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Abstract

Estimations of global fungal diversity are hampeoga limited understanding of the forces that
dictate host exclusivity in saprobic microfungi. G@nsider this problem f@dondwanamyceand
Ophiostomdound in the flower heads #froteain South Africa, we determined the role of various
factors thought to influence their host exclusiviResults showed that various biotic and abiotic
factors influence the growth and survival of thasagi in vitro. Monitoring temperature and
relative humidity fluctuations within infructescesgin vivo revealed considerable microclimatic
differences between differeRtoteaspp. Fungal growth and survival at different igahumidity
levels experienced in the field suggested thatftusr does not play a major role in host
exclusivity of these fungi. Maximum temperatureshim infructescences and host preferences of
the vectors olGondwanamyceandOphiostomaappear to play a substantial part in determining
colonization ofProteain general. However, these factors did not expaist exclusivity of specific
fungal species towards particuRroteahosts. In contrast, differential growth of fungpkecies on
media containing macerated tissudPobteashowed thaGondwanamyceandOphiostomagrow
best on tissue from their natural hosts. Thus, blesiistry plays a role in host exclusivity of thes
fungi, although some species grew vigorously osugsofProteaspp. with which they are not
naturally associated. A combination of host chemrypiahd temperature partially explain host
exclusivity, but the relationship for these factorsthe tested saprobic microfungi and their hissts
clearly complex and most likely includes combinas®f various biotic and abiotic factors

including those emerging from this study.
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1. Introduction

It is well-recognized that most plant pathogenieguare relatively host specific (Agrios 2005;

Daly 1979; Wood 1976). The term host-specificitynewever, reserved for species that derive their
nutrition from live host plants. In their review thfe topic, Zhou and Hyde (2001) suggested that
saprobic species can be considered as either kdsise/e (i.e. species that occur on a particular
host or on a restricted range of related host p)anthost-recurrent (species that predominantly
occur on a particular host(s) and infrequently treohost plants in the same habitat. The factors
dictating host-exclusive/recurrent relationshipsdaprobes are far less clear than for the host-
specific relationships of pathogenic fungi (Hoopeal.2000; Santanat al. 2005), but may be
correlated to differences in the physical structurautrient levels provided by potential hostg) (e.

Boddy and Watkinson 1995; Lodge 1997; Mille-Lindlet al. 2006; Paulugt al. 2006).

Saprobic fungi occurring on plants in the geRustea(Proteaceae), a keystone member of the
Cape Flora (Cowlingt al. 1992) have been the subject of various studiesretgeProteaceag
Leeet al. (2004, 2005) and Marincowit al. (2008). These studies have provided evidence that
some saprobic microfungi associated with Proteaaeabost-exclusive and in some cases also
restricted to specific tissue types. As an examplejerous saprobic species were exclusively
isolated from either ded@roteatwigs or the decaying fruiting structures of thptants (Leeet al.
2004; Marincowitzet al. 2008). Knowledge of such organ-exclusivity carilitate investigations
considering the basis for host-exclusivity of saprobic microfungi. This makes it possible to
focus studies on only those specific parts of th&t khat are of interest, for example the

infructescenses dfroteaand their associatég8ondwanamyceandOphiostomaspp.

The colourful inflorescences &frotearender them important plants in the ecotourisntitwdture

and dried-flower industries of South Africa (Covgiat al. 1992). They also commonly dominate



plant communities in the world-renowned Fynbos Biomhere they sustain populations of
numerous organisms including the birds and ingbetispollinate them (Rebelo 1995). After
pollination, the inflorescences Bfoteamature into tightly-packed seed storage organs
(infructescences). Infructescences of serotinoasiep persist on the plants for at least one, but
often several years (Rebelo 1995). They consequprdlide a moist, sheltered environment in
which saprophytic fungi can thrive (Marincowgg al. 2008). Interestingly, two fungal genera,
Gondwanamyce@Vicroascales) an@phiostomgOphiostomatales), dominate fungal communities

within these infructescences (Roetsal. 2005).

GondwanamyceandOphiostomaare morphologically adapted to dispersal by apgbds. This
relationship is closely linked to the fact thatsbdungi produce sticky spores at the tips of erect
fruiting structures that are either asexual compares or sexual ascocarps (Francke-Grosmann
1967; Malloch and Blackwell 1993; Minch 1907; Upga1981). The best-known vectors of
these fungi are bark-beetles (Curculionidae: Sowg) that construct larval galleries in the phloem
of coniferous hosts and that often have mutualesgociations with their fungal partners
(Christianseret al. 1987; Francke-Grosmann 1967; Kirisits 2004; Peina. 1997; Upadhyay

1981; Wingfieldet al. 1993). In these interactions, the fungi bene@if being transported to
otherwise inaccessible resources by the beetlate thie benefit to the insects is most likely very
variable depending on the particular associatidegkiget al. 2001a, 2001b; Six 2003) and could
include nutrition (e.g. Bleiker and Six 2007; SndaPaine 1998) and the creation of more suitable
environments for beetle development by killing sieRecently however, Six and Wingfield (2011)
argued that tree killing by these fungi may be momgortant for the fungi than the beetles as they

mediate competitive interactions among fungi imigvtrees.

Recent studies have shown tRavteaassociatedondwanamyceandOphiostomaare primarily

dispersed by mites includirigyoctolaelaps vandenbergwo Tarsonemuspp. and a



Trichouropodasp. (Roet®t al. 2007, 2008, 2011). Mites are also known as impostactors of
Ophiostoman the conifer-bark beetle systems (Bridges anégd&nd 983, 1986; Moser 1997). The
association between at least some of the vect@smaitd the fungi that they carry Broteais
considered mutualistic, as these mites exploifuhgi as food source (Roets al.2007). Long
distance dispersal of the fungus-carrying mitesctseved by a phoretic association between the
mites and th&roteahost specific beetleéSenuchus hottentottu$richostetha fascicularisandT.

capensigRoetset al.2009a).

It is intriguing that the two species Gbndwanamyceand nine species @phiostomadescribed
from Proteainfructescences (Marais and Wingfield 1994, 12901; Roet®t al. 2006, 2008,

2010; Wingfieldet al. 1988; Wingfield and van Wyk 1993) show varyingdesvof host exclusivity
on Protea All but one of these specieSotothrix variecubatydas exclusively been isolated from
the infructescences #frotea Recent surveys have also indicated that thesmgespare restricted to
serotinoudProteaspp. distributed from the southwestern tip of édrto Zambia in the north (Roets
et al. 2005, 2006, 2009b, 2010). Restriction to serotfnateaspp. is most likely due to the
evanescent nature of non-serotionous infructessetheg dehisce shortly after pollination, resulting
in an absence of suitable habitat for the fungtlergreater part of the year. However, not all
serotinous and thus “ecologically suitabRrbteaspp. havé&sondwanamycesr Ophiostoman

their infructescences. This apparent exclusivity b@en attributed to various biotic and abiotic
factors (Roetet al 2009b). For example, the absenc&ohdwanamyceandOphiostoman P.

nitida and species in the “rodent sugarbush”, the “dviiaited sugar bushes”, and the “western
ground proteas” (Rebelo 1995) may be attributetti¢copen morphology of their infructescences.
These open infructescences may be prone to gteatperature fluctuations and thus not retain
moisture as effectively as more closed structurbs could preclude the establishment of the

relatively slow-growingsondwanamyceandOphiostomalt is thus unsurprising that all known



hosts ofProteaassociate@ondwanamyceandOphiostomaorm fairly tightly closed structures

(e.g.P. repensand the “bearded sugarbushes” (Rebelo 1995; Rbels2009b)).

In addition to postulated temperature and humiditystraints dictating the presence of
GondwanamyceandOphiostoman Proteainfructescences, host chemistry may also playeaino
host specificity of these fungi. For example, tlests ofGondwanamyces capensisdOphiostoma
phasmanamelyP. burchellii P. coronataP. laurifolia, P. lepidocarpodendrarP. longifolia P.
lorifolia andP. neriifolia (Roetset al. 2009b), reside in two closely allied clades bame®NA
sequence data (Barraclough and Reeves 2005). thaarbe assumed that these species may be
fairly similar in chemical composition. Organismgrng on thesd’roteaspp. could consequently
easily jump from the one host to another. In catfaondwanamyceandOphiostomaassociated
with P. repenssuch a$s. proteaeandO. palmiculmiatumtend to be host species exclusive (Roets
et al. 2009b). The high level of exclusivity &ondwanamyceandOphiostomaassociated witk.
repensmay be ascribed to its phylogenetic uniqguenesgivelto all other ophiotomatoid-
associatedProteaspp., and the unigueness of this hosts’ chem(Biayraclough and Reeves 2005).
Despite previous morphology-based reports to tidraoy (Leeet al. 2005; Marais and Wingfield
1994), DNA sequence comparisons suggest@haplendenss also specific t®. repensand that
previous confusion resulted from the very closeilaimty in the morphologies of the

phylogenetically distantly related taga splendenandO. phasmgRoetset al. 2009b).

Roetset al. (2009b) suggested that differences in the hostt@alssociations dsondwanamyces
andOphiostoman Proteainfructescences are related to the vectors okthesgi. Thus, the

apparent host-exclusivity observed RimoteaassociatedsondwanamyceandOphiostomeacould
be ascribed to specificity (and ecology) of thactors rather than the specificity of the fungi.

However, there is relatively little information akadole relating to the vectors &froteaassociated



GondwanamyceandOphiostomaand this precludes robust views relating to the tiwat vectors

may play in shaping host ranges of these fungi.

In this study we consider various biotic and aliefiriables that may determine host-exclusivity of
ProteaassociatedsondwanamyceandOphiostomaThe studies were focused on theepens
exclusive specie§. proteaeandO. splendesind on the ‘bearded’ and ‘spoon-bract’ (Rebelo5)99
Proteahost-exclusive tax&. capensiendO. phasmaThe basis of host-exclusivity in these
species was investigated by testing the influerid®st chemistry on fungal growth vitro;
determining whether there is a specific associdtietveen the fungal spore vectors and specific
Proteaspp. and by examining the influence of infructeseetemperature and humidity on fungal

growth and survival.

2. Materials and Methods

2.1. Fungal isolates

Isolates ofG. capensi®andO. phasmavere obtained from colonizd®l neriifoliainfructescences
collected from the Jonkershoek Forestry ReservR)(Jbtellenbosch, South Africa during August
20009. Isolates 0. proteaeandO. splendensgvere also collected at the same location from
sympatricP. repensnfructescences. In an effort to minimize the efief fungus genotype on the
repeatability of experimental results, each ofdixa@solates per tested fungal species was obtained
from a different individual plant. Ascospores wegenoved from the apices of ascomatal necks
from within infructescences using a small piecagdr attached to the tip of a dissecting needle
and these were transferred to 1.5 % Malt ExtracrANEA; Biolab, Midrand, South Africa).

Fungi were initially selected as being represevgadif the four species in terms of morphological

appearance when grown on 1.5 % MEA and their digtie sexual (teleomorph) characteristics.



Once purified, the identity of all cultures wasified by comparisons of DNA sequence data for
the Internal-Transcribed-Spacer (ITS) and 5.8Soregiamplified following methods of Roedsal.
(2010), and the type strains available from the NC8enBank nucleotide database
(http://www.ncbi.nlm.nih.gov). Cultures were maimid on Petri dishes containing 1.5 % MEA at

4 °C in the dark until further experimentation.

2.2. Influence of host chemistry

The influence of host chemistry on fungal growthswested in Petri dishes (90 mm diam.)
containing growth media prepared from the pollezspnters and styles (hereafter referred to as
pollen presenters) ¢t. neriifolia, P. nitidaandP. repensTo prepare this mediurRrotea
infructescences were collected from JFR and dneahioven at 50 °C for 5 days. Pollen presenters
were pulled from infructescence bases by hand aaedsswere removed. Dried pollen presenters
were ground into a fine powder using an electrit amd passing this through a screen with 2 mm
perforations. Due to the small size of the pollesspnters ifP. nitida ground tissue was prepared
from whole dried infructescences for this sped@epending on the specific medium being
prepared, one liter of water-based growth mediuntasned 300ml preparderoteatissue and
either 1.5 % MEA or 1.5 % pure agar. The growth m&ekre autoclaved at 115 °C for 20 min.
prior to dispensing 25 ml into Petri dishes. Plaw@staining only 1.5 % MEA or Agar without

nutrients (Merck, Darmstadt, Germany) were usecbagrols.

Plates were inoculated at their centers with 2 mamdter agar discs cut from the actively growing
margins of two-week-old colonies & capensisG. proteagO. phasmandO. splendengrown

on 1.5 % MEA. The growth of all collected isolateas tested on each medium type. Thus, there
were four test fungal species (six isolates pegélispecies) grown on media prepared from two

Agar types (Agar only or MEA) infused with tissugfshreeProteaspp. (24 plates per tested



medium) and MEA or Agar only controls (192 platedatal). All inoculated plates were inverted

and incubated at 25 °C in the dark.

The diameter of each fungal colony on the variBusteatissue media and the controls was
determined after 10 d of growth by calculating éverage of two perpendicular diameter
measurements. Growth for each fungal species dna@dbe test media were determined by
calculating the mean radial growth (+ standardr@wbthe 6 representative isolates of each of the
four fungi. A one-way analysis of variance (ANOVWas used to analyse the normally distributed
data in the Statistica 9 (Statsoft Corporations@ulJ.S.A.) software package with Sigma-restricted
parameterisation. A Fisher’s Protected LSD postteetwas performed to determine significant
differences between group means. Differences betweeradial growth of the fungal species on
each of the test media were considered significéren P< 0.05. At the time of making colony
measurements, data were collected for colony mdoglyand the production of fungal

reproductive structures.

2.3. Host association of fungus-vector

The associations between primary spore-vectorings{Roet®t al. 2007, 2011) and various
Proteaspp. were assessed for collections across SouteAl en infructescences of P4otea

spp., representing a wide morphological and taxoaalwersity, were collected from various
localities between March and April (Autumn) 200@bTe 1). This time-period was chosen as it is
known to represent the peak sporulation timéPimteaassociatedondwanamyceand
OphiostomgRoetset al. 2005) and thus the time when the spore-vectoriitgsnare likely to be
present. Infructescences were opened with secaadrall individuals oP. vandenbergi

Tarsonemuspp. and drichouropodasp., the species identified by Roetsl. (2007, 2011) as



main vectors oProteaassociatedondwanamyceandOphiostomawere collected and stored in

80 % ethanol.

Sgrensen’s coefficient of similarity (Southwood &8pWas used to determine the degree of
similarity in the target mite species richness €& / (a + b)) and abundance (Cn N2j(aN +
bN)) between the differeroteaspp., where j = number of mite species in comnetween two
Proteaspp., a and b respectively = total number of jitecies present pEroteaspp., & and N
respectively = total number of individuals on e&bteaspp., andN = the sum of the smaller

values (individual counts) for the mite speciesemed from both plants species.

In addition to considering host specificity of thector mites, possible seasonal patterns in the
abundance of the maBondwanamyceandOphiostomaspore carrying mites d. repensP.

neriifolia andP. nitidawere considered. Thus, 25 one-year-old infructeses of these species

were collected in three areas where they occur aymoplly i.e. from JFR, Gordon’s Bay and
Franschoek Pass (Table 1). Infructescences weextaml during September, December, March and
June (2008 - 2009) and the target mites were drtitaas previously described. Voucher specimens
of all mite species collected are housed in thevehsity of Stellenbosch Entomology Collection,
Stellenbosch, South Africa. Mite abundance datewealyzed using a generalized linear model
approach (GLZ) with Poisson distribution and thenitity link function active in the software
program SAS Enterprise Guide 4.1 (SAS Institute, IbcS.A.). Significance in differences between

group means was determined using the least sgpas¢$ioc method.

2.4. Influence of environment within infructescence

In order to test abiotic constraintsProteaassociatedsondwanamyceandOphiostomagrowth,

fluctuations in temperature and relative humidiiyhwm Proteainfructescences was tested under

10



field conditions. iButtons (Maxim Integrated Protk)dJ.S.A.) that simultaneously measure
temperature and relative humidity (RH) were plasgtiin infructescences d&. neriifolia, P.

nitida andP. repensn the JFR during February 2009. Criteria for ustbn of experimental
infructescences (one per plant) included: (1) sintieight ¢a. 1.5 m from the soil surface), (2)
same age (ca. 5 months old), (3) similar orientatiofructescences on the southern side of plants),
(4) similar micro-environmental conditions (indivias of all 3Proteaspp. were selected to have
an interspacing distance of less than 1.5 metarsdntrol iButton was covered with fine gauze to
eliminate artificial temperature peaks caused lposure to direct sunlight and tied to the stem of
one of theProteaplants in the shade. Selection for the placemetiteocontrol was similar to that
for experimental infructescences. iButtons werdse¢cord both temperature and RH at 15 min.
intervals for 24 hours. Data were recorded for sesansecutive 24 hour cycles with each day

representing a replicate.

Analysis of temperature and RH data was focusélaeatipper and lower ends of the recordings,
respectively. This focus on high temperatures amdRH seemed appropriate, as these conditions
are more likely to place constraints on fungal gtothan the moderate temperatures and high RH
recorded at the other end of the spectra. Meanstandard deviations were calculated for the
maximum daily temperature and minimum daily RH reeal per iButton (n = 7) and data were
compared using ANOVA. A Fisher’s Protected LSD gdust test was performed to determine
significant differences between group means. Intexig mean differences between the maximum
temperature and maximum RH values within infruct@ses and their respective controls were
compared. This was necessary because the maximiyneshaperature and RH values of the
ambient air fluctuated naturally. Standardising eanbconditions thus made it possible to
determine whether the differeRtoteaspp. reacted significantly differently to changeambient

air temperature and RH.

11



2.5. In vitro growth at different temperatures

Based on temperature data recorded in the fieldydluigrowth at temperatures between 20 and 45
°C (at 5 °C intervals) were test@dvitro. Two mm diameter disks of mycelium-covered agarewe
excised from the leading edges of two-week-old me® ofG. capensisG. proteaeO. phasmand
O. splendengrown on 1.5 % MEA and placed mycelium-downwamdgresh plates, preparing six
replicate plates per test fungus (six independeidies for each of the four fungal species). Blate
were inverted and incubated for two weeks in thi dathe different temperatures, after which the

diameters of the fungal colonies were measureccampared as described in section 2.2.

After completion of the trial to determine growthdifferent temperatures, survival of the
GondwanamyceandOphiostomaat the tested temperatures was determined. TlEsaelaeved by
placing all previously incubated plates at the mpitin growth temperature for each species. After
two weeks, additional growth beyond the colony nrergvas determined. Once survival of the
fungi at the various temperatures was determineftro, the length of time that field-selected
infructescences spent above the upper limits opaature for fungal growth and survival for each
Proteaspp. was determined. From the iButton data, it pgssible to enumerate the number of
datum points that were higher than the thermaltlforithe growth and survival of each of the

fungal species for the seven recorded 24 hour sycle

2.6. In vitro growth at different relative humiditi es

Based on values of RH obtained from the field mesments, fungal growth was determined at a
range of RH values between 0 and 100 % at 25 @ro. Different conditions of RH were
established using saturated salt solutions (WinatwhBates 1960). Chambers at a range of

different relative humidities at 25 °C were estsiiid using silica gel (ca. 0 %), sodium hydroxide

12



(ca. 7 %), potassium acetate (ca. 22 %), magneshlonide (ca. 32 %), potassium carbonate (ca.
40 %), magnesium nitrate hexahidrate (ca. 55 %aiuso nitrite (ca. 64 %), sodium chloride (ca. 75

%), potassium chloride (ca. 84 %), potassium r@t(ed. 94 %) and pure water (ca. 100 %).

Equilibrium RH values were created in compartmesegal 90 mm diameter Petri dishes (two
compartments). The one side contained 13 ml ofgsegpsaturated salt solution (with a few added
dry crystals) and the other side contained a paéditer paper cut to fit the half of the Petristii

Filter paper pieces were autoclaved and infuseld wérm (ca. 50 °C) autoclaved 1.5 % MEA
before placement in the Petri dishes. Plates auntathe different salt solutions and media were
sealed with parafilm and left for two days at 258Gtabilise RH between the air, media on the one
side of the plate and the salt solution on theradlte of the plate. After two days, the growth

media were inoculated in the centre of the filtepgr pieces with the tested fungal strains and

incubated at 25 °C in the dark for an additionghedays.

Inoculation material was prepared from autoclavier fpaper disks (5 mm diam.) made using a
paper punch. Autoclaved filter paper disks wereasefl with warm autoclaved MEA and placed on
the surface of actively growing colonies of thaddsungal species. Aft@a. two weeks at 25 °C in
the dark, the paper disks (and the fungi that novered them) were removed and placed on the
centre of the filter paper within humidity chamb&rsnoculate these. Plates were again sealed with
parafilm before incubation. This method allowedtfwe introduction of as little additional moisture
as possible into the humidity chambers after s&aibn of the RH. The experiment was replicated
six times (once for each isolate per tested fuspaties) at each of the tested RH values. After
eight days, diameters of colonies were determimedstatistical comparisons were made as

described in section 2.2.
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Survival ofGondwanamyceandOphiostomaat different RH values as hyphae or conidia was
determined by removing the paper disks used tauilate the compartmentalized dishes after eight
days, placing them on fresh 1.5 % MEA plates acdhating these at 25 °C (100 % RH). After two
weeks of incubation, additional growth was assedSede survival of the fungi at the various RH
values had been determined, the amount of timditldtbased infructescences occupied below the
lower limits for fungal growth and survival for daBroteaspp. was determined as described in

section 2.5.

3. Results

3.1. Influence of host chemistry

When grown on media containing nutrient-rich ME&n@i produced denser hyphae and they gave
rise to considerably more conidiophores per umadpers. obs.) than when they were grown on
media containing nutrient-deficient WA (Fig 1).dddition to surface hyphae, most species also
produced a dense mat of aerial hyphae on MEA-bawstia. On WAG. proteaeandG. capensis
produced more abundant aerial hyphae wherependissue was included in the medium than
when eithelP. neriifolia or P. nitidatissues were added (Fig 1). In contr&tphasmaandO.
splendengroduced abundant aerial hyphae only wRenitidaandP. rependissue was added to
the WA. Ophiostoma splendemsoduced relatively more abundant aerial hyphaenkh repens

tissue was added to the WA than when tissues obtrgrProteaspp. was added (Fig 1).

GondwanamyceandOphiostomagrew at different rates on media amended witlhuéss various
Proteaspp. (Fig 2). The ANOVA results indicated thatrthes a significant effect on fungal radial
growth induced by the various media typesGomproteag(F = 23.94, d. f. =7, P < 0.0013,
capensigF =60.79,d. f. =7, P < 0.001), splenden¢F = 12.7,d.f. =7, P <0.001) aGd

phasmaF = 6.67, d. f. =7, P < 0.001). When considefunggal growth on media prepared from

14



MEA and the infructescences Bf repensandP. neriifolia only, all species grew significantly
better on media prepared from their natural h@3phiostoma phasmaas the only exception. Its
radial growth was better on media prepared fromatsiral host, but this was not significantly
better than whePR. repengissue was added to MEA (Fig 2). In contrast, riagliawth of the tested
GondwanamyceandOphiostomaspecies was significantly reduced on Water Agagraaded with
tissues from their natural hosts and in the absehoger nutrients. Agai@®. phasmawas the only
exception in that its radial growth was similar\diater Agar amended witR. neriifolia and Water
Agar amended witP. rependissues. No significant differences in either ehgrowth or culture
morphology of any of the tested fungal species wéserved between MEA media containing

tissues from their natural hosts and MEA contairtisgues prepared froRy nitida (Fig 2).

When the growth ofs. capensi®n MEA only (control) was compared to growth oegared
Proteamedia, radial growth of the fungus was slightligibited when it was grown on media
prepared from its non-hod® (repen$ and slightly enhanced on medium includixgneriifolia
(host) tissues (Fig 2). Similarly, radial growth@®f proteaewas significantly enhanced on MEA
media containing?. repenghost) and unaffected by the additionPofneriifolia (non-host) when
compared to the MEA only contrdDphiostoma splendengas inhibited when material of eithier
repens(host) orP. neriifolia (non-host) was added to the media when compartdgktbIEA only
control. However, radial growth of this fungus vetil significantly more rapid on media prepared
from its natural host than when it was grown on iag@depared fron®. neriifolia (Fig 2).
Compared to the MEA only control, radial growth@fphasmawas significantly enhanced by the
addition of tissue from any of the testexbteaspp. Its radial growth was, however, slightly more

rapid whenrP. neriifolia (host) tissue was added to the medium (Fig 2).

3.2. Host association of fungus-vector

15



A total of 278 individuals of th&ondwanamyceandOphiostomaspore-carrying mites were
collected from the variouBroteaspp. (Table 2). The infructescence$obteaspp. that are
confirmed hosts of these fungi were all colonizethwndividuals of the target mite species. In
additionProtea obtusifoliavas identified as a host &. capensidor the first time. For most of the
GondwanamyceandOphiostomahostProteaspp., the abundance of the target mites was also
relatively high (e.gP. laurifolia, P. neriifoliaandP. repeny Proteaspp., that are known not to
haveGondwanamycesr Ophiostoman their infructescences, e. susannaeP. lanceolataand

P. acauloswere also free of the target mites. However, sofriekeProteaspp. with no known
association witlsondwanamycesr Ophiostomaalso contained individuals of the target mite taxa
although these were never in high numbers (Tabl&&herally, the highest values for Sgrensen’s
coefficients of similarity in abundance (Cn > 0.230)d species richness (Cs > 0.60) were obtained
when target mite communities were compared betw@madwanamyceandOphiostomahosts

(Table 2).

In total, 1574 individuals of the target mites weo#lected throughout the year from the three
Proteaspp. included in the seasonal study. GLZ resotigated that there were significant
differences between mite numbers collected duhegdifferent seasons (d. f. = 11, Wald = 1999.1,
p < 0.0001). These mites showed peak abundanaegduiarch (Autumn) when ca. 800 individuals
were recorded from the thr&eoteaspp. (Fig 3). This was mostly due to an increagbée numbers
of the target mites collected from the infructes@mnofP. neriifolia. Seasonal mite data confirmed
that the target mites are occasionally found imession withP. nitida, a species that has no

known associations witGondwanamycesr Ophiostoma

3.3. Influence of environment within infructescence
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There were significant differences in maximum terapges reached within the infructescences of
the threeProteaspp. tested under field conditions (d. f. = 3, .68, P = 0.047) (Table 3).
Maximum temperatures reached witlfroteainfructescences were always higher than the
surrounding air temperature (Table 3). Differencetemperatures reached when compared to the
ambient temperatures varied significantly betwéwnthreeProteaspp. (d. f. =2, F =24.43, P <
0.01). Temperature differences between the infaseteces oP. repensand the ambient air was
less than in the oth@&roteaspp. On average, maximum temperaturd3.initidainfructescences
wasca. 7 °C higher than the maximum ambient air tempegatn this species, temperatures of
more than 45 °C were reached, even when ambietgmaperatures never rose above 39 °C (Table
3). Although not quite as high, temperatures withie infructescences . neriifolia andP.

repensreachedta 41 °C and 40 °C, respectively.

Significant differences were found in minimum RHu&s within the infructescences of the three
Proteaspp. and the controls (d. f. = 3, F = 10.03, RGOD) (Table 3). Although not statistically
significant, minimum RH values fd?. nitidaandP. neriifolia were always lower than the
minimum RH reached in the ambient air. In contrasfiimum RH values foP. repensvere

always higher than that of the ambient air. Minimrglative humidity within the infructescences of
P. repensvas significantly higher than that of the ambiaintand the othelProteaspp. (d.f. =2, F

= 28.43, P < 0.001) (Table 3).

3.4. In vitro growth at different temperatures

Radial growth foilGondwanamyceandOphiostomgmm diam. after seven days) differed
significantly at different temperatures (F = 600.d5f. = 11, P < 0.01). The radial growth for all
species were the greatest at 25 °C (Fig 4). No tijovas observed for any of the tested fungi at 30

°C and above (Fig 4).
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Results of experiments to determine the surviv#he variousGondwanamyceandOphiostoma
species after seven days at different temperasimased that all fungal species kept at 30 °C and
35 °C for one week were still able to grow whercethat the optimal growth temperature. In
contrast, isolates of all species kept at 40 °C4ineC for seven days were unable to grow when

plates were returned to the optimal growth tempeeat

3.5. In vitro growth at different relative humiditi es

Radial growth folGondwanamyceandOphiostomgmm diam. after seven days at 25°C) varied
significantly at different relative humidities (F492.06, d. f. = 23, P < 0.01). The radial growah f
all species declined with a decline in relative ity (Fig 5). No growth was observed for the two
Gondwanamycespp. below a relative humidity of 75 % (Fig 5).ryslow radial growth was,
however, still observed for the tv@phiostomaspp. when grown at a relative humidity of 64 %.
None of the test fungi were able to grow below 64elative humidity (Fig 5)Gondwanamyces
proteaeshowed a peak in radial growth at 94 % RH rathantat 100 % as was the case for the
other fungal species tested. When filter paperstgére removed from the humidity chambers,
plated onto MEA and kept at 25 °C for a week,stlates (from all RH values tested) were able to

grow further.

4. Discussion

Results of this study elucidated various factoat threctly influence the radial growth and surviva
of ProteaassociatedsondwanamyceandOphiostomaHost chemistry, temperature and relative
humidity all influenced the radial growth of thenfyal species that were tested. However, not all of

these factors may influence host associationsekample, the radial growth of all fungal species
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was positively influenced by an increase in relatmmidity and all were able to survive extremely
low relative humidity levels for extended periodgime. All species also had fairly similar lower
limits of relative humidity essential for fungalayvth. Thus the observed differences in minimum
relative humidity levels within the infructescenadgslifferentProteaspp. detected in the field are

unlikely to dictate host association pattern®adteaassociatedsondwanamyceandOphiostoma

Factors that appeared to most strongly influeneeatiility of GondwanamyceandOphiostomao
coloniseProteaincluded the association of vectors with sped#ioteaspp., as well as maximum
infructescence temperature. For example, numeronshostProteaspp. were found without
individuals of the target mite species. Mite prefares for host plants could thus play a key role in
host associations of these fungi. The absen&ooflwanamyceandOphiostom&rom
infructescences of e.§. acaulosP. lanceolataandP. suzannaenay thus be due to ecological
constraints acting on the vectors and not the Epdangi. Interestingly, numerougroteaspp. with
no known associations witAondwanamycesr Ophiostomaalso housed individuals of the target
mites, albeit at low abundance. A notable exampas the association of all three vector mite
species withP. nitida (data not shownProtea nitidahas no association withondwanamycesr
Ophiostomaeven though it often grows sympatrically with knmohost species such Bsrepens
andP. neriifolia. Associations between vector organisms and spétifiteaspp. alone, can thus

not explain the absence @bndwanamyceandOphiostomdrom all non-hosts.

The abundance @&ondwanamyceandOphiostomavectoring mites showed a marked increase
during March (Autumn). This coincides with an ingse in numbers droteainfructescences with
sexual fruiting structures @ondwanamyceandOphiostomgRoetset al. 2005). It has been
shown that mites have a mutualistic associatioh @phiostomaspp. in this niche (Roett al.
2007) and that the fungi are primarily dispersedh®se mites (Roett al.2009a, 2011). The

stability of this mutualistic association would ¢peatly enhanced by simultaneous peaks in vector
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abundance and fungal sporulation. The timing ofitkkezase in abundance of both organism groups
during autumn coincides with the onset of the lgaaly season. This suggests that sufficient
moisture (and possibly also lower temperaturesgsiired to enable fungal growth and sporulation

of the sexual stage within infructescences in tbie f

The mite/fungi mutualism does not seem obligatontiie mites, because mites were present in
infructescences d?roteaspp. with no knowriisondwanamycesr Ophiostomaassociations. It is
quite possible that the mites also predate/vegores of other fungal genera. The association
betweenGondwanamyceandOphiostomaand their spore vectors is, however, obligatonlie
fungus, as other arthropods associated Rititeaspp. rarely vector their spores (Roetsl. 2007,
2011). Although not obligatory for the mites, thegence oGondwanamyceandOphiostoma

may greatly enhance mite numbers within Hrstteaspp. when compared to hosts without these

fungi (Roetset al. 2007), further strengthening interactions betwibese two organism groups.

Temperature has been shown to play a significdatinadetermining the relative abundance of the
mutualistic fungi associated with a bark bedflendroctonus ponderosaen conifers and that it
determines which fungus is vectored (Six and B&0t7). Given the marked differences in
maximum temperatures reached within infructesceatdsgferentProteaspp., it is reasonable to
assume that differences in radial growth respookt#®e GondwanamyceandOphiostomaspp.
towards these temperatures may influence host €xithy However, all species reacted similarly to
growth at various tested temperatures: optimakltagtowth at 25 °C, discontinued growth at 30 °C
and death above 40 °C. Temperature differencesseefroteaspp. infructescences thus cannot
explain why these fungi are restricted to theitipatar hosts. Maximun®roteainfructescence
temperatures could, however, explain the genesdradie ofsondwanamyceandOphiostoma

from certainProteaspp. In the case of open-structured, dark-colounedctescences such as those

of P. acaulosandP. nitida temperatures may often reach sub-optimal lewelthe growth and
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survival ofGondwanamyceandOphiostomaFor example, when considering temperatures relache
within infructescences in the field, temperaturéhiv P. nitidainfructescences reached lethal
levels (above 40 °C) more often and for longerqukrithan those of the host spedteseriifolia

andP. repengTable 3). If these temperatures are commonly reGemd maintained, they will
effectively lead to the elimination @ondwanamyceandOphiostomalnterestingly, maximum
temperatures withi®. nitidainfructescences were on average 7 °C higher tlemarhbient air.

Thus temperatures in the field need only reacl38&C to effectively preclude the establishment
and growth ofGondwanamyceandOphiostomawithin P. nitidainfructescences. These
temperatures are often exceeded in areas vitreteaspp. grow. It is thus unlikely that these fungi
would be able to coloniz@. nitidaand other species with open-structured infructeses under

normal field conditions.

All GondwanamyceandOphiostomaconsidered in this study grew equally well on ragaliepared
from P. nitida(a non-host species) compared to media prepavedtfreir natural hosts. This
suggests that host chemistry alone does not dietaitsh Proteasp. acts as host for these fungi in
general. However, host chemistry appeared to inftadnost exclusivity between known hosts.
Thus, the radial growth of all but one species significantly higher on MEA media containing
natural host tissue. The exception wlagphasmafor which there were no significant differences i
radial growth betweeR. repengnon-host) andP. neriifolia (host). Thes®roteaspp. often grow
sympatrically and have similar vector mite commiesitOphiostoma splenderfeaturally found on
P. repenyandO. phasmdnaturally found orP. neriifolia) also have very similar requirements
regarding relative humidity and thermal tolerarioeheory,O. phasmahould thus be able to
coloniseP. repensHowever, despite repeated surveys (Reetd. 2006, 2009b)D. phasmaas

never been observed withih repensnfructescences.
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The absence d@. phasmdrom P. repensannot be explained by a lack of association ef th
relevant mites withP. neriifoliaandP. repensThe vector mites are the same on rthteaspp.

(E. Uekermann pers. comm.) as are the beetlese¢ctdr the mites (Roett al. 2009a). We

believe that host exclusivity f@. phasmanay be influenced by differential competitive alab
with otherGondwanamyceandOphiostomaspp. Thus, iD. phasmas a weak competitor
compared t®. splendenand / orG. proteaewithin P. repensnfructescences it could be excluded
from P. repensSimilarly, host exclusivity of other infructescercelonisingGondwanamyceand
Ophiostomanay be enhanced by differential competitive abgitvhen growing on different
Proteahosts. Studies to elucidate interactions betwkeset fungi on differerRroteaspp. are

currently in progress.

In this study, we have sought to elucidate factioas influence host species exclusivity of
GondwanamyceandOphiostomdrom South AfricarProteaspp. The results add to a growing
database on microfungi associated viAtbteaspp. We have demonstrated that host exclusividy an
probably also organ specificity may be enforcedidryous abiotic factors (dictated by host physical
structure) and also host (substrate) chemistryurewgtudies should include investigations into the
effect of relative humidity and temperature onshéability of infructescences of differeRtotea

spp. for vector mite colonisation. In addition,digs on the role of interspecies competition of
various fungi within the infructescences of diffier®roteaspp. may help elucidate mechanisms for

the maintenance of host exclusivity in this niche.
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Figure Captions:

Fig 1- Typical colony morphology ddondwanamyces protedleft column) andphiostoma
splendengright column) after seven days of growth at 26?@he dark on media prepared with
MEA (a, b), MEA andP. repengissues (c, d), WA anl. rependissues (e, f) and WA aril

neriifolia tissues (g, h). Scale bars =5 mm.

Fig 2- Mean radial growth (mm diam. after ten day25°C) on growth media prepared from
sawdust of variouBroteaspp. and either MEA (top graph) or Water agart(imotgraph). Error
bars = standard error. White bar®=repensLight grey bars . neriifolia, Dark grey bars P.
nitida, Black bars = Agar only. Different letters indieaignificant differences between radial
growths. Bars with thickened borders indicate ragliawth of a particular fungus on media

prepared from its natural host.

Fig 3- Mean number of mites (x SE) that are knoavmectorGondwanamyceandOphiostoma
collected from the infructescencesRofneriifolia (white bars)P. repenggrey bars) an@. nitida
(black bars) over a one year period. Differeneletindicate significant differences between least

square means.

Fig 4- Mean radial growth on MEA (six isolates pested species, + standard errorf=ofproteae
(white bars)G. capensiglight grey bars)Q. phasmddark grey bars) an@. splendengblack
bars) at a range of temperatures after 7 d in dlnle. @ifferent letters indicate significant differees

between radial growths.

Fig 5- Mean radial growth on MEA (six isolates pested species, + standard errorf>ofproteae

(white bars)G. capensiglight grey bars)Q. phasmgdark grey bars) an@. splendengblack
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bars) after 7 d in the dark at a range of differefdative humidities. Different letters indicate

significant differences between radial growths.
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Table 1- Localities and morphological groups of the vagBroteaspp. collected in this study.

ProteaSpecies Collection site

. acaulos

. aurea

. burchelliP
. caffrd

. eximia

. lanceolata
. laurifolia®
. lorifolia

. neriifolia®
. neriifolia®
. neriifolia®

. hitida

. hitida

. hitida

. obtusifoli&
. punctata

. repen8

. repen8

. repen8

. susannae

W U U UTUUUUUTUUTUTUTUTUTUTUTUTUTU

Bainskloof

George, Montaque Pass White
Stellenbosch Mountain

Pretoria

Swartberg Pass
Albertinia

Giftberg

Swartberg Pass
Franschoek Pass
Gordon’s Bay
Jonkershoek Reserve
Franschoek Pass
Gordon’s Bay
Jonkershoek Reserve
Cape Agaulas
Swartberg Pass
Franschoek Pass
Gordon’s Bay
Jonkershoek Reserve
Struisbaai

Group Deg. South
Western Ground  34°06"05.10'
33°52"01.20
Spoon-bract 33°56"44.58'
Grassland 25°46"58.92'
Spoon-bract 33°21"59.10'
True 34°04"58.80"'
Bearded 31°45"46.38'
Bearded 33°22"11.22'
Bearded 33°54"20.94'
Bearded 34°04"58.80'
Bearded 33°59"14.58"
Shaving-brush 33°54"46.50'
Shaving-brush 34°04"58.80'
Shaving-brush 33°59"48.30'
Spoon-bract 34°48"49.32'
White 33°21"48.24'
True 33°55"13.86'
True 34°04"58.80"'
True 33°58"40.02'
Spoon-bract 34°45"02.94'

Deg. East

19°49"46.08
22°26BA4.
523f2.66'
28°11"56.64'
22°05446.4
21°15"20.52'
18°47"17.64'
22°06"33.90'
19°09"27.36'
21°15"20.52'
18°53015.
1960803
21°15"20.5
56186.88'
20°01"15.00
22°03"50.04'
19°09"40.74'
21°15"20.52'
18°56"39.36'
19°58"48.60'

& Morphological groupings follow Rebelo (1995)
P Species with confirme@ondwanamyceandOphiostomaelationships
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Table 2- Abundance and Sgrensen’s coefficients of simtyl&mr abundance (Cn) and species richness (CpdmdwanamyceandOphiostoma
spore-carrying mite communities collected fromitifeuctescences of 1Broteaspp. (n = 10). Species indicated in bold typet®eknown hosts of

Gondwanamyceand/orOphiostoma- = not applicable.

Abundance

Proteaspecie$
Mite species P.caf P.nit P.bur P.exi P.obt P.suz P.lor P.lau P.ner P.lan P.rep P.pun P.aur P.aca
P. vanderbergi 2 1 0 0 1 0 0 0 31 0 3 0 0 0
Tarsonemusp. 0 0 0 2 6 0 0 84 0 0 0 1 0 0
Tricauropodasp. 1 0 1 0 22 0 5 89 20 0 8 0 1 0
Total abundance 3 1 1 2 29 0 5 173 51 0 11 1 1 0
Sgrensen’s coefficients of similarity in abundancéCn, bottom of diagonal) and species richness (G®sp of diagonal)
P. caf 0.67 0.67 0.00 0.80 - 067 050 1.00 - 100 0.00 o0.67 -
P. nit 0.50 0.00 0.00 0.50 - 000 0.00 o0.67 - 067 0.00 o0.00 -
P. bur 0.50 0.00 0.00 0.50 - 100 0.67 0.67 - 067 0.00 100 -
P. exi 0.00 0.00 0.00 0.50 - 000 0.67 0.00 - 000 1.00 o0.00 -
P. obt 0.13 0.07 0.07 0.13 - 050 0.80 0.80 - 080 050 0.50 -
P. lor 025 0.00 033 0.00 0.29 - 0.67 0.67 - 067 0.00 100 -
P. lau 001 0.00 0.11 0.02 0.28 - 0.60 0.50 - 050 0.67 0.67 -
P. ner 0.11 0.38 0.38 0.00 0.53 - 0.18 0.18 - 1.00 0.00 0.67 -
P. lan - - - - - - - - - - - - -
P.rep 043 0.17 0.17 0.00 045 - 062 0.09 0.35 - 0.00 0.67 -
P. pun 0.00 0.00 0.00 0.33 0.07 - 0.00 0.00 o0.00 - 0.00 0.00 -
P. aur 050 0.00 1.00 0.00 o0.07 - 033 001 o0.04 - 017 0.00 -
P. aca 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 o0.00 - 0.00 0.00 o0.00
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ap. caf =P. caffrg P. nit =P. nitida, P. bur =P. burchellii P. exi =P. eximij P. obt =P. obtusifolia P. suz #. suzannagP. lor =P. lorifolia, P. laur

= P. laurifolia, P. ner =P. nerifolia P. lan =P. lanceoloataP. rep =P. repensP. pun =P. punctataP. aur =P. aurea P. aca #. acaulos
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Table 3- Temperature and relative humidity within therirttescences of thré&oteaspp.

Different superscript letters indicate significalifferences (P < 0.05, n = 7). SE = Standard

error.

Temperature (°C)

Mean maximum (SE)
Mean difference between
maximum and control (SE)

Absolute maximum
Absolute minimum
Events over 35
Time over 35 (h)
Events over 40
Time over 40 (h)

Relative humidity (%)

Mean minimum (SE)
Mean difference between
minimum and control (SE)

Absolute minimum
Absolute maximum
Events under 50
Time under 50 (h)
Events under 30
Time under 30 (h)

Control P. repens P. neriifolia P. nitida
32.24 (1.89) 33.37 (2.09) 35.89 (1.65° 39.54 (1.71Y
- 1.14(0.28) 3.67 (0.47)  7.31(0.94)

38.66 40.64 41.09 45.67
13.16 13.16 13.10 13.19

23 64 79 80

6.75 16 19.75 20

0 9 23 31

0 2.25 5.75 7.75

32.34 (4.90) 55.24 (3.25) 28.82 (4.08) 29.36 (3.55)
- 22.90 (4.2 -3.42 (1.55) -2.98 (1.86)

16.42 42.44 17.31 17.00
96.11 83.36 82.01 85.01

270 194 313 22

67.50 5.50 78.75 48.50

88 0 95 65.00

22.00 0 23.75 16.25
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Mean mite abundance
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Colony diameter (mm)

30

. g
25 _I_ h
20 K
15
f e
10 1 c d d
C
5- b b
a
0 -'Ei ;
50 64 75 84 94

Relative humidity (%)

100

40



