypan blue showing the presencedofragariaeoospores (red arrows). The black scale bars

represent 100 & m.
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