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SUMMARY

Dry core rot (DCR) and wet core rot (WCR) are among some of the most important post-
harvest diseases of applesin South Africa. Mouldy core (MC) is also a symptom associated with
the core region of apples, but it is not of economical importance since apple tissue surrounding
the core region is not affected as is the case with DCR and WCR. The incidence of core rots in
harvested fruits can be as high as 12%, but in general ranges from 3 to 8%. Infections and losses
can also occur during fruit handling in pack houses and during storage. Additionally, yield losses
also occur prior to harvest within orchards due to premature fruit drop of core rot affected fruits.
The incidence of core rot diseases in apples differ among apple cultivars, with most Red
Delicious varieties being susceptible to the development of core rots, whereas core rots have

rarely been reported in other cultivars such as Granny Smith.

The etiology and epidemiology of WCR and DCR are poorly understood. Although many
fungal genera have been associated with the diseases, small-spored Alternaria species are mainly
associated with DCR, whereas Penicillium species including P. roquefortii, P. expansum and P.
funiculosum have mainly been associated with WCR. Dry core rot infections have long been
known to occur pre-harvest, whereas WCR is primarily known as a post-harvest disease where
infections take place during fruit handling in pack houses. Recently, Tarsonemus mites have also
been indicated as being a potential role player in the etiology of core rot diseases. The mites
have been hypothesised to carry pathogen spores into the core region of apples, and they may
also possibly cause small wounds that facilitate pathogen entry.

In South Africa, apple growers have recently reported WCR as being present prior to
harvest, which has not been reported previously. Therefore, the first aim of the study was to
investigate the incidence, as well as the causal agent/s of pre-harvest WCR. The incidence of
WCR ranged from 0% to 1.7% in eleven orchards, and was in general lower than that of DCR
(0.4% to 6%). Isolation studies from eight internal positions in WCR apples showed that
Penicillium was the predominant fungal genus in most of the positions, including the lesion area.

Morphological and molecular characterisation of Penicillium isolates from WCR showed that P.



ramulosum prov. nom. was the main species isolated from lesions, as well as other isolation
positions. However, this species was also the main species isolated from DCR, MC and
asymptomatic apples. Penicillium expansum was only isolated at low frequencies from WCR
and DCR apples. Other Pencillium species that were occasionally isolated included P. glabrum,
P. chloroloma, P. chermisinum and a putative new species with closest affinity to P. dendriticum
(P. species aff. dendriticum) on a DNA nucleotide sequence basis. Pathogenicity and virulence
studies using three different inoculation methods showed that P. expansum was the most virulent
species, followed by P. species aff. dendriticum. The P. ramulosum prov. nom. isolates varied in

their virulence, but were all considered to have low virulence.

The role of Tarsonemus mites in the etiology and epidemiology of core rot diseases is
poorly understood, and therefore the second aim of the study was to investigate some of these
aspects. The specific aims of the study were to (1) investigate the ecology of Tarsonemus mites
in Red Delicious and Granny Smith orchards during different apple developmental stages, (2)
determine if there is a significant association of Tarsonemus mites with diseased (WCR and
DCR) fruits and (3) determine if potential core rot pathogenic fungi are associated with the
mites. Tarsonemus mites were found in all of the investigated apple developmental stages (buds,
blossoms, 4cm diameter fruit, mature fruit and mummies), having the highest incidence in
mummies and mature fruits from Red Delicious and Granny Smith orchards. In Red Delicious
fruits the Tarsonemus mites were found within the core and/or calyx tube, whereas in Granny
Smith fruits the mites were restricted to the calyx tube. In Red Delicious fruits there was a
significant association between dry core rot as well as total core rot (wet- and dry-core rot) with
the presence of mites in the core, as well as total mites (mites in core and calyx tubes). Fungal
isolation studies from the Tarsonemus mites showed that they carried potential core rot fungal
pathogens within the genera Penicillium and Alternaria. The Penicillium species isolated from
the mites included two of the most virulent WCR species, P. expansum and P. species aff.

dendriticum.



OPSOMMING

Droé kernvrot and nat kernvrot is van die belasgie na-oes siektes van appels in Suid-
Afrika. Beskimmelde kern word ook met die kern \apels geassosieer, maar hierdie toestand
is egter nie van ekonomiese belang nie, aangesteewekfsel rondom die kern nie geaffekteer
word soos in die geval van nat- en droé kernvret ridie voorkoms van kernvrot in vrugte na
oes, kan vlakke van tot 12% bereik, maar oor digeraken is die voorkoms tussen 3 en 8%.
Infeksie en verliese kan ook voorkom gedurende hdietering en verpakking van vrugte in
pakhuise en gedurende storing. Addisionele verliesopbrengs kan ook voor-oes voorkom in
boorde. Dit is te wyte aan voortydige vrugval vgpels wat besmet is met kernvrot. Die
voorkoms van kernvrot by appels verskil tussenikals. Meeste van die “Red Delicious”
variéteite is vatbaar vir die ontwikkeling van kermot. Die toestand is egter skaars by ander

kultivars soos Granny Smith.

Die etiologie en epidemiologie van nat- en droénkest word nie goed verstaan nie. ‘n
Groot aantal swamgenera is al met kernvrot geasmodKlein-spoorAlternaria spesies word
hoofsaaklik met droé kernvrot geassosieePemicillium spesies, insluitend@. roquefortii, P.
expansum en P. funiculosum, word meestal met nat kernvrot geassosieer. Dlamk reeds
bekend dat droé kernvrot as voor-oes siekte karkeom maar nat kernvrot is algemeen bekend
as na-oes siekte waar infeksie tydens vrughantenmgerpakking plaasvind. Daar is onlangs
aangedui datarsonemus myte potensiéle rolspelers in die etiologie vamkeot is. Hipoteties
is die myte in staat om spore van die patogenadrkern van die appels in te dra, asook om

klein wonde te veroorsaak wat infeksie deur pategargemaklik.

In Suid-Afrika is nat kernvrot wat voor-oes in di@orde ontstaan onlangs deur boere
aangemeld; hierdie toestand is nog nie op ‘n wuggleentheid aangemeld nie. Die eerste
doelwit van hierdie studie was dus om die voorkemseroorsakende organisme/s van voor-oes
nat kernvrot te ondersoek. Die voorkoms van natwket was tussen 0 en 1.7% in elf boorde en
was oor die algemeen laer as die voorkoms vanldro@srot (0.4 tot 6%). Isolasiestudies uit agt
interne posisies van nat kernvrot appels het getiadRenicillium die dominante swamgenus in

die meeste posisies was, insluitend die letselgfdbgiese en molekulére karakterisering van
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Penicillium isolate uit nat kernvrot letsels het aangeduRdaamulosum prov. nom. die spesie is
wat die meeste geisoleer is vanuit die letselgkaaader isolasie posisies. Dié spesie was egter
ook die mees algemene spesie wat uit nat- en dnoi#vitot, asimptomatiese appels en appels wat
slegs swamgroei in die kern gehad het, geisole@eiscillium expansum was ook in lae getalle

uit nat- en droé kernvrotletsels geisoleer. Ar@anicillium spesies wat ook soms geisoleer is,
sluit P. glabrum, P. chloroloma, P. chermisinum, asook ‘n moontlik nuwe spesie wat op DNA
volgorde basis die naaste a&n dendriticum (P. spesie aff.dendriticum) is. Studies wat
patogenesiteit en virulensie van die isolate oraedet, is ook uitgevoer deur gebruik te maak
van drie verskillende inokulasie metodes. Die ®isidiet aangedui d& expansum die mees
virulente spesie is, gevolg deBr spesie affdendriticum. Die P. ramulosum prov. nom. isolate

het variasie in virulensie getoon maar is oor tfiemeen aanvaar om minder virulent te wees.

Die rol vanTarsonemus myte in die etiologie en epidemiologie van kernwwird nie
goed verstaan nie en dus was die tweede doelwitlieastudie om sommige van dié aspekte te
ondersoek. Die spesifieke doelwitte was (1) ometielogie van dielarsonemus myte in “Red
Delicious” en Granny Smith boorde tydens verskilerontwikkelingstadiums van die appels te
ondersoek, (2) om te bepaal of daar ‘n betekerls\adsosiasie vaharsonemus myte met siek
(nat- en droé kernvrot) vrugte bestaan en (3) orbefgaal of potensiéle kernvrot patogeniese
swamme geassosieer is met die mysgsonemus myte is gevind in al die ontwikkelingstadiums
(knoppies, bloeisels, 4 sentimeter deursnee vrugte/asse vrugte en mummies) van appels wat
ondersoek is. Die hoogste voorkoms van myte waseimummies en volwasse vrugte van “Red
Delicious”, asook Granny Smith kultivars gevind.“Red Delicious” vrugte is myte in die kern
en/of kaliksbuis gevind, maar in die Granny Smithgte was die myte tot die kaliksbuis beperk.
In “Red Delicious” vrugte was daar ‘n betekenisgodssosiasie tussen droé kernvrot, asook
totale kernvrot (nat en droé kernvrot) met die ve@ordigheid van myte in die kern, asook totale
myte (myte in die kern en kaliksbuis). Swam is@agidies vanaf digarsonemus myte het
aangetoon dat potensiéle kernvrot swampatogene igesheraPenicillium en Alternaria wel by
die myte teenwoordig was. DRenicillium spesies wat vanaf die myte geisoleer is het twae va

die mees virulente nat kernvrot spesies ingesiliB. expansum enP. spesie affdendriticum.
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1. THE ROLE OF PENICILLIUM AND MITESIN THE
ETIOLOGY OF APPLE CORE ROT DISEASES

INTRODUCTION

Core rot of apples has been reported world-widgeireral countries including
Australia (Spottset al., 1988), U.S.A. (Michailideset al 1994), South Africa
(Combrink and Ginsburg, 1973; De Koeh al., 1991, Serdanket al., 2002) and
Europe (Teixidcet al.,1999). In South Africa, apple core rot diseasesi@portant
post-harvest diseases that can cause losses bebweel?% (De Koclet al, 1991;
Serdaniet al, 1998). Additionally, pre-harvest losses can alscur due to premature
fruit drop of affected fruit in orchards (Combriakd Ginsburg, 1973). Red Delicious
varieties with an open calyx tube are more pron@éacdevelopment of core rots, than
other cultivars such as Granny Smith that has aedacalyx tube (Combrink and
Ginsburg, 1973; Spottt al.,1988).

In literature, the distinction between apple caves,ror symptoms associated
with the core region, has not always been cleais Bhespecially true in the case of
dry core rot (DCR) and mouldy core (MC) (CombriaR83; Serdanét al, 1998). In
general, dry core rot is considered as a dark,lesipn that spreads from the core
region into the fleshy tissue surrounding the c@fgy. 1A). In contrast, MC is
usually considered as a symptom where fungal gresvthstricted to the core cavity
(Fig.1B), not affecting tissue surrounding the coawity (Combrink and Ginsburg,
1973; Combrinket al., 1985a). However, in literature the term MC has stmes
been used when referring to DCR symptoms (Mill&@59). In this review DCR
specifically refers to a dry rot, whereas MC ongfers to fungal hyphae growing
within the seed cavity. In addition to MC and DCiother symptom of the core
region is WCR that consists of a straw-colouredagiethat is spongy and wet, and
which affects the fleshy tissue surrounding theeaegion (Combrink and Ginsburg,
1973; Combrinlet al.,1985a; Fig. 1C).



The etiology of core rot diseases is not well ustterd, and many different
fungal genera have been implicated in causing yhgptoms (Miller, 1959). DCR is
mainly caused by small-sporédternaria spp., although many other fungi have also
been isolated. Infections of DCR take place dutimg pre-harvest period (Ellis and
Barrat, 1983; Spottst al., 1988). The fungal agents involved in MC have bless
well characterised since it is not considered taebenomically important. It seems
that small-spored\lternaria species are most likely also involved (Carpentéd21
Ellis and Barrat, 1983). Wet core rot is mainlyusad byPenicillium species, and
infections take place during post-harvest treatnoérituit (Combrink and Ginsburg,
1973; Combrinket al., 1987). Wet core rot (WCR) is often considered asdp
economically more important than DCR, since it apand rapidly under cold

storage conditions (Combrink and Ginsburg, 1973).

Recently, Michailideset al. (1994) reported that a Tarsonemid mite,
Tarsonemus confususnay also play a role in the etiology of DCR caudsd
Coniothyrium in California. They hypothesised that the mitesyniee vectoring
pathogen spores into the core region. These rode&l also cause small wounds
inside the core cavity that facilitate pathogemefMichailideset al, 1994). Other
than this report of Michailidest al. (1994), which has not been published in a peer
reviewed journal, no information is available or ttole of mites in the etiology of

apple core rot diseases, and therefore much rerlyes learned.

WET CORE ROT OF APPLES

Causative agents. WCR has been attributed to fungal pathogens such as
Mucor piriformisE. Fischey Penicillium expansurhink as well as many other fungi
(Spottset al, 1988). According to Combrink and Ginsburg (19#8) main cause of
post-harvest WCR in South Africa B. expansunthat infects fruits during post-
harvest dipping in solutions containing diphenylaen(DPA) emulsion. Additionally,
Penicillium funiculosumhas also been found associated with WCR in SotititaA
(Combrinket al, 1985a; De Koclet al, 1991; Serdaret al, 1998). ThiPenicillium
species has also been associated with storagd soigar beet in the USA (Bugbee

and Nielsen, 1978), of nuts in Canada (Filtenbetcal., 2004) and pineapple in



Hawaii (Rohrbach and Pfeiffer, 1976; Lim and Roletipa1980). Penicillium
roquefortii has been isolated from apples with WCR, but its rol disease
development could not be proved conclusively ($mital., 1988).

Symptoms. In general, WCR consists of an internal rot thdea$ tissue
surrounding the core cavity. The affected tissugilets a pale straw- to light brown
colour and can be removed from intact tissue, si@ceery sharp margin exists
between decayed and healthy tissue (Combenlal., 1985a; Fig. 1C). In some
instances, WCR can also be manifested as an eksym@tom when internal lesions
expand extensively and reach the surface of fruitsthese cases WCR resembles
blue mould, which is a different post-harvest déseahat is also caused by
Penicillium(Combrinket al. 1985a; Combrinlet al, 1987). Blue mould is caused by
Penicillium spores that infect the surface of fruits most ofterough wounds, but
sometimes also lenticels, causing a wet, soft nothe surface of fruits that can be

covered by blue to blue-green spore masses (Raggrb990).

Aside from Penicillium species causing visual spoilage of apples, they als
pose a threat for food safetyPenicillium is of concern for the fresh fruit- and
processing industry, since some species su¢h agpansunproduce the mycotoxin
patulin. Patulin can reach unacceptable levelsadfett the quality of apple juice as
well as human health (Sommetral., 1974; Frisvad and Filtenborg, 1989; Watanabe,
2008).

Inoculum sources. Wet core rot infections occur post-harvest duringtf
dipping practices (Combrink and Ginsburg, 1973; t&pet al, 1988). Specific
inoculum sources of WCR have not been investigatadnsively. It is known that
infections occur due to waterborne spores thatpaesent in post-harvest drench
solutions and in water flumes that are used foatfim fruit on packing lines
(Combrink and Ginsburg, 1973; Spo#s al, 1988; Spotts and Cervantes, 1993).
Furthermore, inoculum dPenicillium can be transferred from infested packing bins
onto fruit surfaces and then into the water flurf®&sottset al., 1988; Sanderson and
Spotts, 1995).

10



Infection pathways. The infection pathway for WCR is most likely thgh
the open calyx tube (Miller, 1959), where spore®iethe core region during fruit dip
solution practices (Combrink and Ginsburg, 197Bjus, the open core cavity in Red
Delicious apples increases the susceptibility oftfto core rot, as this creates a

pathway for pathogen spores to enter the fruittgg8pottset al, 1988).

In South Africa, there are some indications that RVidfections may also
occur pre-harvest. De Koalt al. (1991) reported WCR in apples harvested directly
from trees. In other publications, including Serdat al. (1998) and Combrinkt al.
(1985a), it seems that WCR infections may have atsmrred within the orchards,

since the fruit were stored directly, and did reataive any pack house treatments.

Influence of environmental and other factors on disease development.
Several factors can influence the development ofRM@cluding environmental
conditions, inoculum concentration and acid conggrituit (Combrink and Ginsburg,
1973; Combrinket al, 1987; Pruskyet al.,2004). Environmental conditions such as
moisture, ventilation and temperature have a dinaefiuence on WCR decay
development (Spottet al., 1988). Combrink and Ginsburg (1973) found that
infection of apple fruit withPenicillium takes place during the pre-cooling period
before a fruit temperature of -0.5°C is reacheder&fore, an emphasis should be
placed on the importance of rapid pre-cooling. dsvalso shown that the development
of WCR decay was slower when apples were storettraperatures below 15°C
(Combrink and Ginsburg, 1973). The incidence of RVS also influenced by the
extent of the spore load on fruits as well as thgsmlogical condition of fruits
(Spottset al, 1988). Low malic and fumaric acid content in lgpfpuit during the
growth and development period may also influenee ghsceptibility of the fruit to
core rot (Combrink, 1983).

Combrinket al. (1987) did some interesting studies on the infbgeaf DPA
and fungicides on the incidence of WCR. They fotimat DPA could increase the
incidence of WCR. However, when the DPA suspensi@as chlorinated and
thiabendazole was added, ®enicilliuminoculum decreased markedly. The reduced
inoculum levels in the water lowered the risk insaal in treating Starking apples with
DPA emulsion (Combrinkt al.,1987).

11



Control Measures. Although a substantial amount of research has been
conducted in order to control post-harvest diseas®y little information is available
for the control of WCR specifically. In general foost-harvest diseases the maturity
of fruit at harvest is an important factor in trevdlopment of rots during ripening and
storage of apples. Cultivar, production area aabaen are all significant factors in
this regard (ValiuSkadtet al, 2006). Harvested fruits are often stored fomeen 6
to 10 months, during which numerous attacks willdaewxched on the stored fruit by
post-harvest pathogens (Rosenberger, 1990). Duentted information on the
control of WCR specifically, the control of blue aid, into which WCR can

sometimes develop, will also be discussed in tHevitng section.

Physical Control. Sanitation practices form an integral part of alspharvest
disease control. It is important to already stath sanitation of decayed fruit on the
orchard floor during the growing season as wellafier harvest. Pack house
sanitation is important, and decayed fruit showddrdmoved from pack houses daily
(Rosenberger, 1990).

The correct use and regulation of packing and genditions is important
for controlling blue mould and WCR. For blue mauidreful handling and prompt
cooling directly after fruit harvest can help toekebruising of fruit to a minimum,
which will assist in the maintenance of low levelsinoculum during packing and
storage (Combrinlet al.,1987). Controlled atmosphere (CA) storage greadty the
control of blue mould, sinceenicilliumseldom sporulate under CA conditions, and if
sporulation occurs it is much less than in airager Consequently, the number of
generations oPenicillium per storage season is limited (Rosenberger, 19gmld
storage temperatures that are recommended forsapmdetween 1 to 4°C (Panhwar,
2006). This would limit progress of WCR, since W@Bcay is slower when apples
are stored at temperatures below 15°C (Combrink@indburg, 1973). Combrink
and Ginsburg (1973) recommended that for WCR cgn&o emphasis should be
placed on the importance of rapid pre-cooling, simfections take place during this

period.

12



Other physical control measures that are less carlyngsed include hot air
treatment, irradiation and the control of vectorblot air treatment of fruit after
harvest (38°C for 4 days) has been shown to redigmay development bfp.
expansumin apples for blue mould control (Fallilet al., 1996; Leverentzt al.,
2000). In a study conducted by Conway al. (2005)irradiation as control agent
against microbial organisms has been tested areptert in some countries and can
be applied below 1kGy. Apples have a high relatMerance for this method of
control (Panhwar, 2006). In orchards, insects sagchites (Red spider mite, Bryobia
mite and European red mite), fruit flies (Engelime@002), thrips and aphids could
possibly vector plant pathogens. They should tloeeebe controlled in order to
prevent the spread of pathogen spores (Gessah,2003), such aBenicillium

Chemical Control. For blue mould and WCR, fungal populations in pagki
shed water should be reduced to the lowest posditels with fungicides,
disinfectants (chlorine), or frequent water chan@&sottset al, 1988; Combrinket
al., 1987). The fungicide benzimidazole used in prebstrsprays, post-harvest dips,
drenches, line sprays, or fruit waxes is highlyeefilve against th@enicillium spp.
that cause blue mould. However, due to the incouse of this fungicide, resistant
strains have developed in most pack houses (Shpdhei., 2005). Rosenberger and
Meyer (1985) found that diphenylamine, commonlyduse control storage scald of
apple, is effective against both benzimidazolestast and -sensitiv®. expansum
isolates. Unfortunately, although DPA can be usé&bu controlling blue mould,
Combrinket al. (1987) found that DPA can increase the incidenc®VaR, and it
should thus be used with caution. It will be mou@able to control benzimidazole-
resistant isolates with some of the new fungicideRecently, fludioxonil and
pyrimethanil have been registered for controllingsteharvest pathogens such as
Penicillium (Errampalliet al, 2006; Li and Xiao, 2008), which will be more siite

for this purpose.

In South Africa different chemicals are registerfed the control of post-
harvest decay of apples and pears. According tbelNel. (2003), fruit can be
immersed in a suspension of benomyl or it can baysg onto harvested fruit before
storage. Captab can be applied on empty premists walls and floors to aid

disinfection. Dimethyl didecyl ammonium chlorid&gr specific use againsP.
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expansum can be used as dip or drench shortly after hareesafter regular
atmosphere storage and for disinfection purpos@spost-harvest dip or drench
treatment of iprodione is registered for the cdntbBotrytis and Penicillium for

local market use only. Apples can also be trewatiginl thiabendazole within 24 hours

of harvest and after storage (Nlal.,2003).

Biological Control The use of antagonistic microorganisms may be &ftec
in reducing the incidence of post-harvest fungahpgens on different fruits (Limet
al., 1999). Bio-fungicides that are yeast-based aradyreommercially available in
the USA and Israel (Aspife based orCandida oleophily (Ippolito and Nigro, 2000;
Lima et al.,2003). In South Africa, Yield Plds(based orCryptococcus albid)sis
available for the control of post-harvest rots ofre- and citrus fruits (Drobgt al,
2002; Lima et al., 2003). This method of control relies mainly on ieént
competition based on preventative colonisationroit ivounds. In some cases it has
been shown that when yeasts are used with low dssafjfungicide (10% of the
commercially recommended dosage) an activity coaigarto that of the fungicide
applied at full dosage can be obtained (Lietaal, 2003). This may however be

problematic with regard to fungicide resistance aggment.

Genetic Manipulation Cultivars that are resistant Renicilliuminfections can
also be developed through breeding methods (VaitiSkt al., 2006). Due to the
fact that Red Delicious cultivars with open sinuaes more susceptible to core rot,
plant breeding can be used as a tool to manipthatee cultivars. Selections can be
made to select trees with fruit that have closdgxetbes, which can then be used in

specific breeding programs (Spogtsal.,1999).

The development and use of resistant cultivarscfmtrolling post-harvest
diseases such @&senicillium may be problematic. Spotét al (1999) found during
their evaluation of several apple cultivars forisesice against four decay pathogens,
that each cultivar that was the most resistantrte pathogen also was the most
susceptible to one of the other pathogens. ThevaulRoyal Gala was the most
resistant td®. expansum, Mucor piriformigndBotrytis cinerea(Spottset al, 1999).
Because most decay pathogens such as blue moulirerem wound to initiate

infection, resistance of the epidermis to breakewyy be an important factor in
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resistance of apple cultivars to decay (Spettsal, 1999). Many other factors
influence resistance of apple cortical tissue decaycluding glycoprotein

endopolygalacturonase inhibitors (Brown, 1984) bedzoic acid (Senet al, 1985).

DRY CORE ROT OF APPLES

Causative agents. Several different fungal genera have been isol&teoch
DCR apples in the past and have been shown to thegenic (Combrinket al.,
1985b). Fungi likeTrichothecium roseunfRainaet al, 1971),Pezicula perennans
(Mouat, 1953) Botryosphaeria obtusand Alternaria spp. (Taylor, 1955) have been
isolated from DCR apples and have been implicatazhusing the disease. Combrink
et al. (1985a) reported the presence RiEospora herbarum, Coniothyriurspp.,
Epicoccum purpurascencand Alternaria alternata(Fr.) Keissler in DCR apples in
South Africa.Alternaria spp., more specificallA. alternata has been accepted by
several studies as the most important pathogenntpDER (Combrinket al.,1985b;
Fugler, 1990). However, Serdaeti al. (1998) found that thélternaria tenuissima
species-group was the species most frequently iassdavith DCR of apples and not
A. alternataas previously thought. The uncertainty as to gpecific Alternaria
species involved is related to controversy anddaiiffies related to the identification

of small sporedilternaria species and species groups (Seréaai.,2002).

Infection pathways. The open calyx tube of Delicious apple varieties
(Carpenter, 1942) has been implicated as beingptdssage way through which
potential core rot pathogens enter the core caWtyler, 1959; Ellis and Barrat,
1983). It was suggested by Miller (1959) that atiflen takes place shortly before
harvest, but studies conducted by Stinsbml. (1981) and Combrinlet al. (1985b)
showed that infection primarily takes place shoefter full bloom. The senescent
tissue and the calyx tube are only colonised a&tiag phase (De Koclet al.,1991).
Fungi may continue to colonise the core cavity tigiothe open calyx tube during the
growing season, causing disease symptoms (Combtiak, 1985b). Cracks in the
calyx tube may facilitate pathogen infection (Catee, 1942). Apples injured by

insects, such as codling moth showed a signifiganitiher incidence of DCR than
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healthy apples, suggesting that wound sites aratemtethrough which fungi could
infect the fruit (Harrison, 1935).

Influence of fruit biochemistry and -growth on disease development. Low
fumaric and malic acid content during growth andeali@ment of apple fruit are
thought to predispose Starking apples to coreCotr(brink, 1983). In contrast, the
much higher acid content of Granny Smith and GolBeficious apples, in which
DCR has rarely been reported, seems to inhibit getion and growth ofA.
alternata (Pruskyet al., 2004) Niem et al. (2007) also hypothesized that mesoderm
pH may influence the susceptibility of cultivars Adternaria infection and the

development of DCR.

Factors such as fruit size and growth, as well aemavailability are thought
to also influence the incidence and developmem®R. A lack of water (Carpenter,
1942) and rapid expansion of parenchyma tissue lafi@vy rains can cause cracks to
develop between the core cavity and calyx tube taat facilitate pathogen entry
(Harrison, 1935). Fruit size has in the past bedred to MC, where bigger fruit

have been shown to have a higher incidence of M&r{gbn, 1935).

Niem et al. (2007) hypothesized that the sensitivity of thedsézrule to
Alternaria colonization may be important in determining thescaptibility of
cultivars. They found that the seed locule wall safsceptible cultivars is more
susceptible to colonization Adternaria, than the seed locules of resistant cultivars.
The extensive colonization of the seed locule wélsusceptible cultivars was also
followed by a higher incidence of penetration ik mesoderm, than what was

observed in resistant cultivars (Niezhal.,2007).

Influence of environment on disease development.  An important
contributing factor for DCR development is storaggfter several months of cold
storage, an increase in the incidence of DCR har beported by Mouat (1953) and
Stinson (1981). It has also been found that ts®iesize increases the longer the
fruit are stored (Chaunzest al.,1993). Temperature and atmosphere composition in
storage significantly affects DCR. DCR developmenipositively correlated with

temperature which is the main factor in diseasilence (Chuanzhest al.,1993).
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During the growing season temperature and humithi@yy influence disease
development. When high relative humidity and mi&peratures are prevalent,
especially during late spring, infections by manyndi may occur, especially where
cultivars with open calyx tubes are concernedhal previously been reported that
disease incidence is higher in apple fruit thatehexperienced late spring frost and in
which seeds do not develop normally (Ellis and 8&ard983). It has also been
suggested that high relative humidity in the ordndurring ripening promotes disease

development (Ellis and Barrat, 1983).

Control. Because fungi that are already inside the fmgtso well protected
from chemicals, control of DCR is very difficult.PAintegrated pest management
(IPM) approach is thus the most effective way ahbating DCR (Sugaet al.,2003).

Genetic and Physical control. Several aspects can be considered for
controlling DCR, including the use of resistant timalrs, orchard management
practices as well as storage conditions. The loesitrol option will be the
replacement of susceptible with non-susceptiblévars (Mouat, 1953). Planting of
apple varieties with shallow calyx tubes have bagggested by Miller (1959) as fruit
of these cultivars are less likely to develop opalyx tubes. Good airflow and light
penetration should be kept in mind when orchardnipg is carried out. This
promotes fast drying in the orchard (Mouat, 1953&xccording to Chaunzheet al.
(1993), storage conditions may be the solutiorctortrolling DCR. This can be done
by using temperatures below 10°C combined with 2% O, and 10 to 14% C9O
during the initial 40 days of storage.

Chemical control. The use of certain pesticides should be avoideskecto
harvest if open calyx tubes are present, as damwiagarpels can take place when the
fungicides enter the calyx tube (Miller, 1959). o&én and Hendrix (1978) reported
that bloom sprays with fungicides can significamtduce the incidence of DCR.
Reuveni and Prusky (2007) reported that three Diigicide sprays during bloom
showed promise fro controlling DCR. However, coménsy still exists on the
usefulness of fungicide sprays, and their econqustfication. Fugler (1990) came

to the conclusion that no cost-effective sprayinggpams are currently available in
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South Africa for the control of DCR or MC, but ndineless suggested that captab at a
rate of 200g/100L water at full bloom and agai7%% petal fall may help to control
DCR.

Biological control. Gliocladium roseumBainier andStachybotrys elegans
Pidopl. have both been shown to act as parasitds @ternata. Gliocladium roseum
produces antibiotics that cause total collaps&.ddlternataspores, while the mode of
parasitism by other species of fungi was thoughetalirect penetration by the hyphal
tips (Turhan, 1993). Some bacterial strains maseleven greater potential for being
biocontrol agents oA. alternataisolates involved in core rot. Teixidg al. (1998)
reported thatPseudomonas syringa@PA-10) can be used on apples agaifast
alternata with great success. This bacterium strongly inkilthe development of
Alternaria mould in the field, as well as during cold storagaditions and does not

have any pathogenic effects on apples (Teieidal, 1998).

THE GENUSPENICILLIUM

Penicilliumis a common contaminant of various substrates asdahworld-
wide distribution (Samsoet al, 2004). Colonies dPenicillium usually grow rapidly
and can be distinguished in shades of green, inescases white, consisting of a
dense mass of conidiophores on the substrate ($aetsal., 2004). Penicillium
species can be identified to the species levelgusiorphological characteristics as
well as molecular methods. The use of only cultuharacteristics for the
classification ofPenicillium species is not recommended since it can be variabl
(Raper and Thom, 1949). Therefore molecular metrstusild supporPenicillium

identifications (Samsoet al, 2004).

Morphological identification Growth in pure culture under laboratory
conditions has long been used as a standard mé&hakxamination ofPenicillium
isolates. Measurement of colony diameter, colohgracteristics and microscopic
observations are used for this purpose. The thog# inoculation method is used to
best determine colony texture and colour, alondn whe appearance of penicilli and
conidial chains (Pitt, 1979). This is done on Cxalgeast autolysate agar (CYA) or
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Czapek agar (Cz) and 2% Malt Extract agar (MEA)n{S@en and Pitt, 1985). Pitt
(1979) suggested that growth rate and water agtiwith different media and
temperatures should be used in addition to coldmgracteristics (Samsoet al,
2004).

Molecular identification. Methods based on the polymerase chain reaction
(PCR) are frequently used in mycology for diagrosturposes, and these methods
can help with the accurate characterisation of if(Mtnite et al.,1990). Although the
RAPD technique has been shown useful for subspeadifialysis in the genus
Penicillium (Brunset al.,1991; Williamset al, 1990; Pianzollat al.,2004), it is not
suited for species identification and suffers franmtack of reproducibility between
laboratories (Micheliet al., 1994). The use of DNA sequence data is better for
investigating species identity and divergence Pémicillium,the sequence of several
gene areas including the internal transcribed spédeS) region of the rDNA,
cytochromec oxidase 1 CO1) andp-tubulin regions have been used to investigate the
identity and evolutionary relationships of specigdthough the ITS region has been
found useful for clarifying subdivisions in thisrges (Lobuglioet al, 1993; 1994),
certain species within specifieenicillium subgenera cannot be distinguished using
this region due to insufficient polymorphic sitesk¢uboeet al, 1999). TheCO1
gene has been shown to be comparable to the ITi8nregth regards to revealing
divergence between species in the subg&mascillium (Seifertet al.,2007). When
compared to the ITS an@O1 areas, thg-tubulin gene is more variable between
Penicillium species, and is better at revealing divergencesdeet species in the

subgenug®enicillium (Seifertet al.,2007).

Penicillium as post-harvest fruit pathogen. In apples,Penicillium species
can cause both WCR (discussed above) and blue mBlieé mould is the most
important post-harvest pathogen of apples (Rosgebet990). In the USA losses in
storage have gradually increased during the 1988s<an be as much as 15% (Spotts
et al., 1999; Rosenbergest al, 2006). ThePenicillium species causing blue mould
are well characterised arfdl expansumas well asP. solitumare considered the
predominant species associated with this dised&3gecies that are less frequently
isolated areP. commungeP. aurantiogriseumP. crustosunmand P. brevicompactum
(Sanderson and Spotts, 1995; Sholberg and Haa®, 298iri and Bompeix, 2005;
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Sholberget al, 2005) Penicillium verrucosums considered as an important
component of blue mould in New South Wales (Penebs.,1984).

Penicilliumis also known to cause post-harvest diseases araesher fruits
including citrus, nuts and tomatoes. In citrusnas, oranges, mandarins, tangerine,
cumquats, tangelo, limes, pomelos and grapefrtiitiee Penicillium species,P.
digitatum, P. italicumand P. ulaienseare of paramount importance in post-harvest
decay (Filtenborget al, 2004; Holmeset al., 1994). ThePencillium species
associated with post-harvest rot of nuts incliéle commune, P. crustosum, P.
discolor, P. solitum, P. funiculosum, P. oxalicamd P. citrinum (Filtenborget al.,
2004) Penicillium olsoniihas been consistently isolated from tomatoes andjcav
on commercial tomatoes, but fortunately does notlpce any mycotoxin (Samsei
al., 2004).

Penicillium as pre-harvest fruit pathogen. The genusPenicillium is not
usually associated with pre-harvest diseasesslbhly been reported as a pre-harvest
disease on corn in Spain by Jamiee¢al. (1985) and on apples (WCR) by De Kock
et al.(1991). Penicillium species are seldom present on apple surfaces wr¢hard,
except for fruit that has fallen to the ground (Airand Bompeix, 2005). However, in
pear orchards it has been found tRanicilliumspores are on fruit surfaces as well as
in the orchard air (Lennoat al, 2003). The low incidence of pre-harvBemnicillium
diseases can to some degree be attributed toaheh&Penicilliumrequires wounds
for entry and subsequent colonisation (Speittsl.,1985a; Spottst al.,1999).

THE ACARI

Introduction. Mites have a worldwide distribution and inhabit alerange
of habitats, including salt and fresh water, orgadebris, plants and animals. Mites
fall in the subclass Acari along with ticks, andnfioan important part of the

arthropodan class Arachnida (Jeppson, 1982).

Mites all have a general morphology in common, dfcl some components

are important for identifying major groups. Theegence or absence of stigmata,
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spiracular openings, as well as the relative pmsitof stigmata are used as a
diagnostic tool in the separation of orders (Krai&78, Jeppson, 1982). Stigmata,
when present, open internally into a tracheal systieat branches throughout the
body to various organ systems. Some groups hawapparent stigmata or tracheal
system, and oxygen exchange occurs through thgumtent (Jeppson, 1982). Mites
also have many sensory receptors, most of whicketiform, and are situated on the
idiosoma. One or two pairs of eyes are locateerddly on the prodosoma in most
groups. Some of the major groups of mites haveegasensory organs located
ventrally between coxae | and Il (Jeppson, 19829ur pairs of segmented legs are
usually present in adult and nymphal mites, exteptEriophyoidae, whereas larvae
only have three pairs of legs. Primary segmentiénlegs can be discerned, namely
the coxa, trochanter, femur, patella, tibia anduar The tarsus usually terminates in
a claw-like or sucker-like appendage, consistingaifed claws and a median pad-

like or claw-like empodium (Jeppson, 1982).

Many factors can influence the population ecolofgnites, their life cycle and
outbreaks. Some of the factors include biotic pidérof the species, reproduction
mechanisms, influence of meteorological factorsilability and susceptibility of
hosts, competition between species, structural dnamical adaptations, as well as
pathogens and predators of mites (Jeppson, 1988)ne tetranychid species show
diverse responses to changing environmental comditias well as overcrowding
(Boudreaux, 1963; Jeppson, 1982). Competitiomiwiand between species also
causes changes in populations to occur. Spidersméspond to light, as well as
humidity (Suski and Naegele, 1968; Jeppson, 1982)nites, reproduction generally
follows the usual pattern of fertilisation and sedpsent production of male and
female progeny. Facultative parthenogenesis octlursughout the Acari and
arrhenotoky (production of males from unfertilisedgs) sometimes occur in the
Mesostigmata and Prostigmata. The production ofafes from unfertilised eggs
(thelytoky) is also commonly found in certain Prgstata and other groups (Jeppson,
1982).

The mites associated with apple orchards have een vell studied other than
phytophagous mites such &stranychus urticag&och andPanonychus ulmKoch

that cause economical damage in orchards, and ttes Meoseiulus californicus
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McGregor ancEuseius addoensigan der Merwe and Ryke that are used to control
them (Pringle and Heunis, 2006). The report ofnat (1963) is the only study
where a substantial investigation into all mite il&s within apple orchards in
Wisconsin was made. The study investigated mitedotiage, and revealed the
presence of 14 mite families of which seven farsilsere classified as phytophagous,
eight as predacious and three as general orgaeiefe. The phytophagous mites
belonged to the families Tetranychidae, Tenuipaeidnd Eriophyoidae, whereas the
predacious mites included the Phytoseiidae, Stigiaae Tydeidae, Hemisarcoptidae,
Raphignathidae, Anystidae, Bdellidae and Acaridadhe other three families
consisted of the general organic feeders TarsorsmidSaproglyphidae and
Ceratozetidae. According to the study of Oatm&@68), the Tarsonemidae was the

third most numerous family on apple leaves.

Recently, another study conducted in the UnitedteStareported that
Tarsonemusnites are not only associated with apple leaves,chn also be found
within apple fruits (Michailide®t al, 1994). The discovery of the mites within the
core and calyx tube of fruit was due to an invedian that was initiated on the causal
agent of apple dry core rot that was reported lmyvgrs as being very problematic.
The study found that a Tarsonemid mifeysonemus confususad a high incidence
(50 to 86%) within the core region of apples withy dcore rot caused by
Coniothyrium. In contrast, healthy apples (83%) only containea rtiite among the
floral parts in the calyx region, but not withinetltore region (Michailides et al.,
1994). Michailidest al.(1994) hypothesised that tharsonemusnites may play an
important role in the epidemiology and etiologytbé disease, since they may be
vectoring pathogenic fungi into the core region.urtkermore, preliminary co-
inoculation studies o€oniothyriumalone andConiothyriumalong with mite adults
and eggs, showed that co-inoculation of the fungith mites caused 65% of
inoculated fruit to rot, whereas inoculation wittetfungus alone only caused 28% of
the fruit to rot. This suggests that the mitesl@égossibly also cause small wounds in
the core region that facilitates pathogen entrihoalgh more research is required to
confirm this (Michailideset al, 1994).

There are over 500 known mite families, of whiclyanfew will be discussed

in the following section. Some of the mite familidsat are discussed have been
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associated with apple orchards in the United S{@esmaret al, 1963) as well as in
a more recent study in apple orchards in SouthcAf(Chapter 3). Special emphasis
will be placed on the family Tarsonemidae, sindge tamily may play a role in apple
core rot diseases (Michailidet al, 1994; Chapter 3).

Phytoseiidae (Mesostigmata).  Phytodeiids are present in the upper soil
layers, as well as on plants. These mites are fwgdand are able to move very fast.
They feed mainly on mites, but are also known &mfen smaller insects, nematodes,
fungi, and may feed on plants or plant exudatehis Tamily of mites has been
studied extensively, since they have been usedswagessfully for controlling spider
mites, other mites and thrips (Thysanoptera) (Geetoal., 2003) particularly on

orchard and vine crops (Krantz, 1978).

Within the Phytoseiidae family, several genera apecies have varying
feeding habits, although they are mainly predatdPhytoseiulus persimilifeed on
spider mites, especialljetranychusspp. and rarely o®ligonychusspp. (Gersoret
al., 2003). This mite currently is used in South Afrindntegrated pest management
(IPM) programmes (Pringle and Heunis, 2006@alendromus occidentalslso feeds
on spider mites but is not restrictedTietranychusspp. It feeds on spider mites that
produce little webbing, such &anonychus ulm{Koch) and the European red mite
(ERM), as well as other mites and even plant exasgdatGeneralist predators such as
Neoseiulus californicus(McGregor) prefer pray other than spider mitese lik
tarsonemid mites and thripEusius addoensisainly feeds on citrus red mites, and

plays an important role in the control of this npest (Gersoet al, 2003).

Phytoseiids survive unfavourable winter conditiagither by undergoing a
reproductive diapause or resistance to low temperat(Zhang, 2003). Prevailing
light conditions seems to affect their behaviourtlasy don’t possess eyes. For
dispersion, the Phytoseiidae relies on wind, betr @hort distances they run on leaves
or crawl on the soil surface, or walk along spideite webs. Wind dispersal is
usually associated with the depletion of prey, amtes that are ready to disperse
move onto open surfaces and position themselvbs tifted by air currents. Phoresy

(dispersal on insects) is rare, the only known c&sethe dissemination of
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Kampimodromus aberrangOudemans) by the aphid (Hemiptera: Aphidoidae)
(Gersoret al, 2003).

Tetranichidae (Acari: Prostigmta). The Tetranichidae (spider mites) is a
large family and has a worldwide distribution. Mosémbers of this family feed on
the foliage of plants, and they are considerecetthle most important mites attacking
plants (Zhang, 2003). Spider mites have specdlimeuthparts for piercing plant
cells and extracting the contents (McDaniel, 197Bgeding on leaf cells results in
white patches on the leaves and heavy infestatiadsl to curling of leaves. Some
members of this family spin webs that cover théafyd, and then live and lay eggs
underneath the web (McDaniel, 1979).

A large number of species are major pests of adgui@ crops, where
populations rapidly increase when their naturah@es are eliminated by agricultural
chemical applications (Helle, 1965; Heunis, 1993pider mites are also prone to the
development of resistance against certain acascigéhich makes their control
difficult (Helle, 1965). The European red mianonychus ulmiand the red spider
mite, Tetranychus cinnabarinysare major pests of deciduous fruit trees in many
countries around the world. The red spider mifgolyphagous and can be found on a

wide range of crops in South Africa (Annecke andrafp 1982).

Tydeidae. The Tydeidae is cosmopolitan and more than 4@eiep have
already been described. Tydeids are small, saftello(Zhang, 2003), fast-moving
soil and plant inhabitants. Their feeding hab#sge from carnivory and omnivory
to phytophagy (Baker, 1965; Jeppson, 1982; Gees@h, 2003). The mycophagous
habits (feeding on fungi) of tydeids have been shdw indirectly reduce damage
caused by certain pests and they can thus be seegaaitising agent in fruit orchards
(English-Loebet al, 2007; Gersoret al, 2003; Mendel and Gerson, 1982). These
mites also feed on some nematodes and could tigutate the number of nematodes
that graze on bacteria in decomposing litter, priomgolitter decomposition (Gerson
et al, 2003). Some species likgdeus californicus, T. caudatsiges,T. praefatus
and Lorryia formosafeed on leaves of plants and are known to caugsfisant

damage to host plants (Zhang, 2003).
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Bdellidae. This family of mites consists of about 100 spedie 15 genera
which can range in colour from red-brown to gread aan be up to 4mm long. The
Bdellidae, which are predators, occur commonly tamgg, in the soil and in stored
products (Krantz, 1978; Gersen al, 2003). They are active hunters, locating prey
such as springtails or other mites with their palpi salivary fluid is deposited onto
the prey, hardening on contact into silken lindteravhich the body contents of the
prey is sucked out. These mites can be effectived in pest control and were one

of the first mite families shown to have pest cohtapabilities (Gersoat al.,2003).

Acaridae (Acari: Astigmata). The Acaridae are slow-moving, whitish mites that
have long setae. They occur in leaf litter and umteata of soil with high organic
matter content. They can also be found in decompamimal droppings, on plants,
as well as in laboratory fungal cultures (Gersnal, 2003). The Acaridae are
omnivorous and can survive on anything from anifeald, aphids, stored grains,
cheese, mushrooms and even fungal cultures (KemdnSharma, 1963; Gersat.
al., 2003).

Acaridae can be major pests of stored foods, eslihe&thizoglyohus, Acarus
and Tyrophagous(Sinha, 1963; Zhang, 2003). Several species ef dgenus
Rhizoglyphusare pests of root crops, especially when bulbshate&completely cured
or dried (Jeppson, 1982; Zhang, 2003). Economioadge can also be caused by
Tyrophaguson ornamental flowers and greenhouse grown vegetgdhang, 2003).
However, some species in this family may be morefulissince these mites may
serve, in some instances, as control agents foatweles, grape phylloxera and plant
pathogenic soil fungi, preventing injury by thesmdi on seedlings (Gersaet al.,
2003). Interestingly, compounds emitted by Acarildat serve as sex and alarm
pheromones, may have adverse effects on fungi ésw raay attract predators
(Jeppson, 1982).

Cunaxidae. Included in this family are 200 species in ldsant 20 genera
(Gersonet al., 2003). The Cunaxidae are cosmopolitan and cafolned on leaf
litter, soil, compost, moss, plants and stored petsl(Zhang, 2003). These generalist
predators are fast-running and feed on small gotids and nematodes in a diversity

of crops (Zhang, 2003). Rootknot nematoddel¢idogynespp.) are also prey for
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these mites. Silken threads are excreted througmtbuthparts to fasten hunted prey,
but these mites also snare or ambush their prdyey are also cannibalistic, making
them unsuitable for biological control or mass ire@ar(Gersonet al, 2003; Zhang,
2003).

Ascidae. This family of slow-moving, predacious mites, haeb collected
from plants in the tropics, but is also commonlyrid in dead leaves, upper layers of
soil, in moss and in animal waste products. They @n small arthropods and their

eggs, as well as nematodes and can at times b#ahsiic (Krantz, 1978).

Stigmaeidae. Stigmaeids reside in the soil and on plants and#ien found
feeding on eggs and sessile forms of tenuipalpitdanychid and other mites (Krantz,
1978; Gersomet al, 2003). Some species parasitise flies or pregcate insects. This
family, especially in the genezetzelliaand Agistemusis believed to be the second
most important group of predators on plant mitesrathe Phytoseiidae. Little is
known about their dispersal (Gersetral, 2003).

lolionidae. This family consists of less than six tiny (<p®d) species of
mites. Some species have been recovered fromitigswf cockroaches (Pritchard,
1956), as well as on locusts in Java and the Gateplslands (Fain and Evans, 1966).
The relationship with their hosts is not clear (e 1978).

Pyemotidae. Some species are known to be pests of grassesesgdls
More than 30 species of grasses, wheat, barlewelisas rye serve as hosts for these
mites. Retarded growth, due to feeding of the muitein sheaths of the upper part of
the stem, can cause the symptom known as silver(J@ppson, 1982). Some
pyemotid mites have the ability to attach themselt@ their food source. The
abdomen balloons into a globular brood chamber svlibe young are protected
(Jeppson, 1982).

Oribatidae. Oribatid mites are some of the most common sod &tter

inhabitants. Some oribatid species are associaidd plants, but their economic

importance is unknown (Zhang, 2003). Some of tlnnfiood sources of oribatids
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are plant organic matter, as well as living or deeghnisms like algae, lichens, fungi

and mosses (Woodring, 1963).

Dolichocybidae. This family is considered as one of the most giuai
pyemotoids. Some species Dblichocybeare found under bark of trees, whereas

other members are generally encountered on ind€csatz, 1978).

Tarsonemidae (Acari: Prostigmata). Until recently, only approximately 500
species belonging to 40 genera have been identifiad after recent revision the
family now includes 700 species (Gersetnal, 2003; Lindquist, 1986). The family
consists of three subfamilies, namely Pseudotarsoit#nae, Acarapinae and
Tarsoneminae. The Tarsoneminae has the largedierurfidescribed species, which
include two large genera namebgeneotarsonemuBeer andlarsonemusCanestrini
and Fanzago (Lindquist, 1986). Members of the amiarsonemidae are

phytophagous, fungivorous, insectophilus and pacasi

Geographical Distribution. Tarsonemid mites are known from most major
regions and biotopes of the world, excluding Aniae; major deserts and aquatic
habitats. They are thought to be best representedarm-temperate and tropical
regions, but are also well represented in cool-erate and mountainous parts of the
northern hemisphere. Collection data are not defitly available to obtain an

accurate idea of the distribution of most of tlimfly’s genera (Lindquist, 1986).

Diagnostic characters.Mites belonging to this family are smadl 0.2-0.3mm
in length) with broad to elongated bodies that esgered by a shiny integument
(Gersonet al, 2003). The bodies of Tarsonemids are divided into well-defined
portions. Pronounced sexual dimorphism occurd) wieé males being much smaller
than the females. Both sexes are dorsoventraflyedsed, which aids them in living
between sheaths and stems of grass hosts and tdgunment of insects. The
development of the apodemes is used in charadieris@McDaniel, 1979). Females
have prodorsal, clavate sensilli (pseudostigmatjauss), which are lacking in males.
Furthermore, the"4pair of legs differs from the other pairs in marel females, since

they end with apical and subapical whip-like setademales and in males they
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terminate with a large claw (Gersenal, 2003). In males this modification aids in

copulation (McDaniel, 1979).

Economic importanceThe Tarsonemidae are of great economic importamce t
agriculture. Numerous greenhouse crops can sdéferage caused by the cyclamen
mite, Steneotarsonemus pallidBsanks. One of the symptoms of damage is chlorosis
of leaves, but necrosis does not occur, exceptiwitluds or on young tissues
(Jeppson, 1982). Anoth&teneotarsonemuspeciesS. spirifexattacks maize, oats
and other grain cropsSteneotarsonemus bancrdieds on newly planted stocks of
strawberries and sugar cane cuttings (McDaniel9L9Dther members of this family
that are also of economic importance inclU@esonemus randsan important pest in

commercial mushroom production and fungal cultimdaboratories.

General biology. The eggs are laid one at a time and are largévelto the
idiosoma of the adult female. Larvae are activd do not remain quiescent, but
actively emerge and rid themselves of the egg ohoriThey move about and feed in
most cases as the adults do, but exceptions db eXislarvae of the Tarsonemidae
pass into an inactive, turgid state, without maogjti before hatching to adults
(Jeppson, 1982; Lindquist, 1986). It has been shihat unfertilised eggs of several
genera usually give rise to males and fertilisegsegostly to females. This is an
indication of arrhenotokous parthenogenisis and @ahhaplo-diploid sex mechanism
is generally involved. The female:male sex raticthe progeny of mated females
varies considerably intraspecifically as well asween species (Lindquist, 1986).
Tarsonemids disperse as adult females. Speciésatbgarasitic are dispersed by
their hosts. Long distance dispersal can be aeHidy phoretic association with

flying insects (Zhang, 2003).

Tarsonemus sp. Almost all species of the gentiarsonemusire considered to
be fungivorous (McDaniel, 1979), although some mseattack plants (Lindquist,
1986). Tarsonemus confusuEwing occasionally occurs as a minor pest in
greenhouses and as a pest in mushroom culturethoulyh Tarsonemus floricolus
Canestrini and Fanzago was recorded in the BrodBbytanical Garden in New York,
on decaying buds dfis kaempferj it is known to be fungivorous. This species glon

with T. myceliophagusHussey, are known pests in mushroom houses, and are
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therefore unlikely to be plant pests. Another wjalead species i$arsonemus
bilobatusSuski, which like many oth&rarsonemuspecies, is primarily fungivorous
but has been collected from many plant speciegauand bacterial cultures, stored
food and products, litter, and soil (Zhang, 2003).

THE ROLE OF ACARI IN THE EPIDEMIOLOGY AND ECOLOGY OF
PLANT PATHOGENIC AND NON-PATHOGENIC FUNGI

There are not many examples of the role of acathe epidemiology and
ecology of pathogenic and non-pathogenic fungie blst studied example is that of
the vectoring of Ophistomatoid fungi by mites phimren beetles. There are a few
other examples where mites are also thought to playle in the spread and
development of plant diseases, but none of thes#via Tarsonemusnites. Central
bud rot of carnations caused Bysarium poae(Peck) Wollenweber is spread by
Siteroptes cerealiunKirchner. The eriophyoid mité&riophyes tulipaeKeifer is
thought to be involved in the spread of the fungassing rot of garlic bulbs
(Jeppson, 1982). Anoth&iteroptesspeciesSiteroptes avenaeas possibly involved
in the spread of Fusarium glume spot of wheat chbryd=usarium poagKemp et
al., 1996). Aceria mangiferagmango bud mite) plays a role in mango malformation
disease caused lyusarium mangiferadGamliel-Atinsky et al., 2005). Species of
the genuRRhizoglyphusare associated with the spread of various bukagiss caused
by FusariumandPseudomonagleppson, 1982; Zhang, 2003).

On the other hand, mites may actually be involvedsuppressing disease
development of some plant diseases. English-Letebl. (2007) showed that the
mycophagous tydeid miteQrthotydeus lambi(Baker) may have potential for
biological control of grape powdery mildew. Thegre able to show that on some
grape genotypes, treatments wih lambi alone were as effective as fungicides in
controlling the disease. Also on citrus, a remuncin the population of the tydeid
mite Lorryia FormosaCooreman resulted in an increase of sooty mouldhfddeand

Gerson, 1982), suggesting that these mites may dilsease development.
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Dispersal of Ophistomatoid fungi by Tarsonemus mites phoretic on
beetles. The ophiostomatoid group of fungi, that includargl pathogens and
non-pathogens, consists of diverse genera suc@amglwanamycesCeratocystis
Ophiostomaand their asexual states (Wingfietial, 1999). The adaptation of the
ophiostomatoid fungi to arthropod dispersal is emtdfrom their sticky spores that are
carried on stalked fruiting structures (Malloch a@ldckwell, 1993). Hetrick (1949)
was the first to hypothesise that the fun@eyatocystis minocould be transmitted
between trees by mites that sometimes occur on simathern pine beetle.
Subsequently, Roton (1978) found that Tarsonemiggrieed orCeratocystis minor
and then move from areas of bark colonised by uhgus to cracks in the outer bark.
The mites will then attach to mature adult beetlssially after beetles have left their
pupal cells (Roton, 1978). Knowledge on the disakepf ophistomatoid fungi by
mites phoretic on bark beetles (Coleoptera: Samlirand picnic beetles (Coleoptera:
Nitidulidae) has since become quite substantiabl§&iand French, 1980; Juzwik,
2001).

The best example of the dispersal of ophiostomatordji by Tarsonemus
mites is the dispersal of the blue stain patho@ghiostoma minysy mites that are
phoretic on the southern pine begiingfield et al., 1993; Cassar and Blackwell,
1996; Paineet al., 1997; Klepziget al.,2001a; Klepzig and Six, 2004). Within the
genus Ophiostoma the association and vectoring of non-pathogedmhiostoma
species byrarsonemusnd othemites, also phoretic on beetlesRnoteaspp., have
recently been investigated (Lévieekal.,1989; Klepziget al.,2001a, 2001b; Klepzig
and Six , 2004; Roets, 2007).

Dispersal of the bluestain fungal pathogen, Opluost minus, by Tarsonemus
mites phoretic on beetles.The fungal pathogerOphiostoma minysis of great
economic importance and causes ‘bluestain’ in tefiéevood. Initially, it was known
that a symbiotic relationship exists between theéiain fungus and the southern pine
bark beetleDendroctonus frontaliZimmermann (Coleoptera: Scolytidae) (Dowding,
1969). However, it was later discovered that mitksretic on the beetles also form
part of the symbiotic relationship in a very compieanner. In this complex system,
pathogen spores are dispersed between variouseomumsf trees byD. frontalis as

well as by mites (Moser and Roton, 1971).
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More than 90 mite species have been associatedtiwatsouthern pine beetle
D. frontalis, of which 15 are phoretic on the beetle (Kinn, 198laser and Roton,
1971; Moser, 1976a). The mites that have moshdfeen found associated wittin
frontalis are Tarsonemus ip&indquist, T. krantziiSmiley and Moser, and. fusarii
Cooreman (Moser and Roton, 1971; Moser and Brid@86). It has also been
found that some of the mites possess specialisemteg@rrying structures
(sporothecae) that can be filled with spores ofi@gibmatoid fungi (Bridges and
Moser, 1983; Moser, 1985; Moset al.,1995). A mutualistic association may thus

exist between these mites and the fungi (Kleptigl.,2001b).

The role of mites phoretic on beetles in the disaleof ophiostomatoid fungi
in Protea infrutescencesThe role of mites in the dispersal of ophiostondfangi in
Protea spp. has recently been investigated in South Afr{€ets, 2007).
Ophiostomatoid fungi were first detected in theutéscences of soni&roteaspp. in
1988 (Wingfieldet al, 1988). Subsequently, studies were initiatecht@stigate the
role of insects and mites in the dispersal of tnegf (Roets, 2002; Roets, 2007). It
was found that few insects carried DNA@phiostomawhereas various mite species
frequently carried propagules of this fungus, sstigg that the mites may be the

primary vectors oOphiostomgRoets, 2007).

Mites are now considered as primary vector©Ophiostomaassociated with
infrutescences dProteain South Africa (Roetst al, 2007, 2008). Four mite species
were identified as carriers of the fungi, namelypctolaelaps vandenber@yke, two
unidentifiedTarsonemuspp. (A and B), as well as a specienEhouropoda(Roets
et al.,2007). The frequency (percentage) with whigbhiostomawas isolated from
these mites ranged between 2 to 27.3%. Specificdlly Tarsonemusspp. had a
frequency of 4% for species A and 15.8% for speBidRoetset al, 2007). It was
found that the number of mites carried on an imtlial beetle varied considerably,
but Tarsonemussp. A, was recorded at up to 108 per beetle (Reet., 2007).
Specialised structures which frequently containeates ofOphiostomgRoetset al.,
2007) were observed ifrichouropodaand one of th&arsonemuspecies with light

and scanning electron microscopy
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Dispersal of the mites by beetles is important ispersal ofOphiostoma
although the mites carryin@phisotomacan also self-disperse. Roetsal. (2008)
found that mites could self-disperse to fresh, mmiButescences as infrutescences
desiccate. However, long-range dispersal of thesriy beetles is achieved through
their phoretic association with three beetle specamelyGenuchus hottentotottus
(F), Trichostetha fascicularid. and T. capensid.. (Roetset al., 2008). The long-
range, hyperphoretic dispersal@phiostoma splenders.J. Marais and M.J. Wingf.
and O. phasmaRoetset al are thought to be effective since host-colonisaivas

achieved during the first flowering season 3 taedrg after fire (Roetst al.,2008).

32



REFERENCES

Amiri, A. and Bompeix, G., 2005. Diversity and pigtion dynamics oPenicillium
spp. in apples in pre- and postharvest environmeotssequences for decay
development.Plant Pathologyb4: 74-81.

Annecke, D.P. and Moran, V.C., 1982. Insects ardsof cultivated plants in South
Africa. Butterworth and CO (SA) (PTY) LTD, Durbgop. 104-105.

Baker, E.W., 1965. A Review of the Genera of ttenHy Tydeidae (Acarina).
Advances in Acarology, Volume I, ed. Naegele, XArnell University Press,
New York, pp. 95-120.

Boudreaux, H.B., 1963. Biological aspects of sgohgtophagous mitesAnnual
Revue of Entomolodg} 137-154.

Bridges, J.R. and Moser. J.C., 1983. Role of tlworetic mites in transmission of

bluestain fungusCeratocystis minarEcological Entomolgy: 9-12.

Brown, A.E., 1984. Relationship of endopolygalashase inhibitor to the rate of
fungal rot development in apple fruiRhytopathologyl11: 122-132.

Brown, A.E. and Hendrix, F.F., 1978. Effect of teém fungicides sprayed during
apple bloom on fruit set and fruit r&lant Disease Report&2: 739-741.

Bruns, T.D., White, T.J. and Taylor, J.W., 1991.ungal molecular systematics.
Annual Revue of Ecology and System&i$525-564.

Bugbee, W.M. and Nielsen, G.E., 197&enicillium cyclopiumand Penicillium
funiculosumas sugarbeet storage pathogdtiant Disease Reporté§2: 953-
954.

Carpenter, J.B., 1942. Moldy core of apples indbfissin.Phytopathology32: 896-
900.

33



Cassar, S. and Blackwell, M., 1996. Convergenginsi of ambrosia fungi.

Mycologia88: 596-601.

Chuanzhen, W. Xuling, Z., Lansheng, Y., Haiping,aNd Xiaming, L., 1993. Study
on the relation between apple mouldy core and tinage environmentcta

Phytophylactice0: 17-122.

Combrink, J.C., 1983. The etiology of apple carediseases. PhD thesis, Univeristy

of Pretoria, South Africa.

Combrink, J.C., Grobbelaar, C.J. and Visagie, TIR87. Effect of diphenylamine
emulsifiable concentrates on the development of @t rot in Starking

applesDeciduous Fruit GroweB: 97-99.

Combrink, J.C. and Ginsburg, L., 1973. Core noStarking apples — a preliminary
investigation into the origin and contrdDeciduous Fruit Growe3: 16-19.

Combrink, J.C., Kotzé, J.M., Wehner, F.C. and Geddar, C.J., 1985a. Fungi
associated with core rot of Starking apples in BoAfrica. Phytophylactica
17: 81-83.

Combrink, J.C., Kotze, J.M. and Visagie, T.R., 1985Colonization of apples by

fungi causing core roHorticultural Science: 9-13.

Conway, W.S., Leverentz, B., Janisiewicz, W.J.igaf R.A. and Camp, M.J., 2005.
Improving biocontrol using antagonist mixtures witieat and/or sodium
bicarbonate to control postharvest decay of applé. fPostharvest Biology
and Technolog@6: 235-244.

De Kock, S.L., Visagie, T.R. and Combrink, J.C.919 Control of core rot in
Starking applesDeciduous Fruit Growedl: 20-22.

34



Dowding, P., 1969. The dispersal and survivalpaires of fungi causing bluestain in

pine.Transactions of the British Mycological Sociéf 125-137.

Droby, S., Porat, S., Wisniewski, M., EI-Gaouth,ahd Wilson, C., 2002. Integrated
control of postharvest decay using yeast antagonigit water and natural
materials.Book of Abstract 7 meeting of the WG ‘Biological Control of

Fungal and Bacterial Plant Pathogen&usadasi (Turkey), 22-25 May, p25.

Ellis, M.A. and Barrat, J.G., 1983. Colonization Delicious Apple Fruits by
Alternaria spp. and effect of fungicide sprays on moldy-Cétant Disease
67: 150-152.

Engelbrecht, R., 2002. The role of the Meditereané&uit fly, Ceratitis capitatan
Botrytis bunch rot of grape. M.Sc. Thesis, Universif Stellenbosch.

English-Loeb, G., Norton, A.P., Gadoury, D., Sedf, and Wilcox, W., 2007.
Biological control of grape powdery mildew using eophagous mite?lant
Diseased1:421-429.

Errampalli, D., Brubacher, N.R., and DeEll, J.RO0&. Sensitivity ofPenicillium
expansunto diphenylamine and thiabendazole and posthaoasgtol of blue
mold with fludioxonil in 'Mcintosh' apples.Postharvest Biology and
Technologyd9: 101-107.

Fain, A. and Evans, G.O., 1966. The geRusctotydaeuderl. (Acarina: lolinidae)
with description of two new speciednn. Mag. Nat. Hist9: 149-157.

Fallik, E., Grinsberg, S., Gambourg, M. and Lurie, 1996. Prestorage heat
treatment reduces pathogenicity Rénicillium expansunmn apple fruit.Plant

Pathology45: 92-97.

Filtenborg, O., Frisvad, J.C. and Samson, R.A.4208pecific association of fungi to

foods and influence of physical environmental fetdn: Introduction to food

35



and airborne fungi 7 edition, edited by Samson, R.A., Hoekstra, E.Sl an
Frisvad, J.C. CBS, Wageningen, The Netherlands.

Frisvad, J.C. and Filtenborg, O., 1989. Tervdlét@ penicillia: chemotaxonomy and
mycotoxin productionMycologia81: 837-861.

Fugler, E., 1990. Kernvrotbespuiting nie kostedveandbouweekbla@62: 58-59.

Gamliel-Atinsky, E., Sztejnberg, A., Maymon, M., rReley, M., Belausov, E.,
Palevsky, E. and Freeman, S., 2005. The roleeiritango bud mitéceria
mangiferaein mango malformation disease caused-hgrarium mangiferae.
Abstracts of presentations at the"2dongress of the Israeli Entomological

Society held in Bet Dagan, Israel.

Gerson, U., Smiley, R.L. and Ochoa, R., 2003. Mifcari) for Pest Control.
Blackwell Science LTD, Cambridge.

Gibbs, J.N. and French, D.W., 1980. The transmissdf oak wilt. USDA,
Washigton, DC.

Harrison, K.A., 1935. Mouldy core in Gravensteppkes.Science and Agriculture
15: 358-369.

Helle, W., 1965. Resistance in the Acarina: Mit&dvances in Acarology, Volume
II, ed. Naegele, J.A. Cornell University Press, Néovk, pp. 71-93.

Hetrick, L.A., 1949. Some overlooked relationshggsouthern pine beetldournal
of Economic Entomologd2: 466-469.

Heunis, J.M., 1992. The influence of syntheticgbigroids on phytophagous mites

and their natural enemies in apple orchards. MC&gsertation. University of

Stellenbosch.

36



Holmes, G.J., Eckert, J.W. and Pitt, J.l., 1994eviBed description oPenicillium
ulaienseand its role as a pathogen of citrus frRitwytopathology4: 719-727.

Ippolito, A. and Nigro, F., 2000. Impact of prebest application of biological
control agents on postharvest diseases of frests famd vegetablesCrop
Protection19: 715-723.

Jaminez, M., Sanchis, V., Santamarina, P. and Heem E., 1985.Penicillium in
pre-harvest corn from Valencia (Spain). I. Influesof different factors on the

contaminationMycopathologiad2: 53-57.

Jeppson, L.R., Keifer, H.H. and Baker, E.W., 1978lites injurious to economic

plants. University of California Press, California.

Juzwik, J., 2001. Overland transmissionGgratocystes fagacearuraxtending our
understanding, pp. 83-92. In C.L. Ash (ed.). Shade: wilt diseases. APS
Press, St Paul, MN.

Kemp, G.H.J., Pretorius, Z.A. and Wingfield, M.1996. Fusarium Glume Spot of
Wheat: A Newly Recorded Mite-Associated DiseaseéSouth Africa.Plant
DiseaseB0: 48-51.

Kevan, D.K. McE. and Sharma, G.D., 1963. The Hffexf Low Temperatures on
Tyrophagus putrescentia@dvances in Acarology, Volume |, ed. by Naegele,
J.A. Cornell University Press, New York, pp. 112013

Kinn, D.N., 1967. Notes on the life cycle of anablis ofDigamasellus quadrisetus
(Mesostigmata: Digamasellidaepfnnals of the Entomological Society of
America60: 862-865.

Klepzig, K.D., Moser, J.C., Lombardero, M.J., Ayréd.P., Hofstetter, R.W. and

Walkinshaw, C.J., 2001a. Mutualism and antagoniSaowmlogical interactions

among bark beetles, mites and fungi. In: Bioti@iattions in plant-pathogen

37



associations. Edited by M.J. Jeger and N.J. SpeD8. International, New
York, U.S.A. pp 237-267.

Klepzig, K.D., Moser, J.C., Lombardero, F.J., Hefstr, R.W. and Ayres, M.P.,
2001b. Symbiosis and Competition: Complex Inteoast Among Beetles,
Fungi and MitesSymbiosis30: 83-96.

Klepzig, K.D. and Six, D.L., 2004. Bark beetle-ah symbiosis: Context
dependency in complex associatioBgmbiosisS87: 189-205.

Krantz, G.W., 1978. A Manual of Acarology. Oreg8tate University Bookstores,
Inc., USA.

Lennox, C.L. and Spotts, R.A. 2003. Sensitivitypojpulations oBotrytis cinerea
from pear-related sources to benzimidazole andrhiicamide fungicides.
Plant Disease7: 645-649.

Leverentz, B., Janisiewicz, W.J., Conway, W.S.ti&af R.A., Fuchs, Y., Sams, C.E.
and Camp, M.J., 2000. Combining yeast or a badterocontrol agent and
heat treatment to reduce postharvest decay of *Galales. Postharvest
Biology and Technolog¥l: 87-94.

Lévieux, J., Lieutier, J., Moser, J.C. and Perry).,T1989. Transportation of
phytopathogenic fungi by the European bark be#ple sexdantatuBoemer:
Ultrastructure of a mycangiunithe Canadian Entomologi$23: 245-254.

Li, H.X. and Xiao, C.L., 2008. Baseline sensiied to fludioxonil and pyrimethanil
in Penicillium expansumpopulations from apple in Washington State.

Postharvest Biology and Technolog 239-245.

Lim, T.K. and Rohrbach, K.G., 1980. RoleRédnicillium fumiculosunstrains in the

development of pineapple fruit diseadelytopathology’0: 663-665.

38



Lima, G., Arru, S., De Curtis, F. and Arras, G.999 Influence of antagonist, host
fruit and pathogen on the biological control of thasvest fungal diseases by

yeastsJournal of Industrial Microbiology and Biotechnolpg3: 223-229.

Lima, G., De Curtis, F., Castoria, R. and De Cic¢q,2003. Integrated control of
apple postharvest pathogens and survival of bioobnteasts in semi-

commercial conditiongEuropean Journal of Plant Patholod®9: 341-349.

Lindquist, E.E., 1986. The world genera of Tarsoitkae (Acari: Heterostigmata): A
morphological, phylogenetic, and systematic reviswith a reclassification of
family-group taxa in the HeterostigmataMemoirs of the entomological

society of Canada36.

Lobuglio, K.F., Pitt, J.I. and Taylor, J.W., 1993Phylogenetic analysis of two
ribosomal DNA regions indicates multiple indepertdésses of a sexual
Talaromyces state among asexudPenicillium species in the subgenus
Biverticillium. Mycologia85: 592-604.

Lobuglio, K.F., Pitt, J.I. and Taylor, J.W., 1994Independent origins of the
synnematou®enicillium speciesP. duclauxii, P. clavigerurandP. vulpinum
as assessed by two ribosomal DNA regidvigcological Researcl®98: 250-
256.

Malloch, D. and Blackwell, M., 1993. Dispersal loigy of the ophiostomatoid fungi.
In: Ceratocystisand Ophiostoma taxonomy, ecology and pathogenicity.
Edited by M.J. Wingfield, K.A. Seifert and J.F. We. APS Press, St Paul,
U.S.A. pp. 195-206.

McDaniel, B., 1979. How to know the mites and sickhe pictured key nature series.

South Dakota State University. Wm. C. Brown Puldish Dubuque, lowa. P.
134-140.

39



Mendel, Z. and Gerson, U., 1982. Is the miterryia formosa Cooreman
(Prostigmata: Tydeidae) a sanitizing agent in siggrovesActa Oecologia3:
47-51.

Michailides, T.J., Morgan, D.P., Mitcham, E. ands@sto, C.H. 1994. Occurrence of
moldy core and core rot of Fuji apple in Californizentral Valley Postharvest
Newsletter 3: 6-9. Cooperative extension, Univgrsit California, Kearney

Agricultural Centre, Parlier, Ca.

Micheli, M.R., Bova, R., Pascale, E. and D’Ambrqodio, 2004. Reproducible DNA
fingerprinting with the random amplified polymorphDNA (RAPD) method.
Nucleic Acids Resear@®: 1921-1922.

Miller, P.M., 1959. Open calyx tubes as a factontdbuting to carpel discoloration

and decay of appleBhytopathology9: 520-523.

Moser, J.C., 1976. Phoretic carrying capacity lgin§ southern pine beetles
(Coleoptera: ScolytidaeT.he Canadian Entomologi$08: 809-813.

Moser, J.C., 1985. Use of sporotecae by phorEticsonemusnites to transport
ascospores of coniferous bluestain fungitansactions of the British
Mycological Societp4: 750-753.

Moser, J.C. and Bridges, J.R., 198Barsonemusnites phoretic on the southern pine
beetle: attachment sites and numbers of bluestaicospores carried.

Proceedings of the Entomoligical Society of Wadimg8: 297-299.

Moser, J.C. and Roton, L.M., 1971. Mites assodiatéh southern pine bark beetles
in Allen Parish, Louisiana he Canadian Entomolgid03: 1775-1798.

40



Moser, J.C., Perry, T.J., Bridges, J.R. and Yirf;.H1995. Ascospore dispersal of
Ceratoscystis ranaculosus mycangial fungus of the southern pine beetle.
Mycologia87: 84-86.

Mouat, H.M., 1953. Mouldy-core disease of Delid@applesThe orchardist of New
Zealand3: 7-8.

Nel, A., Krause, M. and Khelawanlall, N., 2003. Guide for the Control of Plant
Diseases " ed. Department of Agriculture South Africa, Goveent Printer,

Pretoria.

Niem, J., Miyara, |., Ettedgui, Y., Reuveni, M.aldhman, M. and Prusky, D. 2007.
Core rot development in Red Delicious apples iscéfd by susceptibility of
the seed locule tdlternaria alternatacolonization.Phytopathology97: 1415-
1421.

Oatman, E.R., 1963. Mite Species on Apple Foliag&Visconsin. Advances in
Acarology, Volume I, ed. by Naegele, J.A. Cornehikérsity Press, New
York, pp. 21-24.

Paine, T.D., Raffa, K.F. and Harrington, T.C., 199lhteractions among Scolytid
bark beetles, their associated fungi, and live loosifers.Annual Review of
Entomology2: 179-206.

Panhwar, F., 2006. Post Harvest Technology of Fruits and Vegetables

http://www.eco-web.com

Penrose, L.J., Nicholls, M.R. and James, L., 198Phe relative importance of
Penicillium verrucosunandP. expansunas the cause of blue mould of pome
fruits and their reaction to benomyl. Pages 15-a7 New South Wales

Department of Agriculture, Biology Branch Plant Bese Survey1982-83).

41



Pianzolla, M.J., Moscatelli, M. And Vero, S., 200€haracterization oPenicillium
isolates associated with blue mold on apple in UaygPlant Disease38: 23-
28.

Pitt, J.I., 1979. The gendenicillium and its teleomorphic stat&upenicilliumand

TalaromycesAcademic Press, London.

Pringle, K.L. and Heunis, J.M., 2006. Biologicaintrol of phytophagous mites in
apple orchards in the Elgin area of South Africengighe predatory mite
Neoseiulus californicugMcGregor) (Mesostigmata: Phytoseiidae): A benefit

cost analysisAfrican Entomologyl4: 113-121.

Pritchard, A.E., 1956. A new superfamily of trowiiform mites with the description
of a new family, genus, and species (Acarina:latine: lolinidae:lolina
nang. Annals of the Entomoligal Society of Amerd€a 204-206.

Prusky, D., McEvoy, J.L., Saftner, R., Conway, W.&d Jones, R., 2004.
Relationship between host acidification and virakef Penicillium spp. On

apple and citrus fruiPhytopathology4: 44-51.

Raina, G.L., Bedi, P.S. and Dutt, S., 1971. Oanue of core rot of apple in nature
in the Kulu Valley of Himachal Pradesh, IndRlant Disease Reportess:
283-284.

Raper, K.B. and Thom, C., 1949. Manual of the Eltiai. Williams and Wilkens,

Baltimore.

Reuveni, M. and Prusky, D. 2007. Imporved condfaholdy-core decayAlternaria
alternatg in Red Delicious apple fruit by mixtures of DMlrfgicides and
captanEuropean Journal of Plant Patholody8: 349-357.

Roets, F., 2002. Diversity and ecology of ophiositoid fungi and arthropods
associated with Proteaceae infrutescences. M.Sesigh University of

Stellenbosch, Stellenbosch, South Africa.

42



Roets, F., 2007. Ecology and systematics of SdAftican Proteaassociated
Ophiostoma species. PhD. dissertation. University of Stellesdbp
Stellenbosch, South Africa.

Roets, F., Crous, P.W., Wingfield, M.J. and Dreyed,., 2008. Mite-mediated
hyperphoretic dispersal @phiostomaspp. From the infrutescences of South

African Proteaspp.Environmental Entomologin press).

Roets, F., Wingfield, M.J., Crous, P.W. and Dreyel,., 2007. Discovery of
Fungus-Mite Mutualism in a Unique NichEnvironmental Entomolog6:
1226-1237.

Rohrbach, K.G. and Pfeiffer, J.B., 1976. Suscdjtyitof pineapple cultivars to fruit
diseases incited byPenicillium funiculosumand Fusarium moniliforme
Phytopathology6: 1386-1390.

Rosenberger, D.A, 1990. Blue mold. Pages 54-56ampendium of Apple and Pear
Diseases. A. L. Jones and H. S. Aldwinckle (edmefican Phytopathological
Society, APS Press, St. Paul, MN, USA.

Rosenberger, D.A., Engle, C.A., Meyer, F.W. and kivat C.B., 2006Penicillium
expansuminvades Apples Through Stems during Controlled dgphere
Storage. Online. Plant Health Progress doi: 10./R19R-2006-1213-01-RS.

Rosenberger, D.A. and Meyer, F.W., 1985. Negaticelrelated cross-resistance to
diphenylamine in benomyl-resistafenicillium expansumPhytopathology

75: 74-79.

Roton, L.M., 1978. Mites phoretic on the southpmme beetle: when and where they
attach.Canadian Entomologisi10: 557-558.

43



Samson, R.A., Hoekstra, E.S. and Frisvad, J.C.4.200htroduction to Food and
Airborne Fungi, ¥ ed. Centraalbureau voor Schimmelcultures, Wagemning
The Netherlands.

Sanderson, P.G. and Spotts, R.A. 1995. Posthaieeay of winter pear and apple
fruit caused by species Benicillium Phytopathology5: 103-110.

Samson, R.A. and Pitt, J.I., 1985. Advances Penicilium and Aspergillus
systematic: Proceedings of the First InternatidPahicillium and Aspergillus
Workshop, held May 6-10, 1985, at the Trippenhuistree Royal Dutch
Academy of Sciences and Letters in Amsterdam, Thééilands. Plenum

Press, New York.

Seifert, K.A., Samson, R.A., DeWaard, J.R., HoubrgkJ., Levesque, C.A.,
Moncalvo, J-M, Louis-Seize, G. and Hebert, P.D.N02 Prospects for
fungus identification usingCO1 DNA barcodes, withPenicillium as a test

caseProceedings of the National Academy of Sciences108A3901-3906.

Seng, J.M., Saindrenan, P., and Bompeix, G., 1988uction ofNectria galligena
mutants resistant to benzoic acid and study ofr taggressiveness towards
immature appleslournal of General Microbiolog$31: 1863-1866.

Serdani, M., Crous, P.W., Holz, G. and Petrini, 1998. Endophytic fungi
associated with core rot of apples in South Afriwéh specific reference to
Alternaria species.Sydowiab0: 257-271.

Serdani, M., Kang, J.C, Andersen, B. and Crous,.RR@2. Characterization of
Alternaria species-groups associated with core rot of appl€&outh Africa.

Mycological Research06: 561-569.

Sholberg, P.L. and Haag, P.D., 1996. Incidencpastharvest pathogens of stored
apples in British ColumbiaCanadian Journal of Plant Patholody: 81-85.

44



Sholberg, P.L., Harlton, C., Haag, P., Lévesqu#,,G’Gorman, D. and Seifert, K.,
2005. Benzimidazole and diphenylamine sensitivapd identity of
Penicillium spp. that cause postharvest blue mold of applesy stubulin

gene sequenceBostharvest Biology and Technoldgfy 41-49.

Sinha, R.N., 1963. Stored Product Acarology in &kn Advances in Acarology,
Volume I, ed. by Naegele, J.A. Cornell Universitg$s, New York, pp.70-88.

Skouboe, P., Frisvad, J.C., Taylor, J.W., Lauritden Boysen, M. and Rossen, L.
1999. Phylogenetic analysis of nucleotide sequefaen the ITS region of

terviticillate PenicilliumspeciesMycological Research03: 873-881.

Sommer, N.F., Buchanan, J.R. and Fortlage, R.FJ4.19Produvtion of Patulin by
Penicillium expansumApplied and Environmental Microbiolo@s: 589-593.

Spotts, R.A., Holmes, R.J. and Washington, W.S8819 Sources of spores and
inoculum concentration related to postharvest deofyapple and pear.
Australian Journal of Plant Pathologyr: 48-52.

Spotts, R.A. and Cervantes, L.A., 1993. Filtrattorremove spores d?enicillium
expansumfrom water in pome fruit packinghousebiee Fruit Postharvest
Journal4: 16-18.

Spotts, R.A., Cervantes, L.A. and Milke, E.A., 199%ariability in Postharvest
Decay Among Apple Cultivar®lant Disease3: 1051-1054.

Stinson, E.E., Osman, Heisler, E.G., S.F, Siciljado and Bills, D.D., 1981.
Mycotoxin production in whole tomatoes, applesnhges and lemongournal
of Agricultural and Food Chemisti39: 790-792.

Sugar, D., Benbow, J.M., Powers, K.A. and Basil®. 2003. Effects of sequential

calcium chloride, ziram, and yeast orchard spraypastharvest decay of pear.
Plant Disease37:1260-1262.

45



Suski, Z.W. and Naegele, J.A., 1968. Environmentterminants of white light
response in the two-spotted spider mietranychus urtica&k. Mass. Expt.
Sta. Bull.571: 1-43.

Taylor, J., 1955. Apple black rot in Georgia atsddontrol.Phytopathology5: 392-
389.

Teixidd, N., Nogueras, M., Munoz, J., Usall, J.daviifias, |., 1998. Biological
control of core rot caused lternaria alternateon Starking Delicious apples.
Proceedings of the™7International Congress of Plant Pathology, Edighur
U.K.

Teixido, N., Usall, J., Magan, N. and Vifas, 1.929 Microbial population dynamics
on Golden Delicious apples from bud to harvest afféct of fungicide

applicationsAnnals of Applied Biolog¥34: 109-116.

Turhan, G., 1993. Mycoparasitism Afternaria alternataby an additional eight
fungi indicating the existence of further unknowandidates for biological
control.Journal of Phytopatholg¥38: 283-292.

Valiuskaig, A., Kviklieng, N., Kviklys, D. and Lanauskas, J., 2006. Post4bst fruit
rot incidence depending on apple maturifgronomy Research (special
issue), 427-431.

Watanabe, M., 2008. Production of mycotoxins byi€llium expansum inoculated
into applesJournal of Food Protectioil: 1714-1719.

White, T.J., Bruns, T., Lee, S. And Taylor, JWO9Q. Amplification and direct
sequencing of fungal ribosomal RNA genes for phgtegics. In: Innis, M.A.
et al. (Ed.), PCR Protocols: A Guide To Methods and Aggilons, Academic
Press, San Diego, CA, pp. 315-322.

46



Williams, J.G., Kubelik, A.R., Livak, K.J., Rafalisk].A. and Tingey, S.V., 1990.
DNA polymorphisms amplified by arbitrary primerseausefull as genetic
markersNucleic Acids Researd8: 6531-6535.

Wingfield, M.J., Seifert, K.A. and Weber, J.F., B99%Ceratocystisand Ophiostoma
taxonomy, ecology and pathogenicity. APS PresPast, U.S.A.

Wingfield, M.J., Van Wyk, P.S., Marasas, W.F.C.889 Ceratacystiopsis proteae

sp. nov. with a new anamorph genMg.cologia80: 23-30.

Wingfield, B.D., Viljoen, C.D. and Wingfield, M.J1999. Phylogenetic relationships
of Ophiostomatoid fungi associated witProtea infrutescences in South
Africa. Mycological Researcth03: 1616-1620.

Woodring, J.P., 1963. The Nutrition and Biology $&prophytic Sarcoptiformes.
Advances in Acarology, Volume I, ed. by Naegeld. Xornell University

Press, New York, pp. 89-111.

Zhang, Z.-Q., 2003. Mites of Greenhouses. Idaxifon, Biology and Control. CAB

International, Cambridge.

47



Fig. 1. Different symptoms associated with the core regibapples. (A) Dry Core Rot (DCR), (B) Mouldy CoidC) and (C) Wet
Core Rot (WCR).
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2. CHARACTERISATION OF PENICILLIUM ISOLATES
ASSOCIATED WITH PRE-HARVEST WET CORE ROT IN
SOUTH AFRICA, AND THEIR ASSOCIATION WITH
ASYMPTOMATIC, DRY CORE ROT AND MOULDY CORE
APPLES

ABSTRACT

Symptoms associated with the core region of appbkes be divided into
mouldy core (MC), wet core rot (WCR) and dry coo¢ (DCR). Wet core rot is
primarily known as a post-harvest disease withambas taking place during fruit
handling in pack houses. In South Africa, howewagple growers recently reported
WCR as being a pre-harvest disease. Thereforeaitieof this study was to
investigate the incidence and causal agent/s sfdisease. The incidence of WCR
ranged from 0% to 1.7%, and was in general lowan tthat of DCR (0.4% to 6%)
when investigated in one orchard in the 2005/06@®aas well as 11 orchards in the
2006/07 season. Isolation studies from eight makempositions in WCR apples
showed thaPenicillium was the predominant fungal genus in most of thetipos,
including the lesion area. Morphological and malac characterisation of
Penicilliumisolates obtained from WCR apples showed Ehaamulosum prov. nom.
was the main species isolated from lesions, as aglbther isolation positions of
apples sampled in both seasons. However, thisespe@s also one of the main
species isolated from DCR, MC and asymptomatic egpfdut at a much lower
incidence than in WCR fruit.Penicillium expansum was only isolated from WCR
lesions in the 2005/06 season, as well as DCRrssin both seasons. Other
Pencillium species that were occasionally isolated included glabrum, P.
chloroloma, P. chermisinum and a putative new species with closest affinityPto
dendriticum (aff. dendriticum). The pathogenicity and virulence @&enicillium
isolates were investigated using colonised tooktspinserted (A) into the surface of
apples to a depth of 8 mm, (B) through the calyetanot causing wounding and (C)
off-centre from the calyx tube through to the caggion causing wounding. Eighty-

four Penicilliumisolates were tested using inoculation method A, Ehisolates with
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methods B and C. Three main lesion types, basedotour and texture, were
observed in the inoculation studies. Lesion typeds light brown and very wet,
lesions type 2 was medium brown and spongy, andnégpe 3 was medium brown,
dry and small. The inoculation studies showed thatexpansum was the most
virulent species, causing lesion type L1 and thgelst lesions (41 to 85.8 mm) in
method A, as well as complete rotting of applesmathods B and C. ThPE.
ramulosum prov. nom. isolates varied in their virulence cagslesion types L2 and
L3, and were all considered to have low viruleraa)sing only small lesions (0 to 18
mm) in wounding experiments. ThE. species (aff.dendriticum) caused a
significantly larger lesion type L2 (14 to 20.5mmiman P. ramulosum prov. nom.
isolates in inoculation method A. This species aB® the only othePenicillium
species aside from. expansum, which could cause a substantial lesion in inocoiati
method B.

INTRODUCTION

In South Africa, core rots are among some of thetnmaportant post-harvest
diseases of apples and are mainly associated wusiteptible Red Delicious varieties
(Combrink and Ginsburg, 1973; Serdahal., 1998). Post-harvest losses can range
between 5 to 8% (Serdagtial., 1998), with some additional losses occurring piaor
harvest due to premature fruit drop in orchardsnf@ank and Ginsburg, 1973). Core
rots can be divided into dry core rot (DCR) and wete rot (WCR), based on
whether the rot that spreads from the core regibm the surrounding fleshy tissue
has a dry- or wet appearance respectively. Anahemptom that is associated with
apple core regions is mouldy core (MC), which cstssof fungal hyphal growth that
is restricted to the seed locule (Combretlal., 1985; Spott®t al., 1988). Although
many fungi have been found associated with DCRWR, the main fungal genera
that are considered to be the causative agentsAHeenaria and Penicillium
respectively (Combrinkt al, 1985; De Koclet al., 1991).

Penicillium species not only cause WCR of apples, but can edsse an
external rot known as blue mould (Rosenberger, 1Sttset al., 1988). Blue

mould is the most important post-harvest diseasestofed apples world-wide
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(Rosenberger, 1990). Wet core rot (WCR) is in ganeonsidered less important
than blue mould, although it can also expand rgpicider cold storage conditions
and is thus more damaging than DCR (Combrink amslGirg, 1973).

Wet core rot infections occur when pathogen spengsr the apple core region
during dipping in pathogen-contaminated water ia gack house (Combrink and
Ginsburg, 1973; Spottst al., 1988). In South Africa, WCR was first reportesi &
serious post-harvest disease of Starking apples9i8 (Combrink and Ginsburg,
1973). However, the disease was mostly assocwittdapples that were dipped in
diphenylamine (DPA) emulsions, which resulted idexrease in surface tension of
the suspension and thus causing the suspensioangtrpte the core more readily.
The DPA emulsion was also able to stimulate spemngation and thus infection
(Combrink and Ginsburg, 1973).

The Penicillium species causing blue mould and wet core rot may be
comprised of the same species, or different spetiag be involved. The blue
mould- causindgPenicillium species have been well characterised and the prednin
species have been identified Risexpansum and P. solitum. Other species such &
commune, P. aurantiogriseum, P. crustosum and P. brevicompactum have also been
isolated, but less frequently (Sanderson and Spt@@5; Sholberg and Haag, 1996;
Amiri and Bompeix, 2005; Sholberyal., 2005). Furthermore, in New South Wales,
P. verrucosum is considered as an important component of blueldn@enroset al.,
1984). Less is known about thenicillium species causing WCR. Spo#isal.
(1988) isolatedPenicillum roquefortii from apples with core rot, but later showed that
P. roquefortii inoculated during the pre-harvestrioddid not cause WCR. However,
when P. roguefortii was inoculated during the pre-harvest period foddvby post-
harvest inoculation withP. expansum, or if only P. expansum was inoculated in the
post-harvest period, extensive WCR developed (Spbéi., 1988). In South Africa,

P. expansum (Combrink and Ginsburg, 1973) as well Bsenicillium funiculosum
(Combrinket al., 1985; De Koclet al. 1991; Serdangt al., 1998) have been reported
as causing WCR.

The identification ofPenicillium isolates to species level is important in

etiological studies, as well as for the identifioatof inoculum sources. In earlier
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years,Penicillium isolates were identified to species level usingyanbrphological
characteristics, such as measurements of the cal@myeter, colony characteristics
and microscopic observations. Colony charactessire assessed by determining the
colony texture and colour, as well as the appearaf@enicilli and conidial chains
(Pitt, 1979). Colony characteristics are determiihest by using the three point
inoculation method of isolates onto Czapek Yeasblgsate agar (CYA) or Czapek
agar (Cz) and 2% Malt Extract Agar (MEA), as suggedy Samson and Pitt (1985).
Pitt (1979) suggested that growth rate and watévigcwith different media and
temperatures should be used in addition to coldmgracteristics (Samsoé al.,
2004). Classification oPenicillium species by their cultural characteristics alone is

not recommended as these can be very variable (Rapgerhom, 1949).

More recently, molecular techniques have been fowedy useful for
identifying Penicillium species, and several gene regions have been metestifor
their usefulness. The noncoding internal transctigpacer (ITS) region of the rDNA
unit has been investigated to clarify subdivisionshe genus (Lobugliet al., 1993;
1994). The ITS region, however, does not alwaystain enough variability to
distinguish between aPenicillium species, especially some species within specific
Penicillium subgenera (Skoubast al., 1999). The cytochrome axidase 1 CO1)
gene has also been found variabl@énicillium, and was shown to be comparable to
the ITS region in showing divergences between ggeiti the subgenuRenicillium
(Seifertet al., 2007). Glass and Donaldson (1995) were amoadijrtt to show that
the B-tubulin gene is highly polymorphic in fungi, antig region has subsequently
also been found suitable for identifyirRenicillium species (Samsoe al., 2004).
The B-tubulin gene is highly variable betwed?enicillium species. Seiferet al.
(2007) found that sequence divergences betweenespiecthe subgenuBenicillium
were higher for th@-tubulin gene, than for the ITS a@D1 gene regions (Seifeet
al., 2007).

Apple growers in South Africa have recently repdrieat apples already have
WCR symptoms when harvested, and that symptomsotdonly develop after fruit
dipping and storage. Therefore, the first aim ¢ study was to determine the
incidence of WCR in apples harvested from treeklimrchards situated in the Ceres,

Grabouw and Ermelo production regions, mainly i th006/07 season. The
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incidence of dry core rot (DCR) and mouldy core (M@s also recorded in order to
determine the relative contribution of each coressonptom to disease. The second
aim of the study was to determine the main fungalega associated with eight
internal positions of WCR applesPenicillium was predominantly isolated from
WCR apples, and it was therefore also investigatieether the high incidence of this
genus is restricted to WCR apples, or whether itlcccalso be isolated from
asymptomatic, DCR and MC apples. TPenicillium isolates obtained from all the
isolation studies were identified to the speciegelleusing morphological and
molecular methods. The isolates were also charsete with regard to their
pathogenicity and virulence using colonised toatkpinserted (A) into the surface of
apples to a depth of 8 mm, (B) through the calyetnot causing wounding and (C)

off-centre from the calyx tube through to the cagion causing wounding.

MATERIALSAND METHODS

Orchards surveyed and evaluation of DCR, WCR and MC symptoms. In
total, 11 orchards that were situated in the CeBabouw and Ermelo production
regions of South Africa were surveyed (Fig. 1; Bab). One orchard was sampled in
the 2005/06 season, whereas 11 orchards were shmpiee 2006/07 season (Table
1). Apples were picked one to three weeks beforedsa The cultivars, Oregon Spur
and Top Red, which were included in the survey ka@vn to be susceptible to core
rot diseases and contain an open calyx tube (Cokktial., 1985). The apples
were picked at random from at least 50 trees wiglasich orchard, with not more than
five apples sampled per tree. The harvested app88sto 300 per orchard (Table 1),
were stored in cardboard boxes in a cold room @t #ft 2 to 4 weeks prior to

evaluation.

The incidence of DCR, WCR and MC in apples was rdateed by cutting
apples longitudinally through the core, and aga&im from the core on each side with
a sterile knife. The apples were cut, startinthatstem end region in order to prevent
fungal growth from the blossom end being transtete the internal surface of the
apples, since the apples were not surface stetiliddne different core rot symptoms

were classified according to their appearance WW8R being a wet, spongy rot
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extending from the core into the fleshy region e apple, whereas DCR is a dry,
corky rot that extends from the core region inte fileshy tissue. Mouldy core
consists of fungal hyphae, usually greyish, thatrastricted to the core region, with
no apparent rot symptoms.

Isolations for fungi from WCR apples. The apples that were cut open and
evaluated for core symptoms, were also used fdatisa studies. The specific
orchards from which apples were obtained for WGHaisons, are indicated in Table
1. In the 2005/06 season and 2006/07 seasonfitslavere made from 4 and 24
WCR apples respectively. Isolations were made fBmternal positions (Fig. 2),
after surface sterilisation of the cut apples. Hudations were made by plating small
tissue pieces (1 to 3mm) onto 90mm-plates contgipotato dextrose agar with 0.04g
streptomycin/L (PDA). Plates were incubated at 25°C + 4°C on therédbry bench
and inspected regularly for fungal growth. Subiauhg of fungal growth was
conducted onto smaller (65mm diam.) PD#Aates, which were used to identify fungi
to the genus level. AlPencillium isolates were single spored, and stored at 4°C on
PDA slants as well as in 20ml bottles containiregilt water.

Isolations for Penicillium from asymptomatic, DCR and MC apples.
Isolations from asymptomatic, DCR and MC appleseneade as described for WCR
apples, except that after sub-culturing onto 65niddplates, only Pencillium
colonies were analysed further. lIsolations werelen@om 25 asymptomatic, 9 MC
and 1 DCR apple in the 2005/06 season, and fromsggptomatic, 27 MC and 52
DCR apples in the 2006/07 season.

Molecular characterisation of Penicillium isolates. Eighty-seven
Penicillium isolates obtained from WCR, MC, DCR and asymptoenagiples were
characterised at the molecular level. Genomic DM extracted from each of the
single sporedPenicilliumisolates, using a slightly modified method of Leel &aylor
(1990). Subsequently, th@-tubulin polymerase chain reaction (PCR)-restrittio
fragment length polymorphism (RFLP) group of eastidte was determined by first
PCR amplifying a partial region of thg-tubulin gene. PCR amplification of the

partial B-tubulin gene was conducted using primers Bt2a
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(GGTAACCAAATCGGTGCTGCTTTC) (Glass and Donaldson9%9 and PentubR
(GACGGACGACATCGAGAACCTG). The PCR reaction mixtucensisted of 0.2
UM of each primer (Bt2a and PentubR), 0.2 mM of eddiTP, 1x PCR buffer
(Bioline USA Inc., Taunton, MA), 0.7 U BIOTAQ DNAglymerase (Bioline), 0.2
mg bovine serum albumin (BSA) Fraction V (Roche ddiastics, South Africa,
Randburg), 1.3uL DNA and 3 mM MgC} in a final volume of 50pL.
Amplifications were conducted in a 2700 Applied 8istems (Foster City, CA) PCR
machine, starting with an initial denaturation eyof 5 min. at 94 °C, followed by 40
cycles of 45s at 94 °C, 45s at 55 °C and 60s atC7and a final extension cycle of 7
min. at 72 °C. Successful amplification was chelcke a 1% agarose gel containing
ethidium bromide. Subsequently, the PCR produ@sewestriction digested using
the restriction enzymedaelll and Rsal. The Haelll digest reaction consisted of 1x
enzyme buffer (Fermentas Inc., Glen Burnie, MD}, AL Haelll (Fermentas) and 8
puL PCR product in a total volume of 25 pL. TReal digestion reaction consisted of
1x enzyme buffer (Fermentas), 0.5 Rkal (Fermentas) and 8 uL PCR product in a
total volume of 25 puL. Reactions were conducteeroight at 37°C, and 15 pL of the
restriction digest products were run along with0abp DNA standard (Fermentas) on
a 3% agarose gel (MS-8 agarose, Molecular screé&spaHagar, Burgos, Spain)
containing ethidium bromide. Isolates that exletithe same restriction pattern for

both enzymes were classified into the s@tebulin PCR-RFLP group.

A subset of the isolates that represented therdiite3-tubulin PCR-RFLP
groups were selected for sequencing of the ITS fatubulin gene areas (Table 2).
ITS amplification was conducted using the same P&iRtion conditions as for tiffe
tubulin gene, except that the ITS1 and ITS4 prinfévhite et al., 1990) were used.
Amplification conditions of the ITS region was alsinilar to those used for the
tubulin gene, except that the annealing temperatae 52°C. The partigd-tubulin
gene was amplified as described above. ITS ftdbulin PCR products were
cleaned using the Invitek kit (Invitek, Berlin), cacding to manufacturer’s
instructions. Sequence analyses were conducteldeb@entral Analytical Sequencing
Facility at Stellenbosch University using the BigDyystem (version 3.1 dye
terminators, Applied Biosystems) and an ABI 3130&Enetic Analyzer. Geneious

Pro (Biokmatters Ltd., Auckland, New Zealand) waedito view ABI trace files, and
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to obtain consensus double strand sequences forsaate, which were submitted to
Genbank (Table 2).

Morphological characterisation of Penicillium isolates. A subset of the
isolates representing the differgitubulin PCR-RFLP groups was also selected for
morphological characterisation (Table Fenicillium isolates were morphologically
characterised by preparing spore suspensions t#Htesoin semi-solid agar (0.2%
agar, 0.05% Tween). The spore suspension of satdite was inoculated on Czapek
Yeast Agar (CYA), Malt Extract Agar (MEA) and 25%y@erol Nitrate Agar (G25N)
using the three point inoculation method (Pitt, 4:9%amson and Pitt, 1985). The
inoculated 90mme-Petri-plates were incubated at 26CRA, MEA, G25N), 5°C
(CYA) and 37°C (CYA). Plates were incubated in tlzek and were left unwrapped
to allow sufficient aeration (Okuda al., 2000). Additional CYA and MEA plates
were inoculated and incubated at room temperaif28°C) on the laboratory bench
for 7 to 21 days. Characterisation and descriptioslere made according to the
methods of Pitt (1979), Samson and Pitt (1985) @kddaet al. (2000). Codes and
colour names for the isolates were assigned acupriti Kornerup and Wanscher
(1967).

Evaluation of the pathogenicity of 84 Penicillium isolates using a toothpick
surface inoculation method. The pathogenicity of 8Renicillium isolates that were
identified to the species level was determinedgisisurface inoculation method with
colonised toothpicks. Colonised toothpicks wer&mted by first cutting toothpicks
in half, followed by five consecutive rounds of @tlaving in deionised water, with
the water being replaced after each autoclave sessirhe toothpicks were then
transferred to potato dextrose broth (Difco Labanias, Detroit) and autoclaved again
(Serdaniet al., 2002). The toothpicks were placed aseptically dd@onm-PDA-
plates, and each plate was inoculated with one plgarof an approximately 7-day-
old Penicillium culture growing on PDA Top Red apples were surface sterilised
prior to inoculation by immersing the apples forsgonds in 70% ethanol, 2 minutes
in 1% NaOCI and 15 seconds in 70% ethanol. Theeappkre air dry in a laminar
flow cabinet. Toothpicks colonised with tRenicillium isolates, as well as control

toothpicks consisting of toothpicks that were pthom uninoculated PDAplates,
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were inserted £ 8 mm into the apples. Each appfgamed 6 toothpicks of which
five were each colonised with a different isolatgth the sixth toothpick being a
control uncolonised toothpick. Four replicateseath isolate were inoculated into
apples, and the experiment was repeated. Inodulapples were incubated in
moisture chambers at high relative humidity (8®@86) for 10 days at 25°C + 4°C.
At the end of the incubation period, toothpicks evegmoved from apples, and apples
were split longitudinally across the inoculationirge with a sterile knife. Lesions
were characterised with regard to diameter (mmjouwo(medium brown or light
brown) and texture (dry, very wet or spongy). Tmemeter of the lesions formed on
the surface (skin) of the apple was measured.atisols were made from a sub-set of

the apples onto PDAo fulfil Koch'’s postulates.

Satistical analysis. Data of the lesion sizes produced by e&ehcillium
isolate in the surface inoculation experiment, & as lesion sizes produced by the
different Penicillium species was analysed using Statistica version&dtdoft Inc.
2008, STATISTICA (data analysis software systergysion 8.0. www.statsoft.com].
A repeated measures analysis of variance (RM ANOWA3 done between the 2007
(Rep 1) and 2008 (Rep 2) external lesion diamédtess repeats of experiments) over
Penicillium species. The lesion diameters were also comparedion types per year
with  ANOVA. Appropriate Bonferroni multiple compaons were done to
investigate where significant differences (intei@td) occurred. Where the residuals
were not normally distributed, non-parametric téikis the Kruskall-Wallis’ analysis
of variance test or a bootstrap test was done néiroo the results of ANOVA's. All

analyses were done at the 5% significance level.

Evaluation of the pathogenicity of 10 Penicillium isolates using two calyx
end toothpick inoculation methods. The pathogenicity and virulence of 10
Penicillium isolates was tested by using two different calyxl-based colonised
toothpick inoculation methods that either resuliedvounding, or non-wounding of
apple tissue during the inoculation. The 10 igddhat were selected represented the
main Pencillium species identified in the study (Table 3). Theeskpents were

conducted twice.
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The colonised toothpicks were prepared as descrdbede for the surface
inoculation experiment, except that toothpicks wew cut in half. The non-
wounding technique consisted of the toothpick bemsgrted directly into the calyx
tube and core region. The wounding technique stetsiof a toothpick inserted off-
centre from the calyx tube at an angle into the2 gegion, thus wounding the apple
fleshy tissue. For each isolate, 5 apples wereulated using the non-wounding
techniques, as well as 5 apples for the woundicgnigue. Controls for the non-
wounding and wounding experiments consisted of plespeach being inoculated
with an uncolonised toothpick either causing woangdor non-wounding. Top Red
apples were incubated at 25°C + 4°C for 2 to 4 wéeknge due to the difference in
virulence of isolates) under high relative humidi®p to 90%). Evaluation of apples
was conducted by cutting each apple longitudingiipugh the core region and calyx
tube, and recording the type of lesion formed, ¢@pur (medium brown or light

brown) and texture (dry, very wet or spongy).

RESULTS

Orchards surveyed and evaluation of DCR, WCR and MC symptoms.
Orchard CSC1 was the only orchard in which the erfor different core rot
symptoms was conducted in two consecutive seasbhs.incidence of WCR in this
orchard was similar in both seasons, being 1.7%eén2005/06 season and 1.3% in
the 2006/07 season (Table 1). WCR symptoms tylgicahsisted of medium brown,

spongy to wet lesions that varied somewhat in ajgoea in different apples (Fig. 3).

Nine of the ten other orchards also contained applth WCR (Table 1), with
the symptoms being similar to that observed in am@dhCSC1 (Fig. 3). The only
orchard that did not contain WCR was one orcharthinGrabouw region (CSG2).
The incidence of WCR in the ten orchards rangechf@® to 1.7% (Table 1). In
general the incidence of WCR was higher in the €emea (1% to 1.7%) where
Oregon Spur apples were analysed, than in the @valwea (0% to 0.7%) (Table 1)
where Top Red apples were analysed. Samplingeifietinelo region was only done

in one orchard and generalisations could therafotde made.
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Almost all of the 11 orchards that were surveyedtaimed apples with DCR
and MC, the exception being one orchard in the @rabarea that did not contain
any MC apples. In most of the orchards, the inmgeof DCR was higher than that
of WCR, whereas the incidence of MC was higher tB&R and WCR in all the
orchards. The exception was orchard CSC1 thaaHhadher incidence of WCR than
DCR in the 2005/06 season. The average incideh@¢GiR, DCR and MC in all the
orchards was 0.8%, 3.5% and 7.6% respectively Erapl

Isolations of fungi from WCR apples. Penicillium was the main fungal
genus that was isolated from WCR apples. It wakitsd from 25 of the 28 WCR
apples, in at least one of the eight isolation omss shown in Fig. 2. In most of the
isolation positionsPenicillium was the main fungal genus, except in the stem end
(position 7), flower parts (position 8) and calybé (position 6), in both seasd(ifsg.

4). Isolations from the edge of the lesion (positll) showed tha®enicillium was
isolated from 75% and 57% of the apples in the AD®%nd 2006/07 seasons
respectively (Fig. 4). Isolations 1 cm away frohe tlesion (position 2) yielded
Pencillium in 75% and 52.2% of the apples in the 2005/06 aD@6D7 seasons
respectively (Fig. 4)Penicilliumwas also isolated at moderate levels (> 35%) ih bot
seasons from the calyx tube (position 6), in tigsexd to the calyx tube (position 3), 1
cm away from the calyx tube (position 4) as weltlas core region (position 5) (Fig.
4).

The other fungal genera that were also isolatetch fidCR apples included
Alternaria, Aureobasidium, Cladosporium and Epicoccum. Several fungi from other
genera were also isolated but were not represdiytedore than 3 or 4 isolates, and
were grouped under “other fungi” (Fig. 4). In th@05/06 season, when isolations
from only 4 WCR apples were made, olyreobasium was isolated at frequencies
similar to Penicillium in the core (position 5) and the regions surrougdire calyx
tube (positions 3 and 4) and the core regions {jpasi 1 and 2) (Fig. 4). However, in
the 2006/07 season, all of the main fungal genena usolated from positions 1 to 4
at frequencies much lower th&enicillium, with Aureobasium having the highest
isolation frequencyFig. 4). In all of the WCR apples in both seastivesincidence
of Alternaria increased progressively from the calyx tube (posi) to the flower
parts (position 8) (Fig. 4).
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Isolations for Penicillium from asymptomaticc DCR and MC apples.
Penicillium was also isolated from healthy apples, DCR and M@es, although the
incidence was much lower than in WCR apples for tnodshe isolation positions
(Fig. 5). In the 2006/07 season, the incidencPenilliumin DCR apples in all of
the isolation positions was low, and did not exc@di®. This was low considering
that isolations were made from 52 DCR apples ang 2% WCR apples. Similarly,
in the 2006/07 season in MC and asymptomatic apgiesincidence oPenicillium
in all the isolation positions was low, with MC d@® having the highest incidence in
the calyx tube and surrounding tissue (positions &d 6) (Fig. 5).

Molecular and morphological characterisation of Penicillium isolates.
Eighty-severPenicillium isolates were obtained from isolations made fromlesp(7
DCR apples, 25 WCR apples, 3 MC apples and 6 asyngiic apples). Since
Penicillium isolates were obtained from more than one isolaposition within an
apple, the total number of isolates that were olethitotalled 87, of which 60 were
WCR isolates, 13 DCR isolates, 6 MC isolates amgBe isolates from asymptomatic

apples.

Eight p-tubulin PCR-RFLP groups were identified among 87ePenicillium
isolates collected from both seasons (Fig. 6). uBeqdng of the ITS an@-tubulin
regions of isolates representing the different ARRFR-P groups showed that PCR-
RFLP Group 1 represenB expansum, Group 2, 5 and 8 represersramulosum
prov. nom. which is a new species that is in trecess of being described (personal
communication, K. Jacobs). Group 3 representdatipa newPenicillium species of
which the closest known relative i dendriticum, and these isolates are therefore
here referred to a$. species (affP. dendriticum). Group 4 represent. glabrum,

Group 6 representd. chloroloma and Group 7 represerf®s chermisinum.

Morphological analyses of a subset of the isolaggsesenting the different
PCR-RFLP groups confirmed the molecular identifmad. The morphology of
isolates in PCR-RFLP group 4 most closely resemiiled of P. glabrum, but
morphological identification was difficult. =~ The IRERFLP group 7 isolate

morphologically resembleB. chermisinum, although it produced brown exudates and
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a light red brown soluble pigment that are not knasharacteristics of this species.
Although there was sequence variation within Fheamulosum prov. nom. PCR-
RFLP groups (2, 5 and 8), the isolates were mongically indistinguishable and
they were all considered to belong to this spedtasthermore, phylogenetic analysis

did not support a separate species status (unpeblidata).

All the sequenced and morphologically identifiedlages were submitted to
the Stellensbosch University culture collection ERJ) at the Department of Plant
Pathology. The GenBank (http://www.ncbi.nlm.niluf@enbank/) accession
numbers of the ITS anf-tubulin sequences of the isolates as well as thdiure

collection numbers are presented in Table 2.

After the identification of all the isolates to thpecies level, the association of
specificPenicillium species with asymptomatic, WCR, DCR and mouldy emges
in the different isolation positions was investaght The association of the different
Penicillium species with each of the different symptoms anangsgmatic apples is
presented in Table 3. In DCR appl®s,expansum and P. ramulosum prov. nom.
were the predominant species isolated from lesimusitions 1 and 2) in both
growing seasons. These species were also isdiaedthe tissue surrounding the
calyx tube (positions 3 and 4). In asymptomatipleg, which only consisted of 8
isolates, the predominant species Wasamulosum prov. nom. These isolates were
mainly isolated from the calyx tube region (posisa3 and 6) from five orchards in
Ceres. In the MC apples orfy ramulosum prov. nom. was isolated, mainly from the
calyx tube region (positions 3 and 4). In bothsses the mairfPenicillium species
that was isolated from the WCR lesion area (passtib and 2), and from almost all
the other isolation positions, (except positionwgs P. ramulosum prov. nom. In
WCR applesP. expansum was only isolated in the 2005/06 season, mainlynftbe

lesion area (Table 3).

Aside from P. expansum and P. ramulosum prov. nom., otherPenicillium
species that were isolated occasionally from DCRERMand asymptomatic apples
includedP. glabrum (WCR, asymptomatic, DCR) aril chermisinum (WCR) andP.

chloroloma (Table 3).
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Evaluation of the pathogencity of 84 Penicillium isolates using a toothpick
surface inoculation method. The inoculation of apples with the surface toothpic
inoculation method showed that the isolates vanethe size of lesions that they
caused, as well as the appearance (colour andé¢xiithe lesions (Table 3; Figs. 7
and 8). The appearance of lesions was quite destearacter, since it was
reproducible for most isolates between experimeantsl three distinct lesion types
(L1 to L3) could be distinguished (Fig. 7). Howevéor 11 of theP. ramulosum
prov. nom.solates the lesion types were not consistent, gothe apples showing an
L2 and other apples showing an L3 lesion type withe same experiment (Table 3).
The control, inoculated with uncolonised toothpjdksver showed any lesion (Fig. 7
D), nor wasPenicillium isolated from the inoculation site. Renicillium inoculated

apples, this genus was re-isolated from lesionfllihg Koch’s postulates.

The three lesion types (L1 to L3) each had a distoolour and texture.
Lesion type L1 had a light brown and very wet appgeee, L2 had a medium brown
and spongy lesion that was sometimes slightly wet] L3 had a medium brown
colour and was a dry lesion that was very smalher& were significant differences
between the lesion sizes associated with speatoh types (data not shown).
Lesion sizes associated with a specific lesion tgjs® varied between the tested
isolates (Table 3). The lesion size of the L1 tyaeged from 41 mm to 85.8 mm
(average 58 mm), that of the L2 lesion type ranfgeih 2.3 mm to 16.3 mm (average
9.5 mm) and that of the L3 lesion type ranged ff0 to 6.3 mm (average 1.6 mm).
Lesions caused bl. expansum isolates were all of the L1 lesion type (light brow
and very wet appearance), whereas Bhegamulosum prov. nom. isolates caused
either a L2 or L3 type (Table 3). The L2 lesiopgymost closely resembled the WCR

lesions that were originally found pre-harvestiiohards.

Analyses were conducted to determine whether gpeRdncillium species
were associated with specific lesion sizes. Tha d&the two repeats of the trials
could not be pooled since external lesion diameiféered significantly between the
two repeats of the trial. The analysis showed fillasome species isolates within the
same species differed significantly with regardhe size of lesion they caused (Fig.
8). Isolates withirP. expansum, P. glabrum andP. species (affdendriticum) did not

differ significantly from each other in the lesisizes they caused. However, isolates
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within the P. ramulosum prov. nom. group did differ significantly from eaokher in
the lesion sizes caused (data not shown). Therleszes caused Wy. expansum
ranged from 41 to 85.7mm (average 59mim),amulosum prov. nom. lesions ranged
from 0 to 18 mm (average 6.95 mn®, species (aff. dendriticum) lesions ranged
from 14 to 20.5 mm (average 17.2 miR) glabrumlesions ranged from 0 to 2.8 mm
(average 0.83) and. chloroloma lesions ranged from 1.8 to 2.3 mm (average 2 mm).
Analyses of lesion sizes according to species grahpwed thal. expansum caused
significantly larger lesions than any of the otbpecies. Penicillium chloroloma, P.
chermisinum andP. glabrum did not differ significantly from each other witegards
to lesion size (Fig. 8).Penicillium species (affdendriticum) caused significantly
larger lesions tharP. ramulosum prov. nom P. chloroloma, P. glabrum and P.
chermisinum in both experiments Penicillium ramulosum prov. nom. caused
significantly larger lesions thaR. chloroloma, P. glabrum and P. chermisinum in
both experiments (Fig. 8). Only one isolatePehicillium chermisinum was found,

which was non-pathogenic (Table 3).

A comparison of the pathogenicity &fenicillium isolates obtained from
different isolation positions in WCR apples showieat all the isolates obtained from
isolation position 1 and 2 (21 isolates) were pgémic, i.e. causing a lesion diameter
and/or either lesion type L2 or L3. In isolatioosfion 3, 100% (8/8) of the isolates
were pathogenic, and in position 4, 89% (8/9) ef igolates were pathogenic. Most

of thePenicilliumisolates (80%) from asymptomatic apples were atgbgmenic.

Evaluation of the pathogenicity of 10 Penicillium isolates using two calyx
end toothpick inoculation methods. In the calyx-end inoculation studies, two
different methods were used for inoculating enicillium isolates, resulting in

wounding or non-wounding of the apple tissue.

In the wounding experiment, where the toothpick waerted off-centre from
the calyx-tube through to the core region, moghefisolates caused lesions after a 4
week incubation period. The exception was Ehe=xpansum isolate that already
caused extensive rotting 2 weeks after inoculatausing the L1 lesion type (Table
3; Fig. 9A). Most of theP. ramulosum prov. nom. isolates (D103, D101, W10,
W159, W202, W224) that were tested caused the dasien type (L2) in this
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experiment (Fig. 9B) as in the surface toothpiccudation trial. However, there
were a few exceptions. For exampleramulosum prov. nom. isolate W177 arié
glabrum isolate W234 caused the L3 lesion type in surfaceulation studies, but in
the calyx-end wounding experiment the lesion typses wot distinctive and varied
between the different inoculated appléXenicillium glabrum isolate W234produced

a L1 or L2 lesion type in different apples in theumding experiment, whereas isolate
W177 produced all three lesion types in the difiégples (Table 3). The control of
the wounding experiment did not cause a lesiony arglight browning where wound

healing occurred (Fig. 9D).

In the non-wounding method where toothpicks wemeited into the calyx
tube, only two of the isolates, representiigexpansum (D97) andP. species (aff.
dendriticum) (W44), caused distinct lesions. In these expenis theP. expansum
isolate (D97) caused all 5 apples to completelyimoboth experiments only two
weeks after inoculation, causing a typical L1 lesigpe (light brown and very wet
lesion) (Table 3; Fig. 10A). This isolate also &edi a L1 lesion type in the shallow
toothpick inoculation experiment. The species (affdendriticum) isolate (W44) also
caused a lesion (L2) in both experiments, but after four weeks of incubation
(Table 3; Fig. 10B). These were similar lesiam#hie lesion type (L2) caused by this
isolate in the toothpick surface inoculation tridlhe remainder of the isolates caused
no lesion in the non-wounding experiment after &keeof incubation (Table 3; Fig.
10C). No lesion type L3 was caused by this inotuaimethod. No lesions were
observed in the control apples (Fig. 10C).

DISCUSSION

Pre-harvest wet core rot (WCR) of apples was detert all three production
regions and in 10 of 11 orchards. Although theeSearchards contained somewhat
higher incidences of WCR than the Grabouw orchatdfnite conclusions regarding
the incidence of WCR in the two regions can noliragle since too few orchards were
sampled. Disease incidence was also very low withahards, and different cultivars

were sampled within each region. In orchards WMGR the incidence ranged from
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0.3% to 1.7%. In general, the incidence of WCR (age 0.8%) was lower than that
of DCR (average 3.5%) and MC (7.6%) in most ofdhehards.

Wet core rot is mostly known as a post-harvestioére Penicillium infects
the core region during fruit dipping practices imck houses (Spotts, 1990).
However, careful scrutiny of core rot literatureSouth Africa showed that WCR also
has been reported previously as a pre-harveshr8outh Africa by De Koclet al.
(1991). Although not quite clear, the publicatiasisCombrinket al. (1985) and
Serdaniet al. (1998) may have identified pre-harvest WCR, sirtee &pples were
harvested from trees and stored directly for thoeeight months before evaluation,
without treatment in pack houses. The report eflmrvest WCR by De Koait al.
(1991) did not indicate the incidence of WCR sefgafeom DCR, but only reported
the incidence of total core rot which ranged fror8%38 to 12% in two seasons at
harvest (De Koclet al., 1991). Although Combrink and Ginsburg (1973)omgd
incidences of WCR as high as 4% to 20%, this wpest-harvest WCR specifically

associated with the use of diphenylamine-emulsiomsp tanks.

Penicilliumwas found to be the main fungal genus isolated W8GR apples.
Identification of the isolatedPenicillium species showed that the most common
Penicillium species obtained from WCR apples was ramulosum prov. nom.
Combrinket al. (1985) and De Kockt al. (1991) reportedP. funiculosum as the main
species associated with WCR, which were most likalypre-harvest infections.
Serdaniet. al. (1998) only mentioned that they isolat&d funiculosum and P.
expansum from apples with WCR that were picked from treed atored directly, but
they did not elaborate on the contribution of esphcies to WCR. The isolates that
were identified in all three of the aforementiorstddies a®. funiculosum, may have
been similar to the currently identifié ramulosum prov. nom. as well aB. species
(aff. dendriticum) isolates, since the latter two species have miltharacteristics
similar to that ofP. funiculosum (personal communication Dr. K. Jacabsh the
current studyP. expansum was only isolated from WCR apples in one season.
Previously,P. expansum has been associated with post-harvest WCR in Shiuite
(Combrink and Ginsburg, 1973) as well as possibé/hmarvest infections (Serdagi
al., 1998).
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In pre-harvest WCR apple®enicillium was isolated from several internal
positions including the calyx tube (positions 3 d@)dand flower parts (position 8).
This suggests that, shouRgnicillium be able to sporulate in these regions of apples,
WCR apples from infected orchards may be an impobrsource contributing
inoculum to the dip tank water. The relative hiffjequency of isolation of
Penicillium in WCR apples in asymptomatic fleshy tissue, i.eniaway from the
calyx tube (position 4) as well as the lesion gpsition 2) is interesting. Isolations
from position 2 were specifically made to incredse probability of finding the
causative agent at the asymptomatic edge of thedréissue. Pathogenicity testing
using the surface inoculation method showed thaW&lR isolates obtained from
positions 1 and 2 were pathogenic, as were molsitéso(>89%) from positions 3 and
4. Thus, as suggested in earlier literature studiest core rot pathogens (Brien,
1937; Carpenter, 1942), includirenicillium isolates identified in this study, are
most likely facultative pathogens that grow sapydigally and only cause disease

when environmental and host conditions become fiale.

Penicillium was isolated from DCR, MC and asymptomatic appadtough
the incidence was in general much lower than in W&Rles from all isolation
positions. Similar to WCR apples, the most comnRenicillium species isolated
from DCR, MC and asymptomatic apples viragamulosum prov. nom. Penicillium
expansum was only isolated from DCR lesions, which has neerb reported
previously. Penicillium is not a fungal genus that is generally associati¢dl the
internal regions of apple fruits, and reports oa fitesence of this genus are not
specific concerning the incidence or speciesPeficillium found. Serdanget al.
(1998) did not report isolating this genus from Itigafruit, whereas Teixidcet al.
(1999) reported tha&enicillium was seldom isolated from internal fruit regiondlisE
and Barrat (1983) only mentioned th@enicillium was one of the minor genera
isolated from the core region of apples, but tAHernaria was the main genus

isolated from this region.

The surface toothpick inoculation method was usébul investigating the
pathogenicity and virulence éfencillium isolates. Pathogenicity is defined here as
the ability to cause disease, whereas virulenersdbd the amount of disease caused.

This inoculation method has previously only beeredusfor evaluating the
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pathogencity ofAlternaria isolates (Serdargt al., 1998). The surface inoculation
method revealed the presence of three lesion t{ijpego L3) that were relatively
reproducible. Lesion type 1 was only causedPbgxpansum isolates, whereas the
remainder of the species caused lesion type L23oiThe L2 lesion type produced in
the surface inoculation studies most closely resednkthe initial WCR symptoms
seen in orchards. The lesion types caused byutface inoculation method were

reproduced in the calyx-end wounding inoculatiard&s in most cases.

Based on the surface inoculation methBenicillium expansum followed by
P. species (aff.dendriticum) were the most virulent species since they caused
significantly larger surface lesions than the otbpecies. Isolates from these two
species were also the only species that causemh#esi the non-wounding calyx end
inoculation study, although lesion development wagh faster foP.expansum (2
weeks) tharP. species (affdendriticum) (4 weeks). In contrast, tHe ramulosum
prov. nom. isolates are all considered to have Vowlence, since they only caused
relatively small lesion sizes (L2 and L3 type) Ire tsurface inoculation method, and
they also did not cause lesions in the non-woundimgx end inoculation method.
Based on these results, the surface inoculatiomadeseems useful for the initial
screening of isolates for pathogenicity. Howevar,order to determine whether
isolates can cause disease without wounding arefrdete their virulence, the non-
wounding calyx-end inoculation method must be uaed may be able to identify

more virulent isolates.

Several methods have been published previously dwaluating the
pathogenicity ofPenicillium on apples. Thesénclude the inoculation of spore
suspensions to surface wounds (Spettal., 1999), wound inoculation by placing
conidia and hyphae into 3mm deep surface woundmfiok et al. 1985; Spottst
al., 1988), and injecting spores into the core regiongia syringe (Combrink and
Ginsburg, 1973; Michailidesat al., 1994; Spottt al. 1988). In preliminary trials, the
usefulness of spore inoculation of surface woun@s \wmvestigated, but this was
found to be unreliable for evaluating isolates witkv virulence, since the results
varied greatly within and between experiments if éd@ampleP. ramulosum prov.
nom. isolates were used (unpublished data). Tkeofispore suspensions injected

into the core region is associated with problentasted to low infection frequencies,
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as well as possibly resident spores from the cedgkon being washed into the core
region. This will thus result in infections not ays being caused by the fungal

inoculum.

The study was not able to conclusively show tRetcillium, or a specific
Penicillium species is the sole causative agent of pre-haWWw&R. However, there
was some evidence that supported the fact Rhabmulosum prov. nom. may be
involved since (1) it was isolated at higher incide in WCR apples than in other
apples, (2) it was isolated from WCR lesions andit(produced a lesion similar to
the original lesions observed in orchards in thgase inoculation studies. It is
however important to note that isolates within #pecies seemed to vary in their
virulence. Penicillium expansum and P. species (affdendriticum) most likely also

play a role in pre-harvest wet core rot due torthigjh virulence.

Wet core rot may be caused by a compleRaficillium species since not one
species was isolated consistently from the lesiand, other fungal genera may also
be involved. The species that initially start otfen may be obscured in the isolation
studies, since lesions had already progressedasuladly when isolations were made.
At this stage of disease development, saprophytienmor pathogens may have
started to colonise the lesion. The fact thanhoculation studies (surface inoculation
and non-wounded calyx end inoculatior®) expansum and theP. species (aff.
dendriticum) isolates caused the largest lesions, and thdt fmecies were isolated
from WCR lesions especially in the 2005/06 seasaay suggest that these species
can start the infection, but subsequent symptoneldewment is modified by other

facultative and minor pathogens including sdPneamulosum prov. nom. isolates.

Much still needs to be learned about pre-harvesRWEuture studies should
investigate the contribution of WCR to pre-harvésiit drop by determining the
number of symptomatic fruit on the orchard flooridg the growing season. In the
2005/06 season in one orchard where fruit on theavd floor was investigated at the
end of the season 2.3% fruit had WCR symptoms (oirghed data). Yield losses
due to fruit drop in orchards could be substanéspecially if virulent species such as
P. expansum andP. species (affdendriticum) are involved, since they cause rapidly

expanding lesions that are most likely to causet fdnop. It should also be
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investigated whether orchards with a high incidemcere-harvest WCR have (1)
high Penicillium inoculum concentrations and (2) an increased imcdeof post-
harvest WCR after apples have been stored. Ciyrénis not known if pre-harvest
WCR contributes to post-harvest WCR losses. Futudies should also investigate
the usefulness of the calyx end non-wounding methothvestigating a larger set of
isolates and comparing the lesions formed to thofee surface inoculation method.
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Fig. 1. Map of South Africa showing the two regions in the Western Cape (Ceres (1)
and Grabouw (2)), and one region in Mpumalanga (Ermelo (3)) that were surveyed

for the presence of wet- and dry core rot.

Fig. 2. Eight internal positions within an apple from which fungal isolations were

made.
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Fig. 3. Range of wet core rot symptoms in apples harvested from orchards.
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Fig. 4. Fungal genera isolated from apples with wet core rot (WCR). Fungi that were

only represented by three or four isolates were grouped under “Other fungi”. The

percentage WCR apples containing each of the fungal genera within eight different

isolation positions (1 to 8; see Fig. 2) are shown for apples that were collected (A) in

= 4) and (B) in the 2006/07 season in 11

the 2005/06 season in one orchard (n

orchards (n = 24).
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Fig. 5. Percentage apples with wet core rot (WCR), dry core rot (DCR), mouldy core
(MC) and asymptomatic apples (Asymp) containing Penicillium within eight different
isolations positions (1 to 8; see Fig. 2) in the (A) 2005/6 season in one orchard and

(B) 2006/07 season in 11 orchards.
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Fig. 6. Eight PCR-RFLP groups (1 to 8) that were identified among Penicillium
isolates obtained from apples. The PCR-RFLP groups were identified by conducting
Rsal (R) and Haelll (H) restriction digests on PCR products of the partial B-tubulin
gene. A 50-bp DNA ladder (L) was run along with the digest products.
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Fig. 7. Three main lesion types caused by Pencillium isolates in a surface toothpick inoculation trial. Lesion type 1 was light brown and very
wet (A), lesions type 2 was medium brown and spongy (B), and lesion type 3 was a medium brown, dry and small lesion (C). Control toothpicks

consisting of toothpicks that were placed on uninoculated PDA-plates (D) was also included in the trial.
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Fig. 8. External lesion diameter on the surface of apple fruits inoculated with
toothpicks colonised by Penicillium isolates representing six species, including P.
ramulosum prov. nom. (ramulo.), P. glabrum (glabrum.), P. expansum (expan.), P.
chloroloma (chloro.), P. chermisinum (chermis.) and a putative new species with
closest affinity to P. species (aff. dendriticum) (aff. dendritic.). The data was analysed
using repeated measures analysis of variance for external lesion diameter vs
Penicillium species in two independent trials (Repl and Rep 2). A, B, C and D are
significantly different at the 5% significance level. Significant differences are also

present between a, b, ¢ and d at the 5% significance level.
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Fig. 9. Three main lesion types caused by Pencillium isolates that were inoculated with a Penicillium colonised toothpick that was inserted off-
centre from the calyx end, through to the core region causing wounding of the apple tissue. Lesion type 1 was light brown and very wet (A),
lesions type 2 was medium brown and spongy (B), and lesion type 3 was a medium brown, dry and small lesion (C). Control toothpicks

consisting of toothpicks that wee placed on uninoculated PDA-plates (D) was also included in the trial.
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Fig. 10. Two main lesion types caused by Pencillium isolates that were inoculated
with a Penicillium colonised toothpick that was inserted through the calyx-tube into
the core region, not causing wounding. Lesion type 1 was light brown and very wet
(A) and lesions type 2 was medium brown and spongy (B). Control toothpicks
consisting of toothpicks that were placed on uninoculated PDA-plates (C) were also

included in the trial.
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Table 1. Incidence of wet core rot, dry core rot and mouldye in apples harvested from trees.

Orchard  Production Cultivar Season % % %  Total
number  region DCR' WCR' MC! number

analysed
CscCi Ceres Oregon Spur 2005/06 0.4 1.7 13.9 238
CSC1 Ceres Oregon Spur 2006/07 6.0 1.3 12.0 300
CSC2 Ceres Oregon Spur 2006/07 5.7 0.7 8.0 300
CSC3 Ceres Oregon Spur 2006/07 2.7 1.0 13.0 300
CSC4 Ceres Oregon Spur 2006/07 3.3 0.7 6.3 300
CSC5 Ceres Oregon Spur 2006/07 3.3 1.0 6.3 300
CSC6 Ceres Oregon Spur 2006/07 2.7 1.7 16.0 300
CSE Ermelo Top Red 2006/07 5.7 0.3 8.7 300
CSG1 Grabouw Top Red 2006/07 2.8 0.3 4.1 290
CSG2 Grabouw Top Red 2006/07 5.7 0.0 2.3 300
CSG3 Grabouw Top Red 2006/07 2.5 0.7 0.0 282
CSG4 Grabouw Top Red 2006/07 1.7 0.3 1.0 290
Average 3.5 0.8 7.6

'DCR = Dry Core Rot, WCR = Wet Core Rot, MC = Moul@gre

83



Table 2. Penicilliumisolates used in this study, their culture coll@ecthumberp-tubulin-PCR-
RFLP group as well as GenBank accession numbehef-tubulin and internal transcribed
spacer region (ITS) sequences.

Isolate STEU PCR- Species ID based on sequend&S accession B-tubulin
code culture RFLP and morphological number accession
numbet  groug identification number
W5 6561 1 P. expansum FJ491783 FJ491757
wal 6562 1 P. expansum FJ491784 FJ491758
D104 6563 1 P. expansum FJ491785 FJ491759
D6 6564 1 P. expansum FJ491786 FJ491760
W110 6565 2 P. ramulosum prov. nom. FJ491796 FJ491771
W10 6566 2 P. ramulosum prov. nom. FJ491792 FJ491763
W202 6567 2 P. ramulosum prov. nom. FJ491790 FJ491762
W224 6568 2 P. ramulosum prov. nom. FJ491787 FJ491761
W170 6569 2 P. ramulosum prov. nom. FJ491789 FJ491772
W235 6570 2 P. ramulosum prov. nom. FJ491791 FJ491773
W159 6571 2 P. ramulosum prov. nom. FJ491794 FJ491774
W198 6572 2 P. ramulosum prov. nom. FJ491797 FJ491766
W123 6573 2 P. ramulosum prov. nom. FJ491798 FJ491765
D3 6574 2 Pramulosum prov. nom. FJ491793 FJ491767
w44 6575 3 P. species affdendriticum FJ491806 FJ491781
W45 6576 3 P. species affdendriticum FJ491807 FJ491780
A92 6577 4 P. glabrum FJ491804 FJ491776
D99 6578 4 P. glabrum FJ491805 FJ491777
W177 6579 5 P. ramulosum prov. nom. FJ491800 FJ491768
A94 6580 5 P. ramulosum prov. nom. FJ491799 FJ491770
w181 6581 5 P. ramulosum prov. nom. FJ491795 FJ491764
D98 6582 6 P. chloroloma FJ491803 FJ491779
W118 6583 7 P. chermisinum FJ491802 FJ491778
W53 6584 8 P. ramulosum prov. nom. FJ491788 FJ491769
D103 6588 2 P. ramulosum prov. hom. FJ491801 FJ491775

Al Penicillium cultures were submitted to the Stellenbosch Uniwecsilture collection

(STEU).

> The PCR-RFLP groups weidentified by conductingrsal (R) andHaelll (H) restriction
digests on PCR products of the partial 3-tubulimegelsolates that had the same restriction
digest pattern for both enzymes were classifiedl ihé same PCR-RFLP group.
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Table 3. Characteristics dPenicilliumisolates obtained from asymptomatic apples, asagefipples showing mouldy core, dry core-

and wet core rot symptoms.

Penicillium species Year of Production Isolation Lesion characteristics causedLesion type caused in calyx-end
isolation region position  in surface toothpick toothpick inoculation studs/
from inoculation method
applé Lesion typé  Average Lesion type non-  Lesion type
lesion diam.  woundind wounding
(mm)’
Penicillium isolates obtained from appleswith DCR symptoms
P. expansum 2005/06 Ceres 1,4 L1 (3) 58.13 - -
P. expansum 2006/07 Ceres and 1 L1 (2) 55.52 L1 (D97) L1 (D97)
Ermelo
P. ramulosum prov. nom.  2006/07 Grabouw 2,4,5 L2 (3) 14.75 NL (D103, D101) L2 (D103, D101)
P. ramulosum prov. nom.  2005/06 Ceres 1 L2 (1) 8.96 - -
P. ramulosum prov. nom.  2005/06 Ceres 3 L2 or’(B 4.88 - -
P.glabrum 2005/06, Ceres 2,4 L3 (2) 2.50 - -
2006/07
P. chloroloma 2006/07 Grabouw 1 L3 (1) 2.00 - -
Penicillium isolates obtained from asymptomatic apples
P. ramulosum prov. nom.  2006/07 Ceres L3 (1) 0.75 - -
P. ramulosum prov. nom.  2006/07 Ceres 3, 6 L2 (2) 7.19 - -
P. glabrum 2006/07 Ceres 6 L3 (1) 0.00 - -
P. ramulosum prov. nom.  2006/07 Ceres 5 L2 or L3 (1) 3.25 -
Penicillium isolates obtained from apples with mouldy core
P. ramulosum prov. nom.  2006/07 Ceres 3 L2 or L3 (2) 6.63 -
P. ramulosum prov. nom.  2006/07 Ceres 2,3,4 L3 (4) 1.12 -
Penicillium isolates obtained from apples with wet corerot symptoms
P. expansum 2005/06 Ceres 1,2,5 L1 (4) 59.31 - -
P. expansum 2005/06 Ceres 2,4 L1(3) 59.96 - -
P. ramulosum prov. nom.  2005/06 Ceres 1,3,4,5,L2(18) 9.70 NL (W10, W159, L2 (W10, W159,
6,8 W202, W224) W202, W224)
P. ramulosum prov. nom.  2006/07 Ceres 1,2,3,4,L2(14) 7.65 - -
56, 8
P. ramulosum prov. nom.  2006/07 Grabouw 5 L2 (1) 7.50 - -
P. ramulosum prov. nom.  2005/06 Ceres 2,3 L2 or L3 (3) 4.04 -
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P. ramulosum prov. nom.  2006/07 Ceres 1,5 L2 or L3 (6) 4.92 - -

P. ramulosum prov. nom. 2005/06 Ceres 3,5 L3 (3) 2.25 - -

P. ramulosum prov. nom. 2006/07 Ceres 5 L3 (2) 0.63 NL (VR)L7 L1, L2, L3 (W177)
P. sp. (aff.dendriticum) 2005/06 Ceres 1,4 L2 (2) 17.19 L2 (W44) L2 ayv4
P.glabrum 2006/07 Ceres 8 L3 (1) 0.00 NL (W234) L2 or L1334)
P. chermisinum 2006/07 Grabouw 4 L3 (1) 0.00 - -

!isolates were obtained from different isolationiposs within apples, as shown in Fig. 2.

“The ability of the isolates to cause lesions ineppas determined using a toothpick inoculatiothoe, wherePenicillium
colonised toothpicks were inserted approximatelyr8imto the surface of apples.

*The ability of the isolates to cause lesions wae determined by insertingRenicillium colonised toothpick through the calyx tube
(non-wounding) or off-centre from the calyx tubeatiigh to the core region (wounding).

“The lesion type produced Benicilliumisolates was determined by characterising the c@lnd texture (type) of lesions. The three
lesion types that were distinguished included Uigkt brown and very wet, L2 = medium brown andrepg L3 = medium and dry,
very small lesion and NL = no lesion. Numbersradiets in the surface lesion type column indicat@ber of isolates tested.
Specific isolate identity numbers are in bracketthe calyx end wound and non-wound lesion typaroal

*The lesion size is the average of two independsgeat trials, of isolates tested within in each.lin

®For isolates that produced two different lesioretyn the four (surface toothpick inoculation) intated apples within an
experiments, both lesion types observed in thewdfft apples are shown and indicated by “or”
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3. THE ECOLOGY OF TARSONEMUS MITES IN APPLE
ORCHARDS, AND THEIR ASSOCIATION WITH CORE ROT
DISEASES AND FUNGI

ABSTRACT

Information on the role of Tarsonemus mites in the epidemiology of apple
core rot diseases is limited. The incidence of apple core rot diseases differ for
different apple cultivars. Most Red Delicious varieties are prone to developing the
disease, whereas the occurrence of core rots are extremely rare in other cultivars such
as Granny Smith. The aims of the study were to (1) investigate the ecology of
Tarsonemus mites in Red Delicious and Granny Smith orchards, (2) determine if there
is a significant association of Tarsonemus mites with diseased (wet- and dry core rot)
fruits and (3) determine if potential core rot pathogenic fungi are associated with
mites. The ecology of the mites was investigated by assessing different apple
developmental stages (buds, blossoms, 4cm diameter fruit, mature fruit and
mummies) for the presence of mites in two Red Delicious (Oregon Spur) and two
Granny Smith orchards. In all the assessed developmental stages, Tarsonemus mites
were identified as the dominant mite genus, having the highest incidence in mummies
and mature fruits from Red Delicious and Granny Smith orchards. The high
incidence of mites in mummies might suggest that this may be their overwintering
site. Investigations into the presence of Tarsonemus mites in diseased and healthy
mature fruits from 11 Red Delicious (Oregon Spur and Top Red) and four Granny
Smith orchards showed that the Tarsonemus mites are found within the core and/or
calyx region of Red Delicious fruits. In contrast, mites were restricted to the calyx
tube in Granny Smith fruits, and did not enter the core region. In Red Delicious fruits
there was a significant association between dry core rot as well as total core rot (wet-
and dry-core rot) with the presence of mites in the core, as well as total mites (mites in
core and calyx tubes). Interestingly, during the analyses of Granny Smith fruits for
mites, a new calyx tube decay was detected. In these fruits, there were no significant
association of mites with the calyx tube decay. Fungal isolation studies from the

Tarsonemus mites showed that they carried potential core rot fungal pathogens within
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the genera Penicillium and Alternaria. The mites were not able to reproduce on
Alternaria or Penicillium cultures although they ingested the culture, whereas the
mites were able to consistently reproduce and complete their life cycle on

Cladosporium cultures.

INTRODUCTION

Tarsonemus mites are common in nature and have been collected from many
plant species, fungi, leaf litter, soil, as well as stored food products (Lindquist, 1986;
Zhang, 2003). The genus Tarsonemus belongs to the family Tarsonemidae, subfamily
Tarsoneminae and contains more than 200 described species (Lindquist, 1986). The
majority of species within the genus are considered to be fungivorous (McDaniel,
1979; Lindquist, 1986). Species such as Tarsonemus floricolus Canestrini and
Fanzago and T. myceliophagous Hussey are known pests in mushroom houses
(Hussey and Gerney, 1967). Tarsonemus confusus Ewing occasionally occurs as a

minor pest on plants in greenhouses (Zhang, 2003).

The fungivorous nature of Tarsonemus mites inevitably also creates the
potential for them to vector the fungi with which they come in contact with. They
thus play a role in fungal dispersal and ecology. Studies on the role of Tarsonemus
mites have been focused on the vectoring of Ophiostomatoid fungi in the Northern
Hemisphere (Lombardero et al., 2003; Hofstetter et al., 2006). The best example is
vectoring of the plant pathogenic blue-stain fungus, Ophiostoma minus, by
Tarsonemus ips Lindquist, Tarsonemus krantzii Smiley and Moser, and Tarsonemus
fusarii Cooreman (Moser, 1976). These three mite species are phoretic on the
Southern pine beetle, Dendroctonus frontalis (Coleoptera: Scolytidae), which attacks
and kills pine trees in the United States (Thatcher ef al., 1980). Tarsonemus mites are
thought to play an important role in the dispersal of Ophiostoma spores between
various coniferous trees (Moser et al., 1995), thus spreading the disease (Dowding,
1969; Klepzig, 2001). In South Africa, Tarsonemus mites that are carried on beetles
(Genuchus hottentottus (F), Trichostetha fascicularis L. and T. capensis L.) are also
thought to be the primary vector that disperses non-pathogenic Ophiostoma species

present in Protea infructescences between Protea spp. (Roets et al., 2007; 2008).
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An important plant disease in which Tarsonemus mites have also been
postulated to play a role, is core rot diseases of apples (Michailides et al., 1994). Core
rot diseases are important in many countries, including the United States of America,
South Africa, Australia, New Zealand, Canada, the United Kingdom and the
Netherlands. The disease is problematic in cultivars such as the Red Delicious
varieties, Golden Delicious, Gravenstein and Idared, which all have a fruit with a high
incidence of open calyx tubes (Spotts, 1990). In South Africa, core rot is one of the
most important post-harvest diseases of apples (Combrink and Ginsburg, 1973),
causing post-harvest losses between 5 and 8%. The disease is mainly associated with
susceptible Red Delicious apple varieties (Serdani ef al, 1998). In other cultivars such
as Granny Smith, core rots are extremely rare, and have only been reported by
Combrink (1983) at a very low incidence (0.04%) after examining a large number (46
800) of apples. Core rot also causes apples to drop prematurely in the orchard, thus
also reducing yields prior to harvest (Combrink and Ginsburg, 1973; Michailides et
al., 1994). Based on the symptoms and causative agents, apple core rots can be
divided into dry- and wet core rot. Both wet- (WCR) and dry core rot (DCR) consists
of a rot that spreads from the core region into the fleshy tissue that surrounds the seed

cavity (Spotts et al., 1988).

The specific fungal pathogens that cause WCR and DCR diseases are not well
understood, but may include several fungal genera. The reported causative agents of
DCR include several fungal genera such as Coniothyrium, Alternaria, Epicoccum and
Pleospora (Combrink et al., 1985a). However, the fungi that have most frequently
been indicated as causing DCR are small-spored Alternaria species (Serdani et al.,
2002). Earlier studies have indicated that Alternaria alternata (Combrink et al.,
1985b) and the Alternaria tenuissima species group (Combrink and Ginsburg, 1973;
Serdani et al., 1998) are the main causative agents of DCR. However, more recent
studies have suggested that a complex of small-spored Alternaria species are the
causative agents, with pathogenic and non-pathogenic isolates occurring within the
same morphological species group (McLeod et al., 2008; Smit, unpublished data).
Wet core rot is known to be caused by Penicillium, but the specific species involved
have been poorly characterised. In South Africa, Penicillium expansum and

Penicillium funiculosum (Combrink and Ginsburg, 1973; Combrink et al., 1985a; De
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Kock et al., 1991; Serdani et al., 1998) have been reported as causing WCR, whereas
a more recent study indicated that a new Penicillium species, P. ramulosum prov.
nom. and P. species (aff. dendriticum), which morphologically resembles P.
funiculosum (Visagie et al., unpublished data) are also associated with the disease
(Chapter 2). In Australia, Penicillum roquefortii has been found associated with

WCR (Spotts et al., 1988).

The epidemiology of core rot diseases, including the mode of entry of core rot
fungal pathogens into apple core regions, is poorly understood. It is generally
accepted that DCR pathogens, which cause infection during the growing season, enter
the core region by growing through the open calyx tube of susceptible cultivars, since
they colonise blossom parts early in the season (Combrink and Ginsburg, 1973; Ellis
and Barrat, 1983; Miller 1959; Spotts et al., 1999). Infection of apples with WCR
pathogens is known to be dependent on an open calyx tube since infections mainly
occur during post-harvest dipping of fruits in DPA emulsion (Combrink and
Ginsburg, 1973; Combrink et al., 1987), although infections can also take place
during the growing season (Chapter 2). Although it is mainly thought that an open
calyx tube contributes to the susceptibility of cultivars to core rot diseases (Miller,
1959; Combrink and Ginsburg, 1973.), Serdani et al. (1998) and Teixido et al. (1999)
suggested that core rot fungal pathogens are endophytic in apple tissues.
Furthermore, Niem et al. (2007) recently suggested that the susceptibility of cultivars
to core rots is due to their seed locules differing in susceptibility to colonisation, as
well as subsequent infection into the mesoderm by A. alternata. They also suggested
that the higher mesoderm pH of Red Delicious varieties results in enhanced pathogen
virulence due to increased gene expression of endo- and exo-glucanases by Alternaria
spp. in susceptible versus resistant varieties. Some support for this can be found in
the work of Combrink (1983) who suggested that the susceptibility of Starking apples

was due to their lower malic and fumaric acid content.

The role of Tarsonmemus mites in the epidemiology of core rot diseases,
specifically DCR caused by Coniothyrium, has only been investigated by Michailides
et al. (1994), although their work has not been published in a peer-reviewed journal.
They hypothesised that Tarsonemus mites carry core rot pathogen spores into the

apple core region through the open calyx tube. The mites may also cause small
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wounds in the core region that facilitate pathogen entry and disease development
(Michailides et al., 1994). Michailides et al. (1994) found a high incidence of
Tarsonemus confusus within the core region of apples with DCR caused by
Coniothyrium, but not in healthy apples. They furthermore showed in preliminary
experiments that inoculation of apples with Coniothyrium and mites resulted in a
higher incidence of DCR than when apples were only inoculated with Coniothyrium

(Michailides et al., 1994).

The three main aims of this study were to (1) investigate the ecology of
Tarsonemus mites within two Red Delicious and two Granny Smith orchards, (2)
determine if there is a significant association of Tarsonemus mites with diseased
(WCR and DCR) and healthy fruits and (3) determine if potential core rot pathogenic
fungi are associated with the mites and whether the mites can complete their life cycle

on Alternaria, Penicillium and Cladosporium cultures.

MATERIALS AND METHODS

The ecology of Tarsonemus mites within Oregon Spur and Granny Smith
apple orchards. Four apple orchards were selected on one farm in the Ceres area.
Two of the orchards (CSC1 and CSC2) contained the Red Delicious cultivar Oregon
Spur, and had a history of core rot development. The other two orchards (CRC1 and
CRC2) contained the cultivar Granny Smith in which core rot symptoms has not been
reported. In each of the four orchards twenty-five trees were randomly selected and
marked, from which different apple developmental stages were sampled for mite
analyses. The developmental stages that were sampled in all four orchards in the
2006/07 season included blossoms at full bloom (October 2006), fruit with a 4cm
diameter (November 2006), mature fruit just before harvest (March 2007) and
mummies from trees (undeveloped fruit from the previous season that mummified).
In addition to these samplings, in orchard CSC1 buds were also sampled (September
2006), as well as mature fruits (April 2006) and mummies. In all orchards and
seasons, mummies were collected from trees at the start of the growing season, when
sampling was done for buds, as well as later in the growing season. In each orchard

five buds, blossoms, 4cm dia. fruits and mature fruits were collected from each tree.
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Thus in total, in each orchard 125 samples of each developmental stage (blossoms,

buds, 4cm. diam. fruits and mature fruits) were collected for mite analyses.

The different developmental stages were inspected for the presence of mites
using the 40x magnification of a stereomicroscope. Buds (only orchard CSC1) and
mummies were dissected in order to investigate the presence of mites. The 4cm
diameter fruits, as well as mature fruits and mummies, were cut longitudinally
through the core region, and inspected for mites within the core cavity as well as the
calyx tube. The presence of mites was noted as either being present within the core
(this also included fruits that contained mites in their calyx tube and core), or just
associated with the calyx tube. All mites were identified to family level. Mites within

the family Tarsonemidae were also identified to genus level.

The association of Tarsonemus mites with the core and calyx region of
healthy and diseased mature Red Delicious (Oregon Spur and Top Red) and
Granny Smith fruits.

Sampling strategy. The association of Tarsonemus mites with healthy and core
rot diseased mature fruits was studied in 11 Red Delicious and 4 Granny Smith
orchards from the 2005/06 to 2007/08 seasons (Tables 1 and 2). The orchards with
Red Delicious fruits were situated in three main apple production regions of South
Africa including Ceres (orchards with CSC prefix), Ermelo (orchards with CSE
prefix) and Grabouw (orchards with CSG prefix) (Table 1). The orchards with
Granny Smith fruits were all situated in Ceres (orchards with CRC prefix) (Table 2).
In each orchard 40 to 304 fruits were sampled by randomly harvesting apples from
trees throughout the orchard, not harvesting more than four apples per tree. The total
number, or subsets of fruits, were analysed for the presence of mites and core rot

diseases (Tables 1 and 2).

Analyses of mature fruits for the presence of core rot diseases (WCR and
DCR) and mites within the core and calyx region. For mite and core rot disease
analyses the apples were first cut open longitudinally through the core. The presence
of mites was investigated by inspecting the core and calyx tube under a

stereomicroscope at 25 to 40x magnification. The identification of core rot diseases
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was based on the specific symptom present in the tissue surrounding the core, with
WCR being identified as a wet rot extending into the fleshy tissue, and DCR as a dry

rot that extended from the core into the fleshy tissue of the apple.

Isolation and characterisation of fungi associated with a calyx tube decay in
Granny Smith fruits. The analyses of Granny Smith mature fruits sampled in orchards
CRCI1 and CRC2 in the 2006/07 season revealed the presence of a new calyx tube
decay, which was often observed as occurring at a small crack within the calyx tube
(Fig. 1). The symptom consisted of a dry decay, which has not previously been
reported in South Africa. Therefore, the occurrence and causative agent of this dry
decay was further investigated in fruits collected in the 2007/08 season (Table 2)

through isolation and characterisation studies.

Isolations for fungi were made from fruits collected in the 2007/08 season
only. In total, isolations were made from 22 asymptomatic and 21 calyx tube decay
fruits, representative of the four orchards. Isolations were made from the margin
between healthy and diseased tissue of the lesion and at a position 1cm away from the
lesion in symptomatic apples. Isolations were also made in the same number of
asymptomatic apples from the same isolation positions. The isolations 1 cm away
from the lesion was made in an attempt to increase the probability of finding the
pathogen at the “leading edge” of the decay, since it was expected that tissue at the
margin may also contain secondary colonisers. The isolated tissue sections were
plated on PDA plates containing 0.04g/L Streptomycin (PDA+ plates) and incubated
on the laboratory bench at 25°C + 2°C. Fungal growth was sub-cultured onto 65mm
diameter PDA+ plates, single spored, stored and identified to genus level as

previously described (Chapter 2).

The pathogenicity of 10 Alternaria isolates obtained from the calyx tube decay
as well as 11 isolates from asymptomatic apples was investigated using a toothpick
inoculation method (Serdani, 1999; Serdani er al, 2002). The isolates were
representative of isolations made from fruits collected from the four orchards, with
one to six isolates being tested from asymptomatic fruits in each of the orchards, as
well as one to five isolates from calyx tube decay fruits from each of the orchards.

Four colonised toothpicks of each isolate were randomly inoculated into surface
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sterilised apples (30 seconds in 70% ethanol, 2 minutes in 1% NaOCI and 15 seconds
in 70% ethanol). A total of 19 apples were inoculated, each apple containing 5
toothpicks each with a different isolate, as well as a control toothpick. The inoculated
apples were incubated 10 to 14 days at 25°C *+ 4°C in Perspex moisture chambers
until lesions could be distinguished. At the end of the incubation period, the
toothpicks were removed from apples and the apples were split longitudinally across
the inoculation points with a sterile knife. Lesions were characterised with regard to
diameter (mm), colour and texture (dry, wet or spongy). The experiment was

repeated twice.

Statistical analyses to determine whether the presence of disease is dependent
on the presence of mites. Results of the presence and absence of disease symptoms
and mites were reported in 2x2 contingency tables. These were used in association
analyses (Clewer and Scarisbrick, 2006). A contingency table provides a technique
for investigating suspected relationships. The null hypothesis that was tested was
whether two characteristics occur independent of one another, i.e. the probability that
an individual falls in a certain class is not affected by another class the individual
happens to belong to. When the variables are independent, it means that knowledge
of one provides no information about the other variable. When they are dependent,
the knowledge of one variable is helpful in predicting the value of the other variable

(Clewer and Scarisbrick, 2006).

In this investigation the detection of core rot may be considered a rare event,
thus Fisher's exact test is appropriate for testing the hypotheses (Clewer and
Scarisbrick, 2006). Fisher's exact test does not depend on any large-sample
distribution assumptions, and it is therefore applicable even for small sample sizes
and for sparse tables. Fisher's exact test is a test of association between the row and
column variables. This test assumes that the row and column totals are fixed, and
then uses the hypergeometric distribution to compute probabilities of possible tables

with these observed row and column totals (Clewer and Scarisbrick, 2006).

For susceptible Red Delicious fruits it was important to investigate whether
the development of DCR, WCR and total Core Rot (WCR + DCR) were dependent on

the presence of mites in the calyx, core or both the calyx and core (total mites). The

94



null hypothesis is that the occurrence of rot (WCR, DCR and Total CR) was

independent of the presence of mites (in calyx, core or both).

No core rot was detected for Granny Smith fruits. However, calyx tube decay
occurred and mites were detected in the calyx tube. Thus, it was also investigated
whether the development of calyx tube decay was dependent on the presence of mites
in the calyx tube. The null hypothesis is that the occurrence of calyx tube decay was

independent of the presence of mites in the calyx tube.

The association of potential core rot fungal pathogens with Tarsonemus
mites.

Isolation of fungi from mites. Mites obtained from the four orchards (CSC1,
CSC2, CRC1 and CRC2) that were studied in the mite ecological study were
examined for the presence of fungi. This was conducted by transferring 62 mites
from the mummies, 21 from blossoms, 29 from the calyx and 24 from the core cavity
of fruits using a very fine needle, onto PDA plates. In the 2005/06 season isolations
were only made from mites obtained from mature fruits in orchard CSC1, whereas in
the 2006/07 season isolations were made from mites collected from the different
developmental stages in all four orchards. Fungal hyphae emerging from the plated
mites were sub-cultured onto 65-mm PDA-plates, and subsequently single spored.
Pure cultures were stored at 4°C on PDA slants as well as in 20 mL bottles containing
sterile water. The single spored isolates (74 in total) were identified to the genus
level, except for two isolates that could not be identified and were grouped under

“other fungi”.

Characterisation of the mite-isolated potential core rot pathogens within the
genus Penicillium and Alternaria. Penicillium and Alternaria isolates that were
isolated from mites were further characterised in order to determine their potential for
being core rot pathogens. Three randomly selected Penicillium isolates were
identified to species level using PCR-RFLP as previously described (Chapter 2). Six
randomly selected Alternaria isolates were also characterised for their pathogenic
potential using a toothpick inoculation method as previously described (Serdani,
1999; Serdani et al., 2002). The inoculation and evaluation of inoculated apples were

done as described above for Alternaria isolates obtained from the calyx tube decay
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symptomatic fruits. The identification of small spored Alternaria species is very

controversial and were therefore not pursued further.

The ability of Tarsonemus mites to complete their life cycle on Alternaria,
Penicillium and Cladosporium cultures. The ability of the Tarsonemus mites to use
Alternaria, Penicillium and Cladosporium as a food source was investigated by
determining whether the mites could reproduce on one isolate of each of these genera.
In addition to the aforementioned isolates, a red fluorescing Alternaria isolate was
also included in the study to determine if the mites ingested the fungus. The red
fluorescent Alternaria isolate, obtained from a DCR lesion, was labeled with the red
fluorescent protein DsRed-Express, as previously described for Phaemoniella
chlamydospora (Mclean et al., 2009). Ten Tarsonemus mites collected from the core
region of Oregon Spur mummies were transferred to two 7-day old PDA™ cultures
(90-mm plates) of the red fluorescent Alternaria isolate as well as two 7-day old
culture plates of an untransformed Alternaria isolate. Ten mites were also transferred
to two 7-day old cultures plates (90-mm PDA™ plates) of a Penicillium ramulosum
prov. nom. isolate and two 5-day old culture plates (90-mm PDA" plates) of a
Cladosporium isolate. Controls consisted of two PDA" plates (90mm) that were not
inoculated with any fungus. For each of the inoculated isolates and control, one plate
was incubated at 25°C, and one plate was incubated at 30°C. The plates were
inspected for eggs and nymphal stages of the mites after 7 and 14 days. The
experiment in which the enumeration of mites on Alfernaria and Penicillium cultures
was investigated was conducted twice at both temperatures, whereas the

Cladosporium experiments were only conducted once at 30°C, and twice at 25°C.

The association of Alternaria spores and mycelial content with the mites was
inspected using an epifluorescent Zeiss Axioscope (West Germany) microscope,
equipped with a HQ:TRITC filter with excitation filter of 545 nm, emission filter of
620 nm and beam splitter Q570lp (Chroma Technology Corp.). The mites feeding on
the fluorescent culture were also viewed using a stereo microscope. Images were
captured with a Nikon digital camera DXM1200 and Automatic Camera Tamer

(ACT-1) computer software.
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RESULTS

The ecology of Tarsonemus mites within Oregon Spur and Granny Smith
orchards. In all samples where mites were found, the predominant mite genus
consisted of a small Tarsonemus species (Fig. 2) (Table 3). Although mites from
other families including Phytoseiidae, Tetranychidae, Tydeiidae, Bdellidae, Ascidae,
Oribatidae, Dolichocybidae, Pyemotidae, Iolionidae, Stigmaeidae, Cunaxidae and
Acaridae were identified, these were present at very low frequencies (less than 10%)

compared to the Tarsonemus species (Table 3).

In the Oregon Spur orchards CSC1 and CSC2, the Tarsonemus mites were
present in almost all of the developmental stages. In orchard CSC1 where sampling
was already initiated in the 2005/06 season the Tarsonemus mites were found very
early in the season in buds (20%) as well as blossoms, although the incidence on
blossoms was low (less than 2%). Later in the season the mites were also found in
4cm diameter fruit as well as in the core and calyx of mature fruits (Table 3). In
orchard CSC2, where blossoms were the first developmental stage sampled, the mites
were present in less than 1% of blossoms. In this orchard the mites were also found in
the core and calyx region of 4cm diameter fruits as well as in mature fruits. In both of

the Oregon Spur orchards all the mummies contained the Tarsonemus mites (Table 3).

In the Granny Smith orchards CRC1 and CRC2, the Tarsonemus mites had a
more restricted occurrence and were not found in the core region of mature fruits or in
blossoms. The mites were only found in the calyx region of 4 cm diameter fruits, as
well as in the calyx tube of mature fruits. Similar to the Oregon Spur orchards, the

mites were found in all the sampled mummies from these orchards (Table 3).

The association of Tarsonemus mites with the core and calyx region of
healthy and diseased Red Delicious (Oregon Spur and Top Red) and Granny
Smith mature fruits.

Analyses of mature fruits for the presence of core rot diseases (WCR and
DCR) and mites within the core and calyx region. Tarsonemus mites were found in

both Granny Smith and Red Delicious fruits. However, in Red Delicious fruits, the
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mites were present in the core and calyx regions (Table 1), whereas in Granny Smith

fruits the mites were restricted to the calyx tube (Table 2).

DCR and WCR were found in fruits of almost all of the Red Delicious
orchards. The incidence of DCR in these orchards ranged from 0.4% to 10%, and that
of WCR from 0.3% to 2% (Table 1). In Granny Smith orchards, no DCR and WCR
were found. However, a different kind of symptom that consisted of a dry decay
within the calyx tube (hereafter referred to as calyx tube decay) was observed for the
first time. Calyx tube decay was found in apples collected from all orchards with the

incidence varying from 0.3% to 9.7%.

Tarsonemus mites were found in the core region of Red Delicious fruits,
and/or calyx tube of healthy Red Delicious and Granny Smith fruits, as well as
diseased fruits. In Red Delicious fruits the incidence of mites in the core region of
diseased fruits varied from 40% to 94.7%, whereas in healthy fruits it varied from
28% to 66.7% (Table 1). In Granny Smith fruits the incidence of the mites in the
calyx tube varied from 16.7% to 100% in fruits with calyx tube decay, whereas in

healthy fruits their incidence varied from 0% to 58.4% (Table 2).

Isolation and characterisation of fungi associated with calyx tube decay in
Granny Smith fruits. The calyx tube decay lesions resembled DCR lesions in that
they consisted of dark brown, dry and hard lesions that sometimes penetrated the soft
tissue surrounding the calyx tube to a depth of 1 to 2 mm (Fig. 1). Alternaria was
isolated from 100% of the fruits with calyx tube decay lesions, as well as at a position
lcm away from the lesions. Similarly, in 95% of the asymptomatic fruits, isolations
from the calyx tube also yielded Alternaria. Although Alternaria was the main genus
isolated from asymptomatic and diseased fruits, Penicillium, Epicoccum,

Cladosporium and Ulocladium were also sometimes isolated.

Pathogenicity testing of a subset of the Alternaria isolates from healthy (11
isolates) and calyx tube decay fruits (10 isolates) showed that most of the isolates
were able to cause a dry lesion. Seventy-three percent of the Alternaria isolates from

asymptomatic fruits, as well as 91% of Alternaria isolates from calyx tube decay
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fruits were able to cause a dry lesion upon in vitro inoculation with colonised

toothpicks.

Statistical analyses to determine whether the presence of disease is dependent
on the presence of mites. The results of the tests for independence are presented in
Table 4. In general, considering all core rots and calyx tube decay, the presence of
mites in the calyx tube did not seem important since, in both Red Delicious and
Granny Smith fruits, the presence of core rot was either independent of the presence
of mites in the calyx, or when significant, there was an inverse relationship, i.e. in
diseased apples a very low percentage contained mites in the calyx tube in
comparison to the larger percentage of healthy apples containing mites in the calyx
tube (Table 4). In susceptible Red Delicious fruits the development of WCR was
independent of the presence of mites in the core (P = 0.44), as well as the total mites
(P= 0.66). This might be due to the low number of WCR apples (28) found in the
survey, compared to the higher number of DCR apples (177). The development of
DCR was dependent on the presence of mites in the core (P< 0.05) as well as the total
mites (P< 0.05). Similarly, considering the presence of both core rots (DCR and
WCR) in Red Delicious fruits there was a significant association with mites in the

core (P< 0.05) as well as total mites (P= 0.01).

The association of potential core rot fungal pathogens with Tarsonemus
mites.

Isolations of fungi from mites. Isolations from mites yielded different fungal
genera (Fig. 3), which have also been isolated most frequently from apple core
regions (chapter 2). In the 2005/06 season the main isolated fungal genera were
Cladosporium and Aureobasidium, when only mites obtained from mature fruits from
one orchard were investigated. In the 2006/07 season, when mites were investigated
that were collected from all the different developmental stages in all four orchards, the
incidence of Cladosporium and Alternaria were highest, with Penicillium also being
isolated (Fig. 3). Fungal genera grouped under “other” were genera that only

consisted of two or less isolates.

Characterisation of the mite-isolated potential core rot pathogens within the

genus Penicillium and Alternaria. Three Penicillium isolates and six Alternaria
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isolates obtained from the mites were characterised. Identification of the Penicillium
isolates to the species level using PCR-RFLP showed that the isolates belonged to
three different species, namely P. expansum, P. ramulosum prov. nom. and a putative
new species currently known as P. species (aff. dendricitum) (Chapter 2). All three
Penicillium spp. caused lesion type 2 (Chapter 2). Characterisation of the Alternaria
isolates using pathogenicity studies showed that all isolates were able to cause a dark

brown, dry lesion typical of DCR.

The ability of Tarsonemus mites to complete their life cycle on Alternaria,
Penicillium and Cladosporium cultures. The Alternaria isolate obtained from a DCR
lesion was stably transformed with the red fluorescent protein gene DsRed-Express.
The transformant exhibited constitutive fluorescence in spores when viewed using
epi-fluorecent microscopy (Fig. 4). The level of expression of the protein was high,
frequently also resulting in spores having a pink colour when viewed with a light

microscope.

The survival of the mites that were placed on the Penicillium and Alternaria
cultures were influenced by temperature. After 7 days, the 10 mites that were
transferred to the plates and incubated at 30°C were still alive, whereas more than
80% of the mites that were incubated at 25°C where no longer detected, or were
dead. After 14 days of incubation only one or two mites were detected on plates
incubated at 30°C, whereas no mites were detected on plates incubated at 25°C. The
mites that were transferred to the control PDA plates that were not inoculated with

any fungus were no longer visible.

Although the Tarsonemus mites were not able to reproduce or complete their
life cycle on the Alternaria cultures, observations on mites placed on the red
fluorescent Alternaria cultures suggested that they did ingest the fungus. These mites
contained a light red to pink colour when viewed under the stereomicroscope (Fig. 4).
Visualisation of these mites using fluorescent microscopy also revealed the presence
of bright fluorescence within the intestines of the mites with no discernable fungal
structures being present within the mite bodies (Fig. 4). Mites that were placed on
untransformed Alternaria cultures did not contain a light red colour, nor showed any

fluorescence when viewed using epi-fluorescence microscopy (data not shown).

100



The survival and enumeration of mites on Cladosporium cultures were also
influenced by temperature. This genus seemed to be a much better food source for the
mites than Alternaria and Penicillium. After 7 days of incubation, mites placed on
Cladosporium plates that were incubated at 30°C multiplied extensively and could not
be counted accurately, but at least 150 mites were present on the plates. In contrast,
plates that were incubated at 25°C only showed a two to three fold (20 to 30) increase
in mite numbers. After 14 days of incubation the mites incubated at 30°C increased

to 250 to 300, whereas at 25°C fewer mites (£50) were observed.

DISCUSSION

This study has increased our understanding of the ecology of Tarsonemus
mites within apple orchards, as well as their association with core rot diseases (WCR
and DCR). It was shown that Tarsonemus mites differentially colonise several
important apple developmental stages (buds, blossoms, 4 cm. dia. fruit, mature fruits
and mummies) during the growing season. The mites may be potential vectors of
core rot pathogenic fungi within the genus Alternaria and Penicillium, since these
fungi were isolated from the mites that were collected from some developmental
stages. The Tarsonemus mites were associated with the core and calyx tube region of
Red Delicious fruits known to develop core rot, whereas in Granny Smith fruits that
in general do not show core rot symptoms, the mites were only associated with the
calyx tube. When Red Delicious fruits were analysed for the presence of mites and
core rot diseases, a significant association of the mites within the core region could be

found with core rot symptomatic (DCR and WCR) fruits.

Sampling of several apple developmental stages in four different orchards gave
some clues as to the ecology of Tarsonemus mites within Oregon Spur, as well as
Granny Smith orchards. At the start of the season the high incidence of mites in
mummies, mostly undeveloped fruit mummies, from the previous season suggests that
the mites can overwinter in the mummies. From here, they could then emerge in very
small numbers in spring, from where they can colonise buds and blossoms. The mites

would preferentially leave the mummies as a niche in spring, since overcrowding can
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occur when the mites become active and start multiplying, which would also result in
exhaustion of their food source. Tarsonemid mites can also overwinter in the soil in
organic debris, moving upwards with insects emerging from the soil, thus enabling
them to migrate to the new growth in spring and summer (Lindquist, 1986). The
Tarsonemus mites showed a moderate (~ 20%) colonisation rate of buds, although
this would need more investigation since buds were only analysed in one orchard.
The blossoms did not seem to be a good niche for the mites since they were only
detected at very low levels (0.8 to 1.6%) in the Oregon Spur orchards. This is most
likely due to the fact that blossoms are an exposed and temporary niche that does not
last long enough for mites to settle in. Mites present on the blossoms, as well as
possibly leaves, twigs and branches, may then colonise 4 cm. diam. fruits, mainly
their calyx tube, at relatively low levels (5.04% to 11.2%). The occurrence of mites
on leaves, twigs and branches were not investigated in this study, and needs further

investigation in order to determine the importance of these areas as niches.

The Tarsonemus mites most likely begin vectoring the fungi at the start of the
season when they emerge from mummies, since Alternaria and Penicillium were
isolated from mites obtained from the mummies. Furthermore, when mummies were
inspected for mites under the microscope, fungal spores, including Alternaria spores
was frequently observed in undeveloped fruit mummies. The mites may also pick up
Alternaria and Penicillium spores when they move into mature Oregon Spur fruits
and pass along the dried flower parts at the calyx end. The dried flower parts are
colonised by different fungi (chapter 2), and Alternaria spores were frequently
observed on and isolated from the dried floral parts. Other fungal genera that are
commonly isolated from core regions such as Aureobasidium and Cladosporium,
were also isolated from the mites. This further supports the hypothesis that
Tarsonemus mites contribute to the composition of microbial populations within apple
core and calyx regions. The reason for the differences in the fungal genera isolated
between seasons is most likely due to only one orchard being investigated in the 05/06

season and four orchards in the 06/07 season.

The calyx tube and core region of mature apple fruits are ideal sites for mites

since colonisation of these were high (34% to 85%) within all four orchards. These
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areas are ideal niches for the Tarsonemus mites since they can find food here, and are
protected from predators and acaricides. The small size of Tarsonemid mites may
also be to their advantage in entering the core region through the calyx tube, since
Tarsonemid mites are 100 to 300um in size, whereas the Tetranychidae average at
about 400pum, Acarid mites are 320 to 420um and Phytoseiids 250 to 400um (Zhang,
2003). However, since the calyx tube diameter of Red Delicious fruits in this study
was 2 to 3 mm, which is similar to the range (1.8 to 2.4 mm) reported by Combrink
(1983) for this cultivar, the size of most mites would in theory not limit their entry
into the core. It is thus possible that Tarsonemus mites are more attracted to the fungi
on which they feed that grow in the core region, and consequently have a higher
incidence in core regions than other mite families. The increased diversity in mite
families found within core and calyx regions also supports the fact that these are ideal
niches for mites, including the Tarsonemus mites. Mature fruits, as well as
undeveloped aborted fruit left on the trees at the end of the harvesting period will
continue to serve as a niche for mites to multiply in, until they become dormant when
temperatures and food availability decrease during autumn and winter. It is also
possible that at the end of the growing season when food and shelter becomes scarce
that mites remaining on leaves and twigs can migrate to fruit (developed and

undeveloped) that remain on the trees.

Tarsonemus mites are not the only mites that can potentially vector fungal
spores to the core region of mature fruits, since mites in the families Phytoseiidae,
Tetranychidae, Tydeidae and Dolichocybidae were also found in mature fruits.
However, since these mites were found in very low frequencies (0 % to 3.40 %) they
most likely play a minor role in dispersal of core rot pathogens. The Phytoseiidae was
most prevalent within the core region followed by the Tydeidae. Phytoseiids are
used for biological control of spider mites (Tetranychidae) which are phytophagous
and have the ability to cause damage to a wide range of crops (Gerson et al., 2003).
Mites in the family Tydeidae are potential fungal vectors, since they are omnivorous
and feed on fungi as well as plant litter, and could even cause injury to some crops
(Jeppson et al., 1975). The Tydeidae are known as cleaners and are always on the
move, with fungal spores being able to stick to setae in their bodies as larvae feed on

fungi eg. Penicillium and Colletotrichum (McCoy et al., 1969).
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The Tarsonemus species found in California by Michailides er al (1994) was
identified as Tarsonemus confusus. In South Africa, the specific Tarsonemus mite
species present in apple orchards could not be identified, and it could also not be
established with certainty that only one specific species was present. There are more
than 200 described Tarsonemus species, with the taxonomy of some still being
controversial, and there are only a few specialised taxonomists working in this field.
Investigations are ongoing in order to determine the specific Tarsonemus species
present in South African apple orchards. Thus far, it has been possible to establish
that the Tarsonemus mites in South Africa are not 7. confuses and that the species to
which they have closest similarity is 7. bilobatus (personal communication R. Ochoa,
Systematic Entomology Laboratory, U.S. Department of Agriculture). An interesting
characteristic of the South African Tarsonemus species is their ability to survive and
reproduce better at 30°C than at 25°C. According to Lindquist (1986) the optimal
temperature for tarsonemid mites to reproduce is 30°C, with the reproduction rate
slowing down at temperatures below 20°C. Alternaria and Penicillium did not seem
to be a good food source for the Tarsonemus mites in South Africa, since they were
unable to reproduce on these cultures. In contrast, Cladosporium, which was also
isolated from the mites, seemed to be a good food source for the mites that enabled

them to reproduce and complete their life cycle.

The Tarsonemus species present in South African apple orchards could
potentially play a role in vectoring core rot pathogens. Since most Tarsonemus mites
are fungivorous it is most likely that the species that was found in the orchards is also
fungivorous. This was supported by the fact that the mites could complete their life
cycle on cultures of Cladosporium as a sole food source. Furthermore, several fungal
genera including species known to be associated with WCR such as P. expansum
(Combrink and Ginsburg, 1973) and P. species (aff. dendriticum) (Chapter 2) were
also isolated from the mites. Due to controversy on the Alternaria species involved in
DCR development, as well as the validity of the published in vitro pathogenicity test
of Serdani et al. (2002), it can not be said with certainty whether the isolates of
Alternaria that were isolated from the mites are core rot pathogens. The Alternaria
isolates from mites caused a dry lesion in inoculation studies, which according to

Serdani et al. (2002) was not the lesion type caused by DCR pathogens. However, a
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recent study suggested that at this stage it can not be said with certainty that a specific
lesion type is caused by DCR pathogens (McLeod et al., 2008). Future studies should
use alternative pathogenicity testing of Alternaria isolates in order to determine if
they can cause DCR. Although the incidence of fungi, including the core rot
pathogen Alternaria, isolated from the Tarsonemus mites seem low (13 to 17.5%),
this is in agreement with findings of Roets et al. (2007), who also found that the fungi

vectored by mites had an incidence of 4 to 15.8% on the mites.

Apart from the vectoring of fungi, Michailides ef al. (1994) also hypothesised
that the Tarsonemus mites may cause small wounds that allow infection of core rot
fungi. This could indeed be true since some Tarsonemus mites are known to feed on
plant material as well as on fungi (Lindquist, 1986), thus being able to produce small
wounds that predispose the fruit to fungal infections. Michailides ef al. (1994) found
some support for this hypothesis, since they were able to show in preliminary
experiments that a higher disease incidence was present when fruits were inoculated
with Coniothyrium and mites, than when fruits were only inoculated with
Coniothyrium (Michailides et al., 1994). The role of wounds in the development of
core rot diseases has also been suggested previously by Miller (1959) but may be
underestimated in disease development. Miller (1959) hypothesised that as apples
mature on the trees, environmental and other factors cause apples to grow too fast and
this causes wounds in the tissue lining in the core that serves as entry for core rot
pathogens that are most likely weak pathogens, requiring a wound for entry. In the
current study some support for the importance of wounds was found when the calyx
tube decay was observed in Granny Smith fruits, since the decay was often associated

with a small crack in the calyx tube.

Analyses of core rot susceptible apples for the presence of mites within
diseased and healthy fruits showed a significant association of Tarsonemus mites
within the core region of fruits with total core rots (DCR and WCR) as well as DCR.
This is in accordance with findings reported by Michailides et al. (1994) who also
found a high incidence (50% to 86%) of T. confuses in diseased fruits. However,
unlike Michailides et al. (1994), a high incidence of Tarsonemus mites was also found
within the core region of healthy fruits in the current study. Michailides et al. (1994)

did not find the mites in the core region of healthy fruits, but most (83%) of these
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apples had the mites along the floral parts or the calyx tube. Although in the current
study a significant association was found with mites within the core region and
diseased Red Delicious fruits, the high incidence of mites within the core region of
healthy fruits suggests that if the mites do play a role in disease development, several

other factors may also be important in ultimately determining disease development.

Two important observations were made during the analyses of Granny Smith
fruits for mites, which included the detection of a new calyx tube decay symptom, as
well as the absence of macroscopic fungal hyphae within the seed locule of these
fruits. The Granny Smith calyx tube decay symptom was observed at frequencies
(0.33% to 9.68%) similar to that found for DCR (0.43% to 10%) in Red Delicious
fruits. It was interesting to note that none of the Granny Smith fruits contained fungal
hyphae in their core region when viewed using a stereomicroscope, whereas more
than 90% of the Red Delicious fruits contained fungal hyphae in their core region,
regardless of the presence or absence of mites (data not shown). This may be due to
environmental conditions not being favourable for fungal growth in the closed-off
core region of Granny Smith fruits, or due to the fact that fungal spores can not enter
the core region. Alternatively, the lack of hyphae in the core region may be due to the
core region of Granny Smith fruits being less susceptible to Alternaria colonisation
when compared to Red Delicious fruits, as recently suggested by Niem et al. (2007).
These authors also suggested that cultivars that do not develop core rot, have a lower
pH in mesoderm tissue just outside of the core region than susceptible cultivars,
which results in reduced pathogen virulence. This could also explain the small and
restricted calyx tube decay lesion that was observed in Granny Smith fruits. In the
current study Granny Smith fruits were only sampled from one production region
(Ceres), which precludes definite conclusions from being made about the presence of
mites, and the occurrence and etiology of the calyx tube decay associated with this

cultivar.

Although Alternaria was isolated from the calyx tube decay symptom
observed in Granny Smith fruits, results from the isolation and inoculation studies are
inconclusive, as this genus was also isolated from the calyx tube of asymptomatic
Granny Smith fruits. This ubiquitous nature of Alternaria in apple fruits is in

agreement with findings of Serdani et al. (1998) and Teixido et al. (1999) that showed
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that Alternaria is a ubiquitous endophytic genus within apple cultivars that develop
core rots as well as those that do not develop core rots. Furthermore, Ellis and Barrat
(1983) also found that in Red Delicious fruits Alternaria could be isolated from the
core region and calyx tube of 100% of asymptomatic fruits at the end of the season,
even though core rot rarely developed in any of the fruits. Thus, considering all of the
above, we currently still do not known whether some of the Alternaria isolates
obtained from fruits are perhaps non-pathogenic thus not contributing to disease
development, or whether all isolates are pathogenic, with symptom expression only
occurs under certain environmental conditions (including wounding and high
humidity) or changes in host responses. These will be important aspects to investigate
in future studies. Although the pathogenicity of Alternaria isolates obtained from
asymptomatic and calyx tube decay lesions were investigated using a toothpick assay,
the results are inconclusive as discussed above for testing of Alternaria isolates from

mites.

This study suggest that Tarsonemus mites may play a role in the etiology and
epidemiology of apple core rot diseases, due to the significant association of mites
within the core region of Red Delicious fruits with core rot, as well as their
association with core rot pathogenic fungi. However, much still remains to be
elucidated before any definite conclusions can be made on their role in the etiology
and epidemiology of core rot diseases. Therefore, future studies should include a
more detailed investigation into the movement and seasonal patterns of Tarsonemus
mites within South African apple orchards, as well as their population sizes within
Red Delicious orchards having a history of low and high core rot disease incidences.
Dispersal of mites over long distances should also be investigated, as this will give an
indication whether other insects (phoretic associations) could also be involved in the
epidemiology of the disease. It will also be important to conduct inoculation studies
that will show conclusively that co-inoculation of core rot pathogenic fungi and
Tarsonemus mites results in higher disease incidence than when only core rot
pathogens are inoculated. In the current work these studies could not be conducted,
since the reproduction of the mites was inconsistent and never yielded enough mites
for inoculation experiments. Thus, conditions for reproduction of Tarsonemus mites
in South Africa need to be optimised by further investigating the effect of different

temperatures as well as different fungal species and genera on reproduction of the
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mites. The feeding habits of the mites also need further investigation to determine
whether they can feed on apple tissue, thus creating wounds, or whether they are

strictly fungivorous.
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Fig 1. Calyx tube region of Granny Smith mature fruits showing (A) no symptoms
(asymptomatic), (B) calyx tube decay symptom and (C) calyx tube decay symptom associated

with cracks (arrow) within the calyx tube.
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Fig. 2. Tarsonemus mite species present within an (A) apple core region among fungal hyphae

and (B) apple mummy.
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Fig. 3. Incidence of different fungal genera isolated from Tarsonemus mites. In the 2005/06
season, isolations were made from mites that were obtained from mature fruits harvested from
only one orchard (CSC1), whereas in the 2006/07 season isolations were made from mites

obtained from apple mummies, blossoms and mature fruits in two Red Delicious (CSCland

CSC2) and two Granny Smith orchards (CRC1 and CRC2).
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Fig. 4. Culture of a Alternaria transformant expressing the DsRed-Express gene within conidia
as viewed using epifluorescent microscopy (A). Tarsonemus mites that were fed on the DsRed-
Express Alternaria transformant as viewed using (B) a light stereo microscope and (C & D)

epifluorescent microscopy.
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Table 1. Incidence of dry- and wet core rot diseases, disas&arsonemus mites within Red Delicious (Oregon Spur and Top Redture
fruits collected from orchards in different appleguction regions of South Africa

Orchard Cultivar Season Production Number  Number Total Number Number Number Number Total
region DCR WCR number healthy = WCR + DCR healthy fruits WCR + DCR number
fruits® fruits fruits fruits with fruits with with mites in fruits with fruits
analysed mites in mites in core regioh mites in core  analysed
calyx tubé  calyx tubé regiort
CscC1 Oregon Spur 2005/06 Ceres 1 04 173 238 48 (20.6) 1 (20.0) 106 (45.5) 2 (40.0) 238
Csc1 Oregon Spur 2006/07 Ceres 18 (6.0) 1.3)( 300 15 (14.7) 0 (0.0 67 (65.7) 9 (B6.4) 124
Csc2 Oregon Spur 2006/07 Ceres 17 (5.7) 0.7 ( 300 18 (17.8) 0 (0.0 67 (66.3) 8 (@4.7) 120
CSC3 Oregon Spur 2006/07 Ceres 8 (2.7) (1.0 300 7 (18.0) 2 (18.2) 25 (64.1) 6 (54.6) 50
Csc4 Oregon Spur 2006/07 Ceres 10 (3.3) 0.7 ( 300 6 (16.7) 0 (0.0) 21 (58.3) 0 (83.3) 48
CSC5 Oregon Spur 2006/07 Ceres 10 (3.3) 1.3( 300 5 (13.9) 0 (0.0) 20 (55.6) 11 (84.6) 49
CSC6 Oregon Spur 2006/07 Ceres 8 (27 1.8 300 10 (25.0) 0 (0.0) 23 (57.5) 2 (©2.3) 53
CSE Top Red 2006/07 Ermelo 17 (5.7) 1(0.3) 300 9 (13.6) 0 (0.0) 44 (66.7) ©A.4) 84
CSG1 Top Red 2006/07 Grabouw 8 (2.8 .3)(0 290 1 (29 0 (0.0 19 (55.9) 6 (66.7) 43
CSG2 Top Red 2006/07 Grabouw 17 (5.7) @ (. 300 2 (5.7 0 (0.0 21 (60.0) 5 (88.2) 52
CSG3 Top Red 2006/07 Grabouw (28) .p(0 282 3 (37.5) 0 (0.0 0 (0.0) 4 (57.1) 15
CSG4 Top Red 2006/07 Grabouw 5 (1.7) .30 290 5 (35.7) 0 (0.0) 4 (28.6) 3 @®0. 20

! The number of apples with the specific diseasepsgm, dry core rot (DCR) and wet core rot (WCR)nutes present is followed by the

percentage of apples with this condition in brasket
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Table 2. Incidence of calyx tube decay aharsonemus mites within the calyx tube of mature Granny Srhithts collected from apple orchards
in the Ceres production region of South Africa

Number fruits with  Total number fruits Number healthy ~ Number calyx tube decay Total number fruits
Orchard Cultivar Season calyx tube decdy analysed fruits with mite$ fruits with mite$ analysed
CRC1 Granny Smith  2006/07 12 (9.6) 125 66 (58.4) 7 (58.3) 125
CRC1 Granny Smith  2007/08 5(1.7) 294 0 (0.0 2 (40.0) 10
CRC2 Granny Smith  2006/07 3(7.5) 40 19 (51.4) 2 (66.7) 40
CRC2 Granny Smith  2007/08 9 (3.5) 254 3 (37.5) 6 (66.7) 17
CRC3 Granny Smith ~ 2007/08 6 (2.6) 227 1 (12.5) 1 (16.7) 14
CRC4 Granny Smith  2007/08 1(0.3) 304 3 (17.7) 1 (100) 18

! The number of apples with the specific conditicalyx tube decay and healthy) or mites presentlisvied by the percentage of apples with
this condition in brackets.
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Table 3. Percentage apple developmental stages containifegedt mite families within two Oregon Spur angot Granny Smith apple

orchards

Orchard’ Developmental stage and % Incidence of the different mite families
season Sampled2 Tarsonemidae® Phytoseiidae  Tetranichidae Tydeiidae Bdellidae Ascidae Oribatidae Dolichocybidae Acaridae

CSC1 Buds 2006/07 20.00 0.00 37.60 0.00 0.00 0.00 0 0.0 0.00 0.00
Blossom 2006/07 1.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4cm. diam. fruit 2006/07 6.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2005/06 20.85 10.21 8.94 1.28 0.00 0.00 0.43 0.00 0.43
Mature fruit core 2005/06 45.96 3.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2006/07 12.00 0.80 0.8 0.00 0.00 0.00 0.00 0.00 0.00
Mature fruit core 2006/07 68.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mummies 2005/06 100.00 0.00 0.00 0.00 0.00 0.00 00O0. 0.00 0.00
Mummies 2006/07 100. 00 0.00 0.00 0.00 0.00 0.00 .000 0.00 0.00

CSC2 Blossom 2006/07 0.80 0.00 0.80 0.00 0.00 0.00 00 o. 0.00 0.00
4cm. diam. fruit 2006/07 5.04 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2006/07 15.00 3.33 3.33 0.83 0.00 0.00 0.00 0.00 0.00
Mature fruit core 2006/07 70.83 0.83 0.83 2.50 0.00 0.00 0.00 0.83 0.00
Mummies 2006/07 100.00 6.25 0.00 0.00 0.00 0.00 00O0. 0.00 0.00

CRC1 Blossom 2006/07 0.00 0.00 0.00 0.00 0.00 0.00 0 0.0 0.00 0.00
4cm. diam. fruit 2005/06 11.2 0.80 0.00 0.80 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2005/06 52.72 0.00 0.00 2.94 0.00 0.00 0.00 0.00 0.00
Mature fruit core 2005/06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2006/07 58.87 5.65 4.03 0.81 0.00 0.00 0.00 0.00 0.00

11¢



Orchard® Developmental stage and % Incidence of the different mite families

Sseason sampled2 Tarsonemidae® Phytosdiidae  Tetranichidae Tydeiidae Bdellidae Ascidae Oribatidae Dolichocybidae  Acaridae
Mature fruit core 2006/07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mummies 2006/07 100.00 0.00 0.00 0.00 0.00 0.00 00O0. 0.00 0.00
CRC2 Blossom 2006/07 0.00 0.00 0.00 0.00 0.00 0.00 0 0.0 0.00 0.00
4cm. diam. fruit 2006/07 7.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mature fruit calyx 2006/07 34.44 2.83 2.02 0.41 0.00 0.00 0.00 0.00 0.00
Mature fruit core 2006/07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mummies 100.00 0.00 0.00 0.00 5.55 0.00 0.00 0.00 0.00

'The CSC1 and CSC2 orchards were Oregon Spur osshahgreas the CRC1 and CRC2 orchards were Granitl Srchards.
’Developmental stages that were sampled included,bbidssoms, 4cm. diam. fruit, mature fruits andmmies. Each mature fruit was
inspected for the presence of mites within the)caljpe as well as in the core region. Apples tlmgit@ined mites within their core as well as
calyx tube were classified under “Mature fruit conehereas apples classified under “Mature fruiyxaonly contained the mites within the
calyx tube region.

All mites that were found within the family Tarsoniglae belonged to the gentiarsonemus.
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Table 4. Results of association analyses to determineeiptiesence of rot (WCR, DCR, total rot
or calyx tube decay) was dependent on the presdoées in the calyx, core or both.

Significance (p-value) for Percentage of healthy and diseased apples containing

Association Fisher's exact test mites
Red Deliciousfruits No Mites Mites
DCR with DCR 16 84
Mites in core P <0.0001 Healthy 44 56
DCR with P < 0.0001 DCR 98 2
Mites in calyx ' Healthy 83 17
DCR with _ DCR 14 86
Mites total P =0.0010 Healthy 27 73
WCR with B WCR 32 68
Mites in core P=0.4401 Healthy 40 60
WCR with B WCR 96 4
Mites in calyx P=0.1061 Healthy 85 15
WCR with : WCR 29 71
Mites total P =0.6594 Healthy 25 75
Core rot total with Core rot 19 81

L P < 0.0001
Mites in core Healthy 44 56
Core rot total with P < 0.0001 Core rot o8 2
Mites in calyx ' Healthy 83 17
Core rot total with Core rot

. P < 0.0001 17 83
Mites total Healthy 27 73
Granny Smith fruits No Mites Mites
Calyx tube decay with Calyx tube decay 47 53

L P=0.7184
Mites in calyx Healthy 51 49
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