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Abstract

Fallowing creates land mosaics characterised bgtaéign communities at different stages of
succession. Such mosaics are expected to harbocorrnizal associations that reflect host
species composition and diversity. Ectomycorrhizedgi are often a neglected group of the
ecosystem despite their importance as bioindicatirsdisturbance. The present study
investigated the diversity of ectomycorrhizal furagid their host associations across a fallow
chrono-sequence of 1-14 years in the mid-Zambetieyarea, Zimbabwe. A total of ten
ectomycorrhizal fungaltaxa that includé@ctarius gymnocarpysLactarius sp., Boletus sp.,
Thelephora terrestri|snd Amphinema byssoidesere recorded from 13 tree species from six
families (Combretaceae, Ebenaceae, Fabaceae, Simaaene, Rhamnaceae and Tiliaceae). The
Spearman rank correlation test showed no significarrelation (p=0.002) between fallow age
and ectomycorrhizal fungi status of host tree gmeciThe generalised linear model (GLM)
showed no significant relationship (p=0.079) amewtpmycorrhizal fungi in any tree species
and fallow age. The Raup-Crick similarity index icated that there was an interaction between
fallow age and the mycorrhizal status of the trpecies, as opposed to host specificity. These
results support previously reported low host spatyffor ectomycorrhizal fungi among tropical
African plant communities. Theyfurther indicate ttiszlective tree felling negatively impacts
host specific ectomycorrhizal fungi. The resultsoahdicate that an increase in host tree species
does not necessarily lead to increased ectomyeairisipecies diversity, thus implying the
influence of other factors. Genetic similarity te@ising Nei and Li similarity coefficients) based
on RAPDs and RFLPs showed varying relationshipsrgrbe collected fungi. PCR-RFLPs
confirmed genetic polymorphisms among samples efrétorded taxa. The intra- and inter-
specific genetic diversity among the sampled ectmmmpizal fungi partly explains the low host
specificity among the collected ectomycorrhizal gunand the dominance of a few
ectomycorrhizal species in the study area.

Keywords: Ectomycorrhizal fungi, fallows, mid-Zambezi valleguccession,RAPD, PCR-

RFLP, Zimbabwe



Definition of ter ms

1. Ectomycorrhizal fungi: are fungi thatproduce a system of hyphae, calledHartig net, in
between cells of the root of a plant. The mycoahizio not enter the actual cells of the roots,

travelling instead between the root cells. Thep &sm a mantle around plant root tips.

2. Endomycorrhizal fungi: are fungi that grow in between the cells of anpl@ot but also
have structures that allow the fungus to penetreeactual cells in the plant root, making them
more invasive than ectomycorrhizal fungi.

a. Arbuscular fungi: are endomycorrhizal fungi characterised by thenédgion of unique

structures, arbuscules and vesicles, which peeeti@ttcortical cells.

3.  Fallow: cultivated land left for a period without beingwa, usually in order to retain its

fertility.

4.  Seral: relating to or being in an ecological sere, whisha stage found in ecological

succession in an ecosystem towards its climax camtynstate.

5. Mantle: a hyphal sheath enveloping the plant root.

6. Epigeous sporocar ps. fungal fruiting bodies appearing above ground #rus visible to
the naked eye, as opposedhigpogeous sporocarps which occur below ground and are thus

invisible.

7.  Polymorphism: the presence of genetic variation within a pofioig upon which natural

selection can operate.
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CHAPTER 1. INTRODUCTION

Regimes and stages of anthropogenic disturbances hagative effects on soil physical,
chemical and biological properties (Onguene and pe€uy 2002). Agricultural practices that
involve vegetation clearance, burning, fallowingndamono-cropping all have the effect of
reducing biodiversity at primary and detritivorevéés (Asbjornsen and Montaguini, 1994;
Egerton-Warburton and Allen, 2000; Helgasbil, 1998; Johnson, 1993; Thompson, 1987).
Overall, this has the effect of delaying vegetattegeneration. At the detritivore level, these
anthropogenic activities reduce or even eliminatenghl communities. Among fungal
communities are symbiotic mycorrhizae which formtwmalistic plant—fungus associations that
play a major role in maintenance and sustenanckiagfiversity and ecosystem functioning
(Smith and Read, 2008). These fungal associatitaysgovital role in the biology and ecology of
vegetation communities, affecting tree growth, wadad nutrient absorption and protection
against pathogens. Mycorrhizae are the most widaspsymbionts among forest and cultivated
ecosystems (Brundrett, 2009). An estimated 80%eunkstrial plant species are mycorrhizal
(Wang and Qiu, 2006). These mycorrhizae are cladsifinto two major groups:
endomycorrhizae and ectomycorrhizal fungi (ECMsgtoEhycorrhizal fungi form symbiotic
relationships with many trees and shrubs that dateitboreal forests, temperate forests and

tropical and subtropical forests and woodlandse(2é, 2011).
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ECMs consist of the following: a sheath or mantielesing the root, a labyrinth hyphal network
between root epidermal and cortical cells (called Hartig net), an extrametrical mycelium
sometimes aggregated in linear organs called rhozphs that form essential connections with
the soil, and sometimes fruiting bodies. Approxieha6000-6000 species of Basidiomycota and
Ascomycota form ectomycorrhizal associations wigetor shrub species (Buseaital, 2000).

This relationship is usually considered to be dibgy (Smith and Read, 1997). The fungus
benefits by receiving photosynthetically derivedbca compounds, while the plant has an

increased uptake of mineral nutrients facilitatgdhe fungus.

1.1. Ectomycorrhizal fungi and community succession

ECMs express minute differences in community contjoos differences that would otherwise
be difficult to detect when assessed at the printeyghic level of vascular plants (Paoletti,
1999). They, therefore, indicate changes at muclerfiand earlier stages of community
succession. It thus becomes important to obseraagds that occur below ground in order to
understand above ground reflections. In essenc®|sEcan therefore be used as bio-indicators
of disturbance (Paoletti, 1999). Such bio-indicaitare species which are sensitive to slight
changes in a predictive manner that allow for tleéection and measurement of impacts of

various anthropogenic pressures on ecosystemsetBad®99; Bouyeet al, 2007).

Many tropical soils are considered nutrient-pooimgao strong acidity, high clay content, high
exchangeable aluminium and low available phosplo(8anchez and Salinas, 1981). In view of
the low nutrient availability, it is not surprisingpat few tropical woody species are non-
mycorrhizal (Alexander, 1989; Janos, 1980). Manytte symbiotic fungi produce powerful
toxic alkaloids that confer some protection frontneores (Clay, 1990) and, perhaps even more

important, deter seed predators. Thus the earlthdgfasomeBrachystegiaand Julbernardia
16



seedlings in Miombo woodlands may be attributed seedlings’ failure to establish an

association with mycorrhizae by the time they stieit cotyledons (Frost, 1996).

1.2. Ectomycorrhizal fungi and fallowing

Cultivation has a direct impact on woody specianmuinity structure and diversity. This results
from vegetation clearance and subsequent abandémieleared land, and selective harvesting
of trees for various purposes. Thus, land cleardocecrop cultivation affects biodiversity
directly through habitat conversion and indire¢liypough fragmentation and alteration of energy
flows and biotic composition and structure (Gideal, 1997). The direct impact of vegetation
clearance and subsequent abandonment of clearddolarfungal communities is not fully

understood, particularly in semi-arid tropical eowniments.

1.3. Primary objective

The study sought to understand diversity pattenashest associations of ectomycorrhizal fungi

across an agricultural disturbance gradient imtitceZambezi area of Zimbabwe.

1.3.1 Specific objectives

Specific objectives of the study were to establish:

. the ectomycorrhizal flora of fallow lands in thed-Zambezi area;

. whether ectomycorrhizae are host specific or gdisesa

. whether ectomycorrhizal fungi diversity varies wigiow age;

. whether there are any shifts in ectomycorrhizagalrosts across fallow age;

. whether dominant ectomycorrhizae species vary gmtlgt across fallows and across

hosts.

17



1.3.2. Resear ch Questions

The study attempted to answer the following questio

. Which ectomycorrhizal species are associated witbw lands of the mid-Zambezi area?
. Are the ectomycorrhizal fungi host specific?

. Does fallow age determine ectomycorrhizal divefsity

. Is there any infra-specific fungal genetic variatacross hosts or fallow ages?

1.3.3. Justification for the study

Human population density rose significantly foliog tsetse fly eradication in parts of the Mid-
Zambezi area of Zimbabwe (Chizarura, 2003). This @&ssociated with an expansion of the
agricultural landscape through conversion of natwaodland to farmland (Murwiet al,
2010). In areas where human population densityelatively low, shifting cultivation is
practiced(Tambarat al, 2012a). This creates a gradient of disturbanm@ fdensely populated
areas - where land pressure does not permit ghiftiitivation - to less densely populated areas
where fallowing is practised, with fallow age detared by regularity of clearance. Hence,
fallowing facilitates regeneration of woody plamtesies(Tambarat al, 2012a). In this way,
cultivation creates a mosaic of land units, cham@std by vegetation communities at different
levels of succession. Some woody species disappear ones emerge, yet others persist and
become dominant up to climax community stage(Tamigaral, 2012a). Similarly, fungal
species composition is expected to change withddallowing in response to host species
composition. Diversity changes and host shifts agnamgal communities have never been
studied across a human disturbance gradient uedgragid conditions like those experienced in
the Mid-Zambezi valley. The present study soughexamine biodiversity and successional

changes at the detritivore (decomposition) tropév@l across a human disturbance gradient. It
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is expected that increased woody species will s®ma@ated with increased ectomycorrhizal

fungal diversity(Bé&t al, 2011).

1.4. Thesisoutline

This thesis consists of eight chapters. Chapterthia general introductionto the thesis. Chapter 2
provides an outline of literature related to thejsat area within the region and particularly in
Zimbabwe. In Chapter 3 the study area is definleel,nhaterials and methods are described and
the sampling protocol for the study outlined. In aPter 4 the study objectives are
addressed.While in Chapter 5 findings from Chagtare discussed. Chapter 6is a synthesis of
the whole study. Specifics on Chapters 4 are l&sAfs:

Section 4.1: This sectionprovides a record of ectomycorrhizalgi speciesin the area across a
fallow chrono-sequence of 1 to 14 years.

Section 4.2:In this section fungal species richness in fallmfisll ages are compared,as a way

of determining changes associated with succession.

Section 4.3: In this section,thegenetic characteristics ofitlentified dominant ectomycorrhizal

fungi of the area across fallows and host specegstablished.

Section 4.4:This part establisheswhether the age of a fallowast specificity determines the
mycorrhizal status of any mycorrhizal tree species.

Chapter 5: In this chapter, with sections 5.1 to 5.4, firghrfrom sections 4.1 to 4.4 in Chapter
4 outlined above are discussed.

Chapter 6:In this chapter, the findings of the thesis anatlsgsised, and the implications of these
with regards to agricultural activities and biodsigy conservation in the mid-Zambezi valley

are discussed.
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CHAPTER 2. LITERATURE REVIEW

2.1. Diversity of ectomycorrhizal treesand ectomycorrhizal fungi in Africa

Most recorded ectomycorrhizal tree species ardddda temperate and boreal zones (Smith and
Read, 2008). However, in tropical Africa, ectomybaral tree species mainly occur in open
gallery and rainforests of the Guineo-Congolianirhathe Zambezian Miombo woodlands of
East and South-Central Africa, and theSudanian ms@vawoodlands of sub-Saharan
Africa(Figure2.1) (Newbemt al, 1988; Thoen and B&, 1989; Sareiral., 1997; Onguene and
Kuyper, 2002; Ducousset al, 2004; Riviereet al, 2007; Ducousset al, 2008). ECMs are
found mainly on Caesalpinioid legumes (AmherstieaBgetarieae, Sarcolaenaceae,
Dipterocarpaceae, Asteropeiaceae, Phyllantacegmt®®@®ae, Papilionoideae, Gnetaceae and
Proteaceae (Bét al, 2011). Bé&et al (2011) further established that among the trdpAdacan

tree species recorded as being ectomycorrhizal,26% have been confirmed asharbouring
ectomycorrhizal fungi. Also, within the tropical Wdan forests, tree species are generally
associated with arbuscular mycorrhizae, and whenestemycorrhizaeoccur, they usually co-
occur with arbuscular mycorrhizae (Moyerseeal.,1998a, b). Studies on Africanflora confirm
the scarcity of ectomycorrhizal fungi despite thmuradance of mycorrhizal tree species. In
Senegal, Thoen and Ba (1989) reported the presgnoaly two ectomycorrhizal native tree
species. Redhead (1968a, b) noted that of the &1t ppecies recorded in Nigeria, only three
were associated with ectomycorrhizae, the restgoassociated with arbuscular mycorrhizae.
Rambelli (1973) also recorded few ectomycorrhizscses in Ivory Coast, while in Tanzania,

Hogberg and Nylund (1981) noted that of the 47weatipecies recorded, 40 were associated
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with arbuscular mycorrhizae, six with ectomycorghifungi and one with dual mycorrhizal
associations. In Cameroon, Newbetyal, (1988)reported that of the 55 plant speciesistid
32 were associated with arbuscular mycorrhizae 2zhavere with ectomycorrhizae. Onguene
and Kuyper (2002) also confirmed this trend in Caror. A low number of ectomycorrhizal
tree species was also observed in open and gétiergts of Burkina Faso (Saneh al., 1997)
and in rainforests of Guinea (Thoen and Ducouss9;1Riviereet al, 2007; Diédhiowet al,
2010). Although not as extensive as mostly arbasaulycorrhizal forests, some tropical forests
can be dominated by ectomycorrhizal tree specibesd include the open miombo woodland
communities dominated grachystegialsoberlinia andJulbernardiain East Africa (Hogberg
and Nylund, 1981) and the rainforest communitie§&ibertiodendron dewevren the Congo

basin (Tortet al, 2001).

Figure2.1: Distribution of ectomycorrhizal trees in tropicdrica (from Baet al,2011): ()
Rainforests in the Guinea-Congo regid)Qpen forests in the Sudano-Zambezian regi@n, (
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Savanna woodlands in the Sudano-Zambezian régatlow)Sahara desert in the North and
Kalahari/Namib deserts in the South.

Ectomycorrhizal fungi display a large range of niarfoegical characteristics. Thoen and Ba
(1989) observed that when based on colour of mantie yellow ectomycorrhizal fungi
commonly associated witihJapacaguineensisbelonged to genusAustrogautiera Beige
ectomycorrhizal fungi were usuallyactarius gymnocarpyswhile pink ectomycorrhizal fungi
were typically Amanita rubescensThoen and Ba (1989) further noted that brown tlris
ectomycorrhizal fungi were usually @bltricia cinnamomeand whitish ectomycorrhizal fungi

with a sclerodermic smell were 8tleroderma verrucosum

African tropical forests are still under-sampledatise to temperate forests(B& al, 2011).
Thus, further surveys are neededto confirm theasdn in Africa. This is in view of the
conclusions made by Tedersoo and Nara (2010) riyaical forests have fewer ectomycorrhizal
fungi than temperate forests. Studies in West Affithoen and Ba 1989; Thoen and Ducousso
1989; Riviereet al,2007) showed that the number of harvested ectortyizal fungi was
remarkably high, with typical genera likRussula Lactarius Amanitg Boletus Cantharellus
and Sclerodermaorming ectomycorrhizal associations just liket@mperate and other tropical
regionsof the world (Trappe,1962; Watling and L8683, Yokotaet al.,1996; Sirikantaramas

al.,2003; Tedersoet al,2007, 2011, Pea&y al.,2010).

Ectomycorrhizal fungi fruiting regimes (sporocarpguction) are largely unknown. In West
Africa, some fungal species fruit after the firgingficant rainfall, others in the middle or at the
end of the rainy season (Thoen and B&,1989). Fample, work by Thoen and Ba (1989)

showed thaSclerodermasp. fruited during the rainy season, wi@lleltricia cinnamomedruited
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only at the end of the rainy season (Thoen and 98,1 Sanonet al, 1997). Sporocarp
production could therefore depend on several factocluding accumulated rainfall, diversity of
host trees, forest types, stand age and overaflati conditions among many other factors
(Fleming, 1985; Lilleskov and Bruns, 2003). Funggkcies diversity and composition also
depends on several factors. The abundance of speoltected from different sites inWest
Africa was linked to forest types (whether rain&igeor open forests), number of host tree
species and climatic characteristics (total raip&hfall distribution and duration of the rainy
season) (Thoen and B&, 1989; Thoen and Ducous$89,; Banoret al, 1997; Riviéret al,
2007). Generally, rainforests have higher fungaeity than open forests and gallery forests.
Thelephoroid fungi seem to invest more in vegetatgrowth than in sexual reproduction
(Redecker,et al, 2001). In contrast, Amanitaceae, one of the meptesented families in
sampled sporocarps across parts of Africa, is ls@hnost absent on roots of host plants.
Species of this family appear to invest much moresexual reproduction than in vegetative
reproduction (Redeckeet al, 2001). This kind of association, however, cedsgsroduce the

expected mutual benefits between the host andutigt.fHence,it is of no apparent advantage.

In terms of host ranges, ectomycorrhizal fungi igpdifferent putative host ranges. For
exampleRussulaannulatahas a broad host range, whikerocomushypoxanthwas only
reported onUapacaguineens{Ba et al, 2011). Several ectomycorrhizal fungi have adarg
distribution in tropical Africa (B&t al, 2011). For exampleScleroderma dictyosporurand
Scleroderma verrucosumwere recorded from all phytogeographical regiond &rest types

across Africa, regardless of the level of rainfBi et al, 2011).
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2.2. Diversity and abundance of ectomycorrhizal fungi associations under forest

disturbance

Anthropogenic disturbance and extent, together digturbance regimes, have serious impacts
on soil properties. Studies in West and CentralcAfshowed that forest disturbance that results
from commercial logging may reduce or completeiynglate ectomycorrhizal fungi (Onguene
and Kuyper, 2002; Asbjornsen and Montaguini, 1984erton-Warburton and Allen, 2000;
Helgasoet al, 1998; Johnson, 1993; Thompson, 1987). Tree itewent is consequently
affected by the dwindling numbers of indigenous amygizal fungi. Seedling survival and
establishment can be seriously affected, thus lgawascading implications on the structure of
the forest ecosystem. Studies byJimenez-Esqgeiliml. (2007)also demonstrated the drastic
effects of land clearance and burning for cropiation, fallowing several years after the
cropping period and permanent plantations in maopng on the quantity and quality of
indigenous mycorrhizal populations. Personal olsemns led to the conclusion that the practice
of slash and burn also has an impact on the spdrés bank’ just as it affects seed banks.
Therefore, evolutionarily adapted spores or vegetapropagules are able to thrive after

disturbance (Jimenez-Esquik al,, 2007).

2.3. Ectomycorrhizal fungi in the mid-Zambezi Valley

Information on ectomycorrhizal fungi of the midsAbezi Valley is deficient. Studies carried
out so far focused on improving agricultural yi¢Blaudronet al, 2008), effects of farming
activities on plant and arthropod diversity (Tansbat al, 2012a and b), impact of tsetse
eradication on human population trends (ChizarR@®3), human-wildlife conflict in the mid-
Zambezi area (Biodiversity Project, 2002) and wiarigeted on emblem animal and bird species

(Biodiversity Project, 2002).
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Studies focused on Southern Africa to date hawgetad mostly South African and Zambian
woodlands. These studies particularly examined itiond in miombo woodlands which are
known to harbour several ectomycorrhizal fungi ganelndications are that ectomycorrhizal
fungi diversity is lower in tropical areas thant@mperate regions (Tedersoo and Nara, 2010). As
already noted, however, tropical Africa is stilidaly under-sampled (& al, 2011). Most of
the ectomycorrhizal fungi recorded in southern édviere identified from fruiting bodies. This
does not provide a complete picture of their dikgrsonsidering that the fruiting of fungi is
controlled by several physical and chemical facttwsaddition, a number of ectomycorrhizal
fungi produce inconspicuous (hypogeous) fruitingliee or reproduce vegetatively, having no
fruiting bodies at all. Work done by B#&al. (2011) recordeda single ectomycorrhizal fungi
speciesScleroderma verrucosuim,Zimbabwe. The same species also occurs in Safiita.
Results from this study did not provide a completeiew of ectomycorrhizae in Zimbabwe,
considering also the different climatic conditiossil types and vegetation characteristics of
different localities in the country, let alone suather factors as agricultural practicesthat tend t
vary spatially. These diverse conditions are likelyaccommodate unique ECM fungi. eal.
(2011) also listedColtricia cinnamomeaand Gyroporusmicrosporusas additional southern

African ectomycorrhizal species to those alreadgmed in South Africa and Zambia.

Ramachela and Theron (2010) reported that ectomtjeat fungi protected roots of
Uapacakirkianaseedlings against root pathogens. This study @sever, limited as it didnot
specifically identify the ectomycorrhizal speciesestablish their diversity. Frost (1996)noted
that the early death of sorBeachystegiaandJulbernardiaseedlings in miombo woodlands was

linked to seedlings’ failure to establish assooiagi with mycorrhizae by the time they shed their
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cotyledons. This is an important aspect in treeuigaent, especially after human disturbance.
This supposition needs further investigation inpess of Brachystegiaand Julbernardia
seedlings. Certain tree species dominate tropmadsfs and woodlands. Questionsarise as to
what determines this dominance. This question iithains largely unanswered. Hogberg and
Nylund (1981) suggested that the widespread occceref ectomycorrhizae in miombo species’
roots could enable them to exploit porous, infersibils more efficiently than groups that lacked
ECMs. This could explain the success of miombo erwds in drier savanna landscapes.
Hogberg (1986) further attributed ectomycorrhizaéitect uptake of phosphorous from organic
matter in phosphorous—deficient soils. He recondedrfurther work in an attempt to answer
the following questions (Hogberg, 1992):

1. What is the significance of ectomycorrhizae?

2. Why are miombo woodlands dominated by species w#bto- rather than
endomycorrhizae?

3. What is the contribution of ECMs to the mineralntign of the host plants?

4.  Why are the dominant Caesalpinioideae in miombodlwls ectomycorrhizal, but those
on equally nutrient- poor Kalahari sands endomyupai?

5.  What are the costs to the plants of supportingeth@ycorrhizae, and what are the
concomitant benefits?

Most of these questions still remain unresolved.

Other work in Zimbabwe focused on macrofungi armiacular mycorrhizal fungi. Sharp (2011)
did extensive work on macrofungi, attempting speally to create an inventory of edible and
non-edible mushrooms. Her work focused on miombodilands, and contributed greatly to

knowledge on fungi in Zimbabwe. Other work focused problem fungal species, especially
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those of commercial plantations. Plantations in Hastern Highlands, an area with climatic
conditions completely different to the study araee affected by root rot disease caused by
Armillaria species. (Wingfieleét al, 2009). Unlike ectomycorrhizal fungi, these fuhgpecies
are purely saprotrophicand often result in the ldedtthe host trees. Other work focused on
arbuscular mycorrhizae, with work by Lekbergal (2008) focusing on effects of agricultural
management practices on arbuscular mycorrhizali fabgndance on smallholder farms. Their
findings concluded that phosphorus fertilisatioallowing and tilling did not significantly

decrease arbuscular mycorrhizal fungi abundance.

2.4. Genetic finger printing in ectomycorrhizal fungi

There is no universally accepted DNA barcode fomngfu This is a serious limitation to
ecological studies (Schoehal, 2012). A DNA barcode is a taxonomic method tsss a short
genetic marker taken from a standardised portiorarmforganism's DNA to identify it as
belonging to a particular species through referdncBNA sequences in a library or database
(Hebert et al, 2003a). Several techniques are adopted in tleatification of fungal
species(Wingfieldet al, 2009). These include DNA based molecular tearesq(Smith and
Anderson, 1989), isozyme and protein analysis (Morret al, 2003), immunological assays
(Burdsalkt al, 1990) and morphological characterisation (Wgtkt al, 1982; Agerer, 1987-
2006). While morphological characterisation is eatsymajor shortcome is the lack of fruiting
bodies and rhizomorphs in most ectomycorrhizal fuhgpzyme and protein analysis techniques
and immunological assays provide reproducibleabddi results, but their major limitation is that

they are time consuming (Wingfiedd al, 2009).

DNA based methods, in combination with morpholobickentification, are still the most

favoured techniques in identifying ectomycorrhifahgi species and understanding intra - or
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inter-specific variation within fungal communiti€g/ingfield et al, 2009; Schocadt al, 2012).
Studies show that interspecific variation is ofgmeater than intraspecific variation (Hebett
al., 2003a; Heberet al, 2003b). Random Amplified Polymorphic DNA Polyrase Chain
Reaction (RAPD-PCR) is a simple procedure by wisigbcific genomic DNA fragments can be
amplified with the aid of oligonucleotide primerg random sequences (Junghetnal, 1998).
Such molecular markers are in use in taxonomy (laancfet al, 1993) or genetic mapping
(Doudricket al, 1995) of ectomycorrhizal fungi. Specific knowdedof the DNA sequence for
the targeted genome is not required, as the pnmiebind at any site in the sequence (Kumar
andGurusubramanian, 2011). The method is thus populcomparing DNA in organisms that

have not been fully genetically characterised.

A number of target regions are used for moleculaniification, characterisation and overall
DNA diagnostics of ectomycorrhizal fungi using P@hniques. The 18S nuclear ribosomal
small subunit rRNA gene (SSU) is commonly useduimgal phylogenetics (Schosthal., 2012)
(Figure 2.2). The highly conserved regions of teaegallows it to be sequenced rapidly directly
from rRNA or DNA amplified by PCR with universaliprers (Bosquett al, 1990; Whiteet al.,
1990). The internal transcribed spacer (ITS) isegion containing two non-coding regions
nested within the rDNA repeat between the highlgsssved small subunit 5.8S and the large
subunit rRNA genes (Gardes and Bruns, 1993) (Figu2& This region is used for molecular
identification of fungi (Gardes and Bruns, 1993)eTTS region is also easy to amplify in small
samples and has been successfully used in dilligbly degraded samples (Gardes and Bruns,
1993; Lee and Taylor, 1992). However, current ITinprs were developed to amplify a broad
range of organisms, including plants, fungi, ansmahd protists (Whitet al, 1990). Since in

most natural situations, plant DNA is more abundhah fungal DNA, this ITS region is less
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favourable (Gardes and Bruns, 1993). Work by Waeidfiet al (2009) on Zimbabwea
Armillaria species used thatergenic speer (IGS) 1 regiorfor molecular characterisation a
identification (Figure 2.2). ThislC-1 regionis located between the 26S and 5S rRNA ¢

(Sugitaet al, 2002) ants commonl' used in DNA diagnostics osrmillaria species in British

Columbia (Whiteet al, 1990.

e 185 RNA ITS)) 5485 |IT52 255285 RNA 1651 [ 55 | 1682

Figure 2.2: Organisation of fungal ribosomal RNA (rRNA) gené&sif Liu, 2011).

DNA base molecular techniques which combine Pwith analysis of restrictionfragme
length pdymorphisms (RFLP) are relatively fast and reliablk ectomycaerhizal fungi
identification (Gomeset al, 2002). The PCR-RFLP technigy) which combines methods
detect polymorphisms in DNA regions amplified byesific oligonucleotide primers ar
restrictedwith different endonucleaseis successfully used in thenaysis o regions of
ribosomal DNA ofectomycorrhizal fungi (Garet al, 1991; Henriort al., 1994; Bentleet al,
1995; Glenet al, 2001;Wingdfieldet al, 2009). The technique can be used in discrinmig

between closely related species within fu communities (Gardes and Bruns, 19¢

CHAPTER 3: MATERIALSAND METHODS

3.1. Study area
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The present studywas conducted in the Mushumbnaaidly Angwa communal areas of Mbire
Rural District Council, mid-Zambezi Valley, Zimbab(Figure 3.1). The mid-Zambezi Valley
extends between longitudes 2td 31 and latitudes 1530 and 1620. It is 40 km wide and has
an average altitude of 400 m. The area borderseargment (Mavuradonha Mountains) to the

south, with a maximum height of 1400 m above se&lland stretches northwards to the

Mozambigae

—— Ward boundary
2 Ward number
South Africa

a1 1':":'\:" 0 }':lb.l-t m" iy

14
1

Zambezi River.

Figure 3.1: Study area covering Ward 2 and 3 of Mbire Distmcid-Zambezi valley.
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3.1.1. Climate and hydrology

Zimbabwe is divided into agro-ecological regionssdzh on rainfall, temperature and soll
capability (Vincent and Thomas, 1961). The mid-Zamlarea falls within a semi-arid region
which is characterised by a dry tropical climatehds a mean annual temperature of-2&nd
minimum and maximum temperatures of@@nd 40C, respectively, with lowest temperatures
occurring in the months of June-July and highestperatures between October-November
(Vincent and Thomas, 1961). The wet season (Novernt#&larch) receives rainfall amounts
that range between 350 mm and 650 mm, within aa&86period (Vincent and Thomas, 1961).
The long, dry season (April to October) completes year. The hydrology of the area is
complex, characterised by former floodplains of #wmbezi River, with two major rivers
draining the area: Angwa River in Ward 2 and MangdRiver in Ward 3 (Biodiversity Project,

2002).

3.1.2. Soils

Underlying geology of the study area consists nyanilDande sandstone (Biodiversity Project,
2002). Soils are generally sandy, often locallyllskg rich in sodium, but lacking in organic
matter (Mvuriyeet al, 2001). Agricultural activities are primarily ceed out on two soil types,
calledMutapandBandatein the local Shona language(Mvurige al, 2001).Mutapo soils are
eutrophic and associated with sodic/saline areages@ are heavy soils, with high moisture
holding capacity, and a depth reaching up to 3 esetiMvuriyeet al, 2001).Bandatesoils are
moderately heavy and make huge dust clouds whemgpér. They have high moisture retention
capacity. Fertility rates in the latter are highgdahe soils give good yields of cotton, maize,

millet and sorghum (particularly during drier ygar@Baudron et al, 2011). A detailed
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description of soil characteristics of the two dgjppes was provided by Baudren al. (2012)

(Table 3.1).

Table 3.1:Soil characteristics of the two dominant soil typgdstapcandBandaté¢+ standard
error)Source: Baudroet al (2012).

Soil type Depth  pH KCL SOoC N P K Clay % Silt % Sand .
(cm) (g/kg) (mg/kg)  (cmol/kg)  (cmol/kg) % Lo
cal
Bandate 0-10 6.2+05 10+32 08+03 17.3+13.4 (683 136+ 182+ 68.2 +
4.0 11.2 14.6 na
10-20 59+06 87+28 0.7+0.2 11.7+11.854(:t0.3 155+ 18.0% 66.4 +
53 108 15.3 me
S
Mutapo 0-10 6.1+05 7.7+3.0 0602 11.8+ 82 0u8.3 149+ 175+ 67.7 +
3.0 55 7.5
10-20 59+05 74+26 06+0.2 8.26* 57 690t0.3 165+ 179+ 65.6 +
3.9 5.6 8.5

3.1.3. Flora and fauna

The mid-Zambezi area hosts some 700 plant taxa@ilatkest al, 1993; Biodiversity Project,
2002). The natural vegetation is deciduous, drasasg, and is dominated Kolophospermum
mopane,with associations ofAcacia niloticg Adansonia digitata Combretum eleagnoides
Diospyros kirkij Kirkia acuminata Sclerocarya birreaTerminalia brachystemma. sericea

T.stuhlmanniand Ziziphus mucronat@Timberlakeet al, 1993; Fritzet al, 2003; Gaidett al,

2003). The area still hosts an important diversitynammals, several of which are emblems of

big African game (Fritet al, 2003; CIRAD, 2004), with more than 40 specietaoje mammals

and 200 bird species.
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3.2. Sampling

Sampling was carried out along a 40 km transedt cagting across the mid-Zambezi Valley.
Sampling sites were randomly selected from fall@ivslifferent age groups (1-14 years), with
two fallows in each age group. In total, 10 paifdatiow fields were sampled. A single plot
measuring 20m x 50m was randomly demarcated att dbewentre of each selected fallow and
sampled for the tree species. Tree species wendifidd in situ. Specimens were collected from
species that could not be identified andthese \\es identified at the National Herbarium in
Harare. Tree stumps were ignored. Four soil cavere randomly collected from the vicinity of
each tree species using a cylindrical steel corér.® cm diameter down to a depth of 20 cm.
Samples from the same tree species were bulkedairtomposite sample and encased in a
polyvinyl chloride (PVC) casing. Rootlets were alsgllected from each tree species, taking
precaution to trace the fine roots to the planécBution was also taken not to mix roots from
different plants. Seedlings were uprooted compjetaking special care to lift the young plant
with its surrounding soil. Rootlets were later ¢allg lifted from soil cores using forceps, placed
in petri dishes and carefully washed with tap watbile held by the forceps. Special care was
taken not to disturb the ectomycorrhizal colon@atiin order to maximise sampling efficiency,
sampling was carried out twice in the same platsing the months of January — February 2013

and 2014. This coincides with the peak growing seas

3.2.1. Sampling of mycorrhizae and sporocar ps

Sporocarps of epigeous ectomycorrhizal fungi wesbected within the vicinity of woody
plants. Each fungal species was identified fromrasicopic examination of dried specimens and

fresh fruit bodies based on photographs and desuorgp provided in Onguene and Kuyper



(2002).Collection of sporocarps and soil samples wanducted during the same period as

collection of rootlets.

3.2.2. Morphological classification of ectomycorrhizal fungi

Colonisation by ectomycorrhizal fungi was confirnedeach rootlet by closely viewing under a
hand lens. Ectomycorrhizal colonisation was furtbenfirmed by microscopic examination at
x40 of whole mounts of root tips to determine tihesgnce of a mantle and a Hartig net. Whole
mounts of root tips were examined according tofttewing: presence of Woronin bodies or
clamp connections at the septa (Agerer, 1987-200fgtermine ascomycete or basidiomycete
affinity; mantle colour; organisation of the mantigphae and categorisation of the mantle
according to tissue types (Agerer, 1987-2006); dgreent of extraradicalhyphae; presence or
absence of mycelial strands or rhizomorphs; presen€ cystidia; pigmentation and

ornamentation; and presence of crystals or exudatdyphae and mantle(Agerer, 1987-2006).

3.3. DNA extraction

About 50 - 100 mg of mycelia from infested rootletss carefully collected using a sterile pair
of forceps and identified microscopically. DNA fromycelia was extracted using the ZR
Fungal/Bacterial DNA MiniPrep™ Kit (ZYMO Researchyine, CA, USA) according to the

manufacturer’s instructions. DNA samples were stoae —20C until needed.Extracted DNA

was used for genetic characterisation of the furggahples using the Random Amplified
Polymorphic DNA Polymerase Chain Reaction (RAPD-P@Rd Restriction Fragment Length

Polymorphism analysis of PCR-Amplified Fragment€IRPRFLP) techniques.
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3.3.1. Geneticfingerprinting

The fungal DNA obtained was used in two PCR expenits. The first experiment was intended
for the detection of polymorphismsin the ectomybial fungi using the RAPD-PCR technique.
A reaction volume of 25 pl was used for the RAPDRPQ@sing primer OPA 2 (5'-
TGCCGAGCTG-3") according to Cenis (1992). The rneactolumes of 25 ul contained:1 ul of
fungal genomic DNA, 1 pl of primer OPA 2, 2 pl ab62nM dNTPs, 10 mM Tris-Cl (pH of 8.3),
50 mMKCI, 1.5 pl of 25 mM MgGl 1ul of Tag DNA polymerase and the volume adjusted with
water. The PCR profile was @ initial melt for 1 min, followed by 9& for 1 minute, 5@
annealing for 1 min, 68 extension for 2 minutes for 35 cycles, followed T2 C final
extension for 5 minutes and storage aE.4The amplification products were separated by
electrophoresis in a 1.5% agarose gel immersedrism dcetate-EDTA (40mM Tris, 20mM
acetate, and 1mM EDTA, pH 8.0) buffer and stainé&tl ethidium bromide (0.1 pg/ml). The gel

was visualised using a UV transilluminator and plgoaphed using a digital camera.

The second experiment was intended for the amalitio of the 18S rRNA gene and detection
of RFLPs. In this experiment the reaction bufferd acycling conditions used were as
aforementioned. However, fungal generic primers eweused:forward primer 5'-
ACCCGCTGAACTTAAGC-3' and reverse primer 5-TACTACCEAAGATCT-3' according
to Cenis (1992). The PCR amplicon was then digestddfour restriction enzymes which were
Rsd, Hinfl, Alul and Hadll. The products of the restriction digest withethrestriction
enzymeRsd, Hinfl and Alulwere analysed by gel electrophoresis on 1.5% agagel in Tris
acetate-EDTA buffer and stained with ethidium brden{0.1 pg/ml). The gels were visualised
using a UV transilluminator and photographed usingligital camera. Digestions of the

amplicons using restriction enzymidsfl, Alul andHadll were analysed by gel electrophoresis
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on 5% polyacrylamide gel in Tris-borate-EDTA buffand stained with ethidium bromide
(0.1ug/ml). The gels were visualised using a Uwhsituminator and photographed using a

digital camera.

3.4. Genetic similarity assessment

The RAPD and RFLP fingerprint patterns were scdogdgresence (+) or absence (-) of bands
and the number of bands present for each fungaplsarifthe proportion of bands that were
shared between any two screened isolates was adeoagr the total number of bands and used
as the measure of similarity. The data were andlysing Nei and Li coefficients (Nei and Li,
1979) using the following formula:

Similarity coefficient of Nei and Li = 2a/ (b + c); where, a = number of similar bands in both
isolates, b = total number of bands in the firstate and ¢ = total number of bands in the second
isolate.

The similarity values for each primer were useddonstruction of a binary matrix for the ten
ectomycorrhizal fungi isolates. The average of lsinty values between each two isolates was
calculated and included in a single similarity matmhis matrix was also used for construction
of a dendrogram according to UPGMA method (Michemed Sokal, 1957) using the online
dendrograms construction utility, DendroUPGMA (bffgenomes.urv.cat/UPGMA) (Garcia-

Vallvéet al.,, 1999).

3.5. Data analysis
Since the data were non-parametric, a Spearman ¢argdation test at p=0.05 was used to test

the relation between fallow age and mycorrhizalustaf the host species. A generalised linear
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model (GLM) with binomial response and link logisvused to test the relationship between
mycorrhizal status, fallow age and host tree spgecidis was to determine whether either
specific host species or fallow age explained tb&oaiations observed in the area. A Raup -
Crick similarity plot was used to establish linkage fungal symbioses between any pair of host

species and the fallow age, since the data weoeded in presence/absence format.
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CHAPTER 4. RESULTS

4.1.Establishing the ectomycorrhizal fungiassociated with fallowing

Plant communities within the fallow lands mainlyclided some thirteen mycorrhizal tree
species from six families (Table 4.1). The sixetfamilies were Combretacea€ombretum
eleagnoidesC. mossambicenseEbenaceadXjospyros quiloens)s FabaceaeAcacia tortilis A.
nigrescens Afzelia quanzensisColophospermum mopanPBichrostachys cinergaFaidherbia
albidaand Philenopteraviolacgéa SimaroubaceaeKirkia acuminatg, RhamnaceaeZ{ziphus
mauritiang and Tiliaceae Grewia monticolj Ectomycorrhizal associates were sampled from
the thirteen tree species.

Table 4.1: List of tree species in the fallow lands examiried presence of ectomycorrhizal
fungi.

Species

Local use

Acacia nigrescen@~abaceae)

Acacia tortilis(Fabaceae)

Afzelia quanzensig-abaceae)
Colophospermum moparieabaceae)
Combretum eleagnoidé€ombretaceae)
Combretum mossambicen§ombretaceae)
Dichrostachys cinere@Fabaceae)
Diospyros quiloensiéEbenaceae)
Faidherbia albida(Fabaceae)

Grewia monticolgTiliaceae)

Kirkia acuminata(Simaroubaceae)
Philenopteraviolace@abaceae)
Ziziphus mauritianéRhamnaceae)

Fodder, fence constructic
Fodder, fence constructic
Carvings, furniture, buildin
Traditional medicinefirewooc.
Traditional medicine, firewoo
Traditional medicine, firewoo
Fodder, fencing

Furniture, edible fruit:

Fence construction, fodd
Edible fruits

Domestic utensil

Fodder, tools, carving

Edible fruits

Ten ectomycorrhizal species were isolated fromféilew lands (Plates 1 — 10). Five of them
were readily identified from literature sourcesfrecies level using Agerer (1987-2002), Ingleby
et al (1990) and Onguene and Kuyper (2002). The idemtitthe other five could not be
established and were thus designated A-E.
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The illustration below (Figure 4.1) shows the stuoe of ectomycorrhizal fungi as they appeared

on two plant (host) rootlets.

smooth mantle

external mycelium

rough and cottony mantle

Figure4.1: Two ectomycorrhizal specieghelephora terrestrigabove) orAcacia tortilisroots
andLactarius gymnocarpugelow) onKirkia acuminataroots, showing different morphological
characteristics used in identification.
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Plate 1: Lactarius gymnocarpusctomycorrhizal fungi colonisinigirkia acuminatarootlets
sampled from a 10 year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — present: hairy, stringy and slighthaded.

* Mantle colour — beige.

Morphology of unramified ends
* Shape - slightly bent.
» Colour — beige.
» Mantle surface visibility- present.
« Mantle transparency - not transparent.
* Mantle dots presence — absent.
* Emanating hyphae — present and infrequent.

Morphology of rhizomorphs
e Colour — concolourous to mantle.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mantle
* Organisation — pseudoparenchymatous.
* Mantle type — hyphae rather irregularly arranged @ihno special pattern discernible
(Type B).
» Septa clamps presence — absent.
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Plate 2: Boletussp. ectomycorrhizal fungi colonisiithilenopteraviolaceaootlets sampled from
a five year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — present: infrequent and ensheathed.

* Mantle colour — yellowish brown/brown and shiny.

Morphology of unramified ends
* Shape - sinuous.
* Colour — yellowish brown.
* Mantle surface visibility- present.
* Mantle transparency - not transparent.
* Mantle dots presence — absent.
* Emanating hyphae — present and infrequent.

Morphology of rhizomorphs
e Colour — concolourous to mantle.

Morpholoqgy of sclerotia
* Presence — absent.

Anatomical features of the mantle
* Organisation — plectenchymatous.
* Mantle type — ring-like arrangement of hyphal b@sd{Type A) and sometimes hyphae
rather irregularly arranged and of no special pattiéscernible (Type B).
» Septa clamps presence — absent.
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Plate 3: Thelephora terrestriectomycorrhizal fungi colonisingcacia tortilisrootlets sampled
from a five year old fallow.
Morphology of the mycorrhizal system

Rhizomorphs — present: lightly cottony.
Mantle colour — rusty brown.

Morphology of unramified ends

Shape - sinuous.

Colour — brown.

Mantle surface visibility- present.

Mantle transparency - not transparent.
Mantle dots presence — absent.

Mantle surface habit - shiny

Emanating hyphae — present and infrequent.

Morphology of rhizomorphs

Colour — concolourous to mantle.

Morpholoqgy of sclerotia

Presence — absent.

Anatomical features of the mantle

Organisation — plectenchymatous.
Mantle type — hyphae arranged net-like (Type D).
Septa clamps presence — present and abundant.
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Plate 4: Lactariussp. ectomycorrhizal fungi colonisidgcacia tortilisrootlets sampled from a

seven year old fallow.
Morphology of the mycorrhizal system
* Rhizomorphs — present: frequent and cottony.
* Mantle colour — brown.

Morphology of unramified ends
» Shape - slightly bent and straight.
» Colour — brown with whitish tips.
* Mantle surface visibility- present.
« Mantle transparency - not transparent.
* Mantle dots presence — absent.
* Emanating hyphae — present and frequent.

Morphology of rhizomorphs
e Colour — whitish brown.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mantle
* Organisation — pseudoparenchymatous.

* Mantle type — epidermoid cells bearing a hyphal(figpe Q).

» Septa clamps presence — absent.
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Plate 5: Amphinema byssoidestomycorrhizal fungi colonisinZiziphus mauriana rootlets
sampled from a ten year old fallc
Morphology of the mycorrhizal syste

* Rhizomorphs $present: abundant and cottc

* Mantle colour — brown.

Morphology of unramified ent
e Shape - bent.
e Colour —yellowish brown
* Mantle surface visibilit- present.
* Mantle transparencynot transparer
* Mantle dots presenceabsen
* Emanating hyphae present and abundal

Morphology of rhizomorphs
¢ Colour — whitish.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mar
* Organisation -plectenchymatou
* Mantle type -hyphae rather irregularly arranged and no speeitdém discernible (Typ
B).
* Septa clamps presene@resent and abundant.
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Plate 6: Species A ectomycorrhizal fungi colonisiAgacia nigrescensootlets sampled from a
one year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — present: infrequent and stringy.

* Mantle colour — cream.

Morphology of unramified ends
* Shape — bent.
» Colour — ochre/yellowish.
* Mantle surface visibility- present.
« Mantle transparency - not transparent.
* Mantle surface habit — rough.
* Mantle dots presence — absent.
* Emanating hyphae — present and infrequent.

Morphology of rhizomorphs
» Colour — ochrel/yellowish brown.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mantle
* Organisation — plectenchymatous.
* Mantle type — hyphae rather irregularly arranged ram special pattern discernible (Type
B).
» Septa clamps presence — present and infrequent.
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Plate 7: Species B ectomycorrhizal fungi colonisiAgacia tortilisrootlets sampled from a nine
year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — present: abundant.

* Mantle colour — whitish.

Morphology of unramified ends
» Shape — bent with tapering tip.
» Colour — yellowish white.
» Mantle surface visibility- indistinct.
» Mantle transparency - not transparent.
» Mantle surface habit — loosely woolly.
* Mantle dots presence — absent.
* Emanating hyphae — present and abundant.

Morphology of rhizomorphs
» Colour — yellowish white.

Morpholoqy of sclerotia
* Presence — absent.

Anatomical features of the mantle
» Organisation — plectenchymatous.
* Mantle type — ring-like arrangement of hyphal b@sd{Type B).
» Septa clamps presence — present and abundant.
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Plate 8: Species C ectomycorrhizal fungi colonisilgilenopteraviolaceaootlets sampled from a
three year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — absent/infrequent.

* Mantle colour — cream brown.

Morphology of unramified ends
* Shape — sinuous/bent.
* Colour — yellowish brown.
* Mantle surface visibility- present.
« Mantle transparency - not transparent.
* Mantle surface habit — smooth and slightly warty.
* Mantle dots presence — absent.
* Emanating hyphae — absent.

Morphology of rhizomorphs
e Colour — concolourous to mantle.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mantle
» Organisation — pseudoparenchymatous.
» Mantle type — angular cells and moulds of flattenells (Type O).
» Septa clamps presence — absent.
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Plate 9: Species D ectomycorrhizal fungi colonisi@gewia monticolaootlets sampled from a

four year old fallow.

Morphology of the mycorrhizal system
* Rhizomorphs — infrequent.
e Mantle colour — dark brown.

Morphology of unramified ends
» Shape — bent and slightly tortuous.
» Colour — dark brown.
» Mantle surface visibility- present.
» Mantle transparency - not transparent.

» Mantle surface habit — not smooth (warty/grainy).

* Mantle dots presence — absent.
* Emanating hyphae — infrequent.

Morphology of rhizomorphs
e Colour — concolourous to mantle.

Morphology of sclerotia
* Presence — absent.

Anatomical features of the mantle
» Completeness- patchy.
* Organisation — plectenchymatous.

* Mantle type — hyphae arranged net-like (Type D).

» Septa clamps presence — absent.
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Plate 10: Species E ectomycorrhizal fungi colonisiagacia tortilisrootlets sampled from a five
year old fallow.
Morphology of the mycorrhizal system

* Rhizomorphs — abundant.

* Mantle colour — brown.

Morphology of unramified ends
* Shape - tortuous.
» Colour — yellowish brown.
* Mantle surface visibility- present.
» Mantle transparency - not transparent.
* Mantle surface habit — not smooth (densely stringy)
* Mantle dots presence — absent.
» Emanating hyphae — abundant.

Morphology of rhizomorphs
e Colour — concolourous to mantle.
* Margin habit — hairy.

Morpholoqgy of sclerotia
* Presence — absent.

Anatomical features of the mantle
» Completeness- patchy.
* Organisation — plectenchymatous.
* Mantle type — ring-like arrangement of hyphal b@sd{Type A) and occasional patches of
roundish cells on the mantle (Type F).
» Septa clamps presence — absent.
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The frequency of each of the ectomycorrhizal fuolgserved in the fallow lands is shown in

Table 4.2 below. Frequency was calculated as th&eu of fallow plots in which a species was

detected and relative frequency was calculatech@datal number of occurrences of a species
divided by the total number of occurrences of gaes. Figure 4.2 illustrates the relative

frequencies of the ectomycorrhizal fungi.

Table 4.2: Ectomycorrhizal fungi species observed in fallavisall ages in the study area (+/-
denotes presence or absence of fungal speciesctasby).

Fungal species Fallow yrs: 1 2 3 45 6 7 9 10 14 Frequency
Lactarius gymnocarpus -+ + - -+ - - 4+ 4+ 5
Lactariusspecies -+ -+ 4+ -+ -+ - 5
Thelephora terrestris - -+ - - - - - - 1
Amphinema byssoides e T 2
Boletusspecies -+ -+ 4+ - - - -+ 4
Species A + - - - - - - oL 1
Species B -+ -+ - - -+ - - 3
Species C e T T 1
Species D T T T T 1
Species E T S 1
No. of ECM /fallow 144 43111 3 2 24

Ectomycorrhizal species of genlactarius (L. gymnocarpusndLactarius sp.) dominated the
fallow lands, occurring in five of the ten fallovgas. Species of gend®letusalso commonly
occurred, and wererecorded in four of the ten faléges. Most of the ectomycorrhizal species
only occurred within a single fallow age. This wespecially true of the unidentified species A-
E. The twolLactarius speciesl{. gymnocarpusndLactariussp.) recorded the highest relative

frequency, followed byBoletussp. and Species B.
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Figure 4.2: Ectomycorrhizal fungi (ECM) species relative frequies in fallow lands of the
mid-Zambezi area.

4.2.Comparing fungal speciesrichnessamong fallows of different ages asa way of

determining fungal community changes associated with succession

Disturbance regimes and environmental factors miffeamong the sampled fallows as the
fallows were spatially separated throughout thedystarea. Family Fabaceae was the most
dominant tree taxon in fallows, withcacia tortilis subsp.spirocarpaoccurring in all fallows,
except in one-year old fallows(Table 4.3). Membeod theFabaceae (subfamilies
Caesalpinioideae, Papilionoideae and Mimosoideagrewcommonly associated with
ectomycorrhizae as shown in Table 4.3.At Fallow Afe only one mycorrhizaltree

speciedAcacia nigrescengrequentlyoccurred in abandoned fields. This iscm@er tree species
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as noted by Tambarat al (2012a). The tree species was only associateld avie of the
unidentified ectomycorrhizal species designatecctegeA. At Fallow Age 2, six tree species co-
dominated the plant community, with four of thennnidng mycorrhizal associations. The four
tree species harboured the following ectomycorthigpecies: Boletus sp. (associated
withPhilenopteraviolacea) Lactarius sp. (associated withCombretum species), Lactarius
gymnocarpu@ssociated withAcacia tortilig and Species B (associated wi@ombretum
mossambicen3e Fallow Age 3 had only three mycorrhizal tree @ee. This fallow age
recordedectomycorrhizal fungi that had not beenentesi in younger fallows. These were
Thelephora terrestris(associated withA. tortilis), Amphinema byssoideg@ssociated with
Combretummossambicefsand an unidentified Species C (associated Wwittcapassa At
Fallow Age 4, all the tree species had mycorrhé&slociations, exce@ombretum eleagnoides
There were also two unidentified fungal specieseoled in this fallow age group (Species B
and D). Species B was recorded Antortilis instead ofC. mossambicensas observed in
younger fallow ages. Notably, Species D (assodiateh Grewia monticola and Boletussp.
(associated with.. capassa were recorded for the first time in this fallowgeagroup. Four
mycorrhizal tree species were recorded at Fallow BgThese were fewer than those recorded
in Fallow Age 4. Two of the tree specig€Sofnbretum eleagnoidesndFaidherbia albidg had

no ectomycorrhizal associations. Fungal SpecieasBogiated witlA. tortilis) was recorded at
Fallow Age 5. A few ectomycorrhizal species wezearded at Fallow Ages 6, 7 and 9 and at
Fallow Age 10, despite the high number of mycomhirees at these fallow ages. Fallow Ages
11 to 13 were unrepresented in the study area. @wby ectomycorrhizal fungilLactarius
gymnocarpusndBoletussp., which both associated wiltacia tortiliswere recorded at Fallow
Age 14. No ectomycorrhizae were found in the otllmee species despite their being

mycorrhizal tree species.
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Table 4.3: Mycorrhizal status of some tree species in fallowdifferent ages.

Fallow age  Tree species Mycorrhizal ECM species
(years) Status*
1 Acacia nigrescens + Species A
2 Acacia tortilis + Lactarius gymnocarpus
Dichrostachys cinerea - -
Ziziphus mauritiana - -
Philenopteraviolacea + Boletus sp.
Combretum mossambicense + Species B
Combretum sp. + Lactarius sp.
Lactarius gymnocarpus, Thelephora
3 Acacia tortilis + terrestris
Philenopteraviolacea + Species C
Combretum mossambicense + Amphinema byssoides
4 Philenopteraviolacea + Boletus sp.
Combretum mossambicense + Lactarius sp.
Acacia tortilis + Species B
Combretum eleagnoides - -
Grewia monticola + Species D
5 Combretum eleagnoides - -
Philenopteraviolacea + Lactarius sp., Boletus sp.
Acacia tortilis + Species E
Faidherbia albida - -
6 Acacia tortilis + Lactarius gymnocarpus
Combretum eleagnoides - -
7 Acacia tortilis + Lactarius sp.
9 Acacia tortilis + Species B
Diospyros quiloensis - -
10 Combretum eleagnoides - -
Dichrostachys cinerea - -
Kirkia acuminata + Lactarius gymnocarpus
Acacia tortilis + Lactarius sp.
Philenopteraviolacea + Lactarius sp.
Combretum mossambicense + Amphinema byssoides
Ziziphus mauritiana + Amphinema byssoides
14 Acacia tortilis + Lactarius gymnocarpus, Boletus sp.

Philenopteraviolacea

Combretum mossambicense
Afzelia quanzensis

*+/- denotes presence or absence of mycorrhizainishtion, respectively.
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Figure 4.3provides the number of dominant tree isgececorded in relation to number of
ectomycorrhizal fungi recorded in each fallow afjee number of ectomycorrhizal fungi species
seemed to loosely correlate with number of domirniee® species reported for each fallow age.
However, a sharp increase in tree species onlylteglsun a gradual increase in fungal
species.Although fluctuations were noted in mydaahtree species numbers with increasing
fallow ages, the same was not the case with ectorryizal fungi species. Fallow Ages 2 to 4
and 6 to 9 recorded an equal number of ectomyaartungi species (four species and one
species, respectively) despite the differences yctamhizal tree species recorded for the

different fallow ages.

B No. of tree species
B No. of ECM species
0 i h i h
1 2 3 4 5 6 7 9 10 14

Fallow age (years)

Number of species
w E-Y (6] (o)}

N

-

Figure 4.3: The relationship between number of ECM speciesdamiinant tree species in
fallows of increasing ages.
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With each successional stage, as defined by fabges, ectomycorrhizal fungi gradually
decreased in species number (Fig 4.4 below), witly one and two ectomycorrhizal fungi
species recorded in older fallows (9 to 14 yeadggpite the increase in potential host tree
species in older fallows (10 years) (Fig 4.5 owleFigure 4.5 also shows that dominant

mycorrhizal tree species generally increased witheasing fallow age as would be expected.
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Figure4.4: Trend of number of ECM species with increase llofaage.
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Figure4.5: Trend of number of dominant tree species withaase in fallow age.
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4.3.Establishing the genetic char acteristics of dominant ectomycorr hizal fungi across

fallows and host species

4.3.1.DNA Extraction

In order to establish intra- and inter-specific ggn variation in ectomycorrhizal species, only
ectomycorrhizal fungi whose identity was confirmedre included in the study. Samples of
Lactarius gymnocarpysLactarius sp., Boletus sp., Amphinema byssoideand Thelephora

terrestrisfrom fallows of different ages were studied. Thepecies were found in one to three
samples in the various fallow categories, dependimgheir availability in the area. Results of
molecular analyses on ten samples of the five ifleditectomycorrhizal fungi species are

provided in figures and tables shown below.

The scale and purity of the DNA extracted by the ARgal/Bacterial DNA MiniPrepKit was
satisfactory (Figure 4.6). These results were nitical tothe quality of the PCR reactions and
did not compromise the quality of the bands obhimethe study. Thus, the extracted DNA was

used for further experiments.
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Figure 4.6: Agarose gel showing ten isolated fungal samples. Il of the isolated fungal DNA
mixed with 2 ul of 6X loading dye and electroph@eshrough 1% agarose gel in Tris acetate-
EDTA buffer and stained with ethidium bromide (f.d/ml). The gel was visualised using a UV
transilluminator and photographed using a digitahera. Lane M is thelindlll marker. Lanes
1-10 are the DNA samples from ten different furigalates.

4.3.2.PCR Amplification

The fungal genomic DNA was successfully amplifiadthe ten ectomycorrhizal fungi isolates
(Figure 4.7) as evidenced by the high intensityhef bands.The illustration shows that the 18S
ribosomal RNA (rRNA) gene was amplified in all teongal samples. The expected
approximately 1.6 kb fragment was observed intadl ten samples with a notable difference in
size of the fragments in Lanes 2, 3 and 8 when eoetpwith fragments in Lanes 4-7 and 9-11.
While fragments in Lanes 2, 3 and 8 were of theeetqd size, those in Lanes 4-7 and 9-11 were
slightly smaller at approximately 1.5 kb. This di#nce in size of the amplicons suggests
polymorphism in the 18S rRNA gene that was explhifether by digestion with restriction

enzymes.

57



=3
=

SEFIER

Figure 4.7:Agarose gel showingaq DNA polymerase activity. Fifteen pl of the PCR was
mixed with 3 ul of 6X loading dye and electroph@eshrough 1% agarose gel in Tris acetate-
EDTA buffer and stained with ethidium bromide (Qu@/ml). The gel was visualised using a
UV transilluminator and photographed using a digitanera. Lane M isthe 100 bp Ladder Plus.
Lane 1 is the negative control. Lanes 2- 11 areggc DNA samples from 10 different fungal
isolates amplified using fungal generic primers.

Table 4.4 (overleaf)provides descriptions of tha fangal isolates sampled and analysed.
Samples were taken from fallows of ages varyingnfr®d - 10 years based on the criteria of
available fallow ages in the study area. The mostidant host species wasacia tortilissubsp.
spirocarpavhich associated with all ectomycorrhizal fungi gpse sampled excefgoletussp.
The most common ectomycorrhizal fungi taxonsampled genud.actarius with Lactarius
gymnocarpusand Lactarius sp. observed. Other ectomycorrhizal fungi spembserved

includedBoletussp.,Amphinema byssoidesdThelephora terrestris
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Table 4.4:1solated ectomycorrhizal fungi species and thesthiand fallow ages sampled.

Lane no. Fungal sp. Host sp. Fallow age Dendrodtade
1 - - - -
2 Lactarius gymnocarpt Acacia tortilis 2 al
3 Boletu: sp Philenopteraviolace 2 az
4 Boletussp Philenopteraviolace 5 ac
5 Lactarius gymnocarpt Kirkia acuminati 10 a4
6 Thelephora terrestr Acacia tortilis 3 at
7 Lactariussp Combretum mossambice 4 at
8 Lactariussp Acacia tortilis 7 ari
9 Amphinema byssoic  Combretum mossambice 10 at
10 Amphinema byssoic  Ziziphusmauritiane 10 ac
11 Lactarius gymnocarpt Acacia tortilis 6 al(

4.3.3.DNA fingerprinting

RAPDs

The results of the RAPD reaction using primer OPgagied out on all ten fungal samplesare
shown in Figure 4.8. The reaction showed a distdactding pattern and complemented some of
the initial suggestions of polymorphisms. The bagdpattern in Lanes 9 and 10 showed a
similar profile suggesting a similarity of the twWongal samples, while that of the remaining

eight samples showed differences. Lanes 2, 5 arshdwed two clear and distinct fragments of

different sizes, indicating differences in thesegkes. Similarly, samples in Lanes 3, 6, 7 and 8
showed a single fragment of a different size eadajn indicating clear differences among the

samples. Only the sample in Lane 4 showed fourdand
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Table 4.5 overleaf shows the approximate band sipes the RAPDs reaction. These results
were further used to calculate genetic similari@song thefungal samples. Genetic similarity
based on RAPDs calculated according to Nei and27Y9) showed similarity ranging from Oto
1(Table 4.6). Most of the ectomycorrhizal fungi,wever,revealed minimal or absence of
similarity, ranging mostly from 0 —0.333. Highegn#garity was recorded between Lanes 9 and
10 (100%). Lane 5 showed 0% similarity with thet isthe isolates. The dendrogram on Figure
4 9illustrates the clustering of the ten ectomyli@al fungi isolates according to the
Unweighted Pair Group Method with Arithmetic MeddPGMA) method. Each arm of the
dendrogram corresponds to the scaled genetic destanthe different isolates.The Cophenetic
Correlation Coefficient (CP) can be defined as lthear correlation coefficient between the
cophenetic distances obtained from the tree, amatiginal distances used to construct the tree.

Thus, it is a measure of how faithfully the trepresents the dissimilarities among observations.

Figure 4.8:Agarose gel showingag DNA polymerase activity of RAPD reactions usingper
OPA 2. Fifteen pl of the PCR was mixed with 3 pl&X{ loading dye and electrophoresed
through 1.5% agarose gel in Tris acetate-EDTA budfed stained with ethidium bromide (0.1
pnag/ml). The gel was visualised using a UV transilinator and photographed using a digital
camera. Lane M is in the 100 bp Ladder Plus. Uaisethe PCR mixture with no enzyme. Lane
2- 11 are genomic DNAs from 10 different fungalléades amplified using fungal OPA 2 primer.
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Table 4.5: Band sizes of the ten ectomycorrhizal fungi sampgigsulated from the RAPDs
results in Figure 4.8.

Lane
Band Size
(bp) 2 3 4 5 6 7 8 9 10 11
2600 - - - - - - - + + -
2500 + - - - - - - - - -
2300 - + - - - - - - - -
2100 - - + - - - - - - -
2000 + - - + - - - - - -
1900 - - - - - - - - - +
1600 - - - - - - - + + -
1500 + - - - - - - - - -
1350 - - - + - - - + + -
1200 - - + - - - - - - -
1100 - - - - + - - - - -
1000 - - - - - - - - - +
900 - - - - - - + - - -
700 - - - - - + - - - -
650 - - + - - - - - - +
500 - - - - - - -
450 - - + - - - -
420 - - - - - + + - - +
400 - - + - - - - - - -
370 - + - - - - - - - -
350 + - - - - - - - - -

Table 4.6:RAPDs similarity matrix of the ten ectomycorrhiZaingi samplescomputed with
Jaccard coefficient.

*ECM Species al a2 a3 a4 ad ab a’ a8 a9 alo

al 1 0 0 0.25 0 0 0 0.143  0.143  0.167
a2 1 0 0 0 0 0 0
a3 1 0 0 0 0 0.111 0111 0.125
a4 0 0 0 0.167  0.167 0
ab 1 0 0 0 0 0

a6 1 0.333 0 0 0.2
ar 1 0 0 0.2
as8 1 1 0

a9 1 0
alo 1

*Ectomycorrhizal fungi species names, host spatgses and fallow ages are outlined in Table
4.4 above.
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Lactarius gymnocarpus (A. tortilis) (2 yrs)

Lactarius gymnocarpus (K. acuminata) (10 yrs)
[ Amphinema byssoides (C. mossambicense) (10 yrs)

I Amphinema byssoides (Z. mauritiana) (10 yrs)

Boletus sp. (P. violacea) (5 yrs)

Lactarius sp. (C. mossambicense) (10 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

Lactarius gymnocarpus (A. tortilis) (6 yrs)

Boletus sp. (P. violacea) (2 yrs)

Thelephora terrestris ( A. tortilis) (3 yrs)

Figure 4.9:RAPDs dendrogram of ten ectomycorrhizal fungi ugamgner OPA 2 constructed
according to the UPGMA method, using DendroUPGMAgénd: Ectomycorrhizal fungus
species (tree host) (age of fallow).

Cophenetic Correlation Coefficient (CP) = 0.654

PCR-RFLPs

PCR-RFLP digestions were carried out using foutri®n enzyme®sd, Hinfl, Alul and
Hadll, with the aim of detecting a wider range of ymolorphisms, and also to further confirm

the polymorphisms observed in the RAPDs.

Figure 4.10 shows the results of the digest usiieg@nzymeRsd. The digestion of fungal

samples in Lanes 2 and 3 produced two slightlylamfiiagments. The RAPDs data, on the other
hand, indicateddifferences among the sampled fuhggal samples in Lanes 4, 6, 7, 8 and 11
produced a single band each albeit of a differézd, Sndicating that the five samples were
different. Fungal samples in Lanes 9 and 10 pradiuee bands of the same size. When
analysedtogether with the RAPD profile, the datggest that the two samples areidentical and

different from the rest of the fungal samples.
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Figure 4.10: Agarose gel showingiag DNA polymerase activity of PCR-RFLP digestionshwit
the restriction enzymBsd. Fifteen ul of the PCR was mixed with 3 pl of &&ding dye and
electrophoresed through 1.5% agarose gel in Tretate&sEDTA buffer and stained with
ethidium bromide (0.1 pg/ml). The gel was visuadisusing a UV transilluminator and
photographed using a digital camera. Lane M ishm 100 bp Ladder Plus. Lane 1 is the
undigested PCR fragment. Lane 2- 11 are genomiéPDfom 10 different fungal isolates
digested with the restriction enzyme.

Table 4.7: Band sizes of the ten ectomycorrhizal fungi sampédsulated from the PCR-RFLP
digest usindrsd results shownin Figure 4.10.

Lane

Band
size(bp)
1350 -
1300 +
1020 - - - + - - - - - -
1000 - - - - - - - - - +
950 - -
900 - -
850 - -
500 - -
400 - -

N
+ 1 |w
'
wni
o
~
o]
((-]
)
-
[

|

|
+

|

|

|

+ 1 + 1
1 + 1
1 1 1
+ 1
1 1 1
+ 1
+ 1
1 1 1
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Table 4.8:Rsd digest similarity matrix of the ten ectomycorréiZungi samples computed with
the Jaccard coefficient.

*ECM

Species al a2 a3 ald a5 ab a7 a8 a9 alo
al 1 1 0 0 0 0 0 0 0 0
a2 1 0 0 0 0 0 0 0 0
a3 1 0 0 0.333 0 0.333 0.333 0
a4 1 0 0 0 0 0 0
a5 1 0 0 0 0 0
a6 1 0 1 1 0
a7 1 0 0 0
a8 1 1 0
a9 1 0
alo 1

* Ectomycorrhizal fungi species names, host spawases and fallow ages are outlined in Table
4.4 above.

| Lactarius gymnocarpus (A. tortilis) (2 yrs)

| Boletus sp. (P. violacea) (2 yrs)

Boletus sp. (P. violacea) (5 yrs)

Lactarius sp. (C. mossambicense) (10 yrs)

Amphinema byssoides (C. mossambicense) (10 yrs)

Amphinema byssoides (Z. mauritiana) (10 yrs)

Lactarius gymnocarpus (K. acuminata) (10 yrs)

Thelephora terrestris ( A. tortilis) (3 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

Figure4.11:Rsd digest dendrogram of ten ectomycorrhizal fungnstructed according to the
UPGMA method, using DendroUPGMA. Legend: Ectomyial fungus species (tree host)
(age of fallow).

Cophenetic Correlation Coefficient (CP) = 0.999

The other three digests ushligfl, Alul and Hadlll had poor band resolution on agarose gel.
Therefore, they were cast on polyacrylamide geblitain a better resolution of the resulting
fragments for accurate similarity assessmentseofuhgal samples. The high resolving power of

polyacrylamide gel showed several more bands ifumlbal samples.The gels illustrated in
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Figures4.12, 4.14 and 4.16 show results of thestdigestions. The polyacrylamide gel figures

of Hinfl andAlul digestions are shown in Appendix.

Results obtained after digesting amplified DNA witkstriction enzymeHinfl are shown in
Figure 4.12. Lanes 2 and 6 revealed four similandsacontrary to previous results that
confirmed differences. Notably, Lanes 9 and 10 sftbgimilar banding patterns. All other lanes
showed distinctly different banding patterns. Igufe 4.144lul digest), Lanes 3, 4, 6, 9 and 10
illustrate similar fragments. All the other landlsstrated unique banding patterns. Figure 4.13
which illustratestheHadll digestion, had Lanes 2, 3, 4, 6, 8, 9 and 10shbwing several
common bands. Lanes 3, 4 and 6 and Lanes 9 anddL68immilar banding patterns. All the other
lanes showed different banding patterns. Simiksiin bands observed inLanes 9 and 10 were
consistent in all the results obtained. The consegiband patterns, (shown in Tables 4.9, 4.11
and 4.13) genetic similarity calculations (showTables 4.10, 4.12 and 4.14) and dendrograms
(shown in Figures 4.13, 4.15 and 4.17) of the thestriction enzymeslinfl, Alul and Hadlll

respectively are shown below.
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Figure 4.12: Agarose gel showinTag DNA polymerase activity of PGRFLP digestions with
the restriction enzymeélinfl. Fifteen ul of the PCR was mixed with 3 pl of &&ding dye ant
electrophoresed through 1.5% agarose gel in Tretag-EDTA buffer and stained wit
ethidium bromide (0.1 pg/ml). The gel wivisualised usinga UV transilluminator an
photographed using a digital camera. Lan is in the 100 bp Ladder Pl Lane 2- 11 are
genomic DNAs from 10 different fungal isolates ditgl with the restriction enzy.

Table 4.9: Band skes of the ten ectomycorrhizal fu samples calculated from the P-RFLP
digest usindHinfl results shown ilFigure 4.12.

Lane
Band
size(bp) 2 3 4 5 6 7 8 9 10 11
700 - - - - - - + - - -
630 + - - + - + + - - -
+ + + + + - - - - -
+ + + - + - - + + -
- - - - - - - + + -
500 + - - - - - - - - -
+ - - - - - - - - -
+ + + - + - + - - -
- - - - - - + + + -
- - - - - + - - - -
- + + + + + - - - -
+ - - - - - + + +
+ + + + + + + - - -
- - - - + + +

1
1
o+
1
1
1
1
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Table 4.10: Hinfl digest similarity matrix of the ten ectomycorréiZungi samples computed
with the Jaccard coefficient.

*ECM

Species al a2 a3 a4 a5 ab a7 a8 a9 alo
al 1 0.364  0.364 03 0.4 0.182 0273 0.167 0.167 0.1
a2 1 1 0.429 0.833 0.25 0.222 0.1 0.1 0
a3 1 0429 0.833 025 0222 0.1 0.1 0
ad 1 0.5 0.6 0.286 0 0 0
a5 1 0286 025 0111 0.111 0
a6 1 0.286 0 0 0
a7 1 0.111 0.111 0
a8 1 1 0.4
a9 1 0.4
alo 1

*Ectomycorrhizal fungi species names, host spatsses and fallow ages are outlined in Table
4.4 above.

Lactarius gymnocarpus (A. tortilis) (2 yrs)

—| Boletus sp. (P. violacea) (2 yrs)

Boletus sp. (P. violacea) (5 yrs)

—— Thelephora terrastris ( A. tortilis) (3 yrs)

Lactarius gymnocarpus (K. acuminata) (10 yrs)

-] —————— Lactarius sp. (C. mossambicense) (10 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

| Amphinema byssoides (C. mossambicense) (10 yrs)

| Amphinema byssoides (Z. mauritiana) (10 yrs)

Lactarius gymnocarpus (A. tortilis) (6 yrs)

Figure 4.13: Hinfl digest dendrogram of ten ectomycorrhizal funginstructed according to the
UPGMA method, using DendroUPGMA. Legend: Ectomyemal fungus species (tree host)
(age of fallow).

Cophenetic Correlation Coefficient (CP) = 0.883
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Figure 4.14: Agarose gel showinTag DNA polymerase activity of PGRFLP digestions with
the restriction enzym@lul. Fifteen pul of the PCR was mixed with 3 pl of €@&ding dye an
electrophoresed through 1.5% agarose gel in Tretas-EDTA buffer and stained wit
ethidium bromide (0.1 pg/ml). The gel wvisualisedusing a UV transilluminator ar
photographed using a digital camera. Lane M ishe 100 bp Ladder Plus. Lane : the
undigested PCR fragment. Lan- 11 are genomic DNAs from 10 different fungal isek
digested with the restriction enzy.

Table 4.11:Band sizes of the ten ectomycorrhizal fungi samp#ésulated from the PC-RFLP
digest usin@Alul results show in Figure 4.14.

Lane
Band
size(bp) 2 3 4 5 6 7 8 9 10 11
650 + - - - - - + - - -
640 - - - + - - - - - -
600 - - - - - + - - - +
+ + + - + - - + + -
500 - - - - - - - - - +
+ + + - + - + + -
- + -
+ -
+ -
- + + + - -
- + - + + +
+ + + + + + +
- + - +
+ + + - + + - +
- + - + + -
+ -
+ + -
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Table 4.12: Alul digest similarity matrix of the ten ectomycorraiZungi samples computed with
the Jaccard coefficient.

*ECM

Species al a2 a3 a4 a5 ab a7 a8 a9 alo
al 1 0.375 0.375 0.1 0.182 0.222 0.2 0.2 0.2 0.083
a2 1 1 0 0.111 0.333 0.286 0.286 0.286 0.111
a3 1 0 0.111 0.333 0.286 0.286 0.286 0.111
a4 1 0.25 0.143 0.125 0.125 0.125 0.25
a5 1 0.111 0.1 0.571 0.571 0.2
a6 1 0.286 0.286 0.286 0.429
a7 1 0.111 0.111 0.222
a8 1 1 0.222
a9 1 0.222
alo 1

*Ectomycorrhizal fungi species names, host spatgses and fallow ages are outlined in Table
4.4 above.

Lactarius gymnocarpus (A. tortilis) (2 yrs)

[ Boletus sp. (P. violacea) (2 yrs)

I Boletus sp. (P. violacea) (5 yrs)

Lactarius sp. (C. mossambicense) (10 yrs)

Lactarius gymnocarpus (A. tortilis) (6 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

Lactarius gymnocarpus (K. acuminata) (10 yrs)

| ——————— Thelephora terrestris ( A. tortilis) (3 yrs)

| Amphinema byssoides (C. mossambicense) (10 yrs)

Amphinema byssoides (Z. mauritiana) (10 yrs)

Figure 4.15:Alul digest dendrogram of ten ectomycorrhizal fungingtructed according to the
UPGMA method, using DendroUPGMA. Legend: Ectomyemal fungus species (tree host)
(age of fallow).

Cophenetic Correlation Coefficient (CP) = 0.686
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M 1 2 3 4 5 6 7 8 9 10 11

500

Figure 4.16: Polyacrylamid gel showingTag DNA polymerase activity of PC-RFLP
digestions with the restriction enzyrHadll . Fifteen ul of the PCR was mixed with 3 pl of

loadingdye and electrophoresed thgh 5% polyacrylamide gel in Tris bate-EDTA buffer
and stained with ethidium bromide (0.1 pg/ml). Tgel was visualisec using a UV
transilluminator and photographed using a di camera. Lane M is in the 1 Ladder Plus.
Lane 1 is the undigested PCR fragment. Le- 11 are genomic DNAs from 10 different fung
isolates digested with the restriction enz.

Table 4.13:Band sizes of the ten ectomycorrhizal fungi samp#ésulated from the PC-RFLP
digest usindHadlll results shown irFigure 4.16.

Lane
Band Size
(bp) 2 3 4 5 6 7 8 9 10 11
700 - - - + - + - - - +
650 + - - - - - - - - -
590 + + + - + + + + + +
550 + + + - + - + + + -
500 + + + - + - + + + -
- + + + + + + + + +
- - - + - - - - - -
- - - + - - - - - -
- - - + - - - - - -
+ - - - - - - - - -
- - - + - + - - - +
+ - - - + - + + -
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Table 4.14:Hadll digest similarity matrix of the ten ectomycoizhl fungi samples computed

with the Jaccard coefficient.

*ECM

Species al a2 a3 ald a5 ab a7 a8 a9 al0
al 1 0.429 0429 0 0429 0222 0429 0571 0571 0.111
a2 1 1 0.111 1 0.286 1 0.8 0.8 0.333
a3 1 0.111 1 0.286 1 0.8 0.8 0.333
a4 1 0.111 0.375 0.111 0.1 0.1 0.429
a5 1 0.286 1 0.8 0.8 0.333
ab 1 0.286 0.429 0.429 0.8
a7/ 1 0.8 0.8 0.333
a8 1 1 0.286
a9 1 0.286
alo 1

*Ectomycorrhizal fungi species names, host spatgses and fallow ages are outlined in Table

4.4 above.

Lactarius gymnocarpus (A. tortilis) (2 yrs)

Boletus sp. (P. violacea) (2 yrs)
Boletus sp. (P. violacea) (5 yrs)
Thelephora terrestris ( A. tortilis) (3 yrs)

Lactarius sp. (A. tortilis) (7 yrs)

Amphinema byssoides (C. mossambicense) (10 yrs)

Amphinema byssoides (Z. mauritiana) (10 yrs)

Lactarius gymnocarpus (K. acuminata) (10 yrs)

Lactarius sp. (C. mossambicense) (10 yrs)

Lactarius gymnocarpus (A. tortilis) (6 yrs)

Figure 4.17:Haé€lll digest dendrogram of the ten ectomycorrhizaidiy constructed according
to the UPGMA method, using DendroUPGMA. Legend:olEticorrhizal fungus species (tree

host) (age of fallow).

Cophenetic Correlation Coefficient (CP) = 0.896
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4.4.Establishing whether fallow age or host specificity determines mycorrhizal status of

tree species

There was no significant correlation between fallye and ectomycorrhizal fungi for any of the
host tree species (p < 0.05: 0.002). The geneddlisear model with binomial response and link
logit showed no significant relationship (p >0.08079) amongectomycorrhizal fungi species in
any tree species and fallow age. However, the Ralnick similarity index indicated that there
was an interaction between fallow age and mycaoathstatus of tree species, as opposed to host

specificity (Figure 4.18).

700

600 |

500 |

400

300

Linkage Distance

200

100

Fallow age Myco status Tree_species

Parameters sampled in the Mid Zambezi Valley

Figure 4.18:Raup - Crick similarity cluster plot using selectgtameters for fallows sampled in
the mid-Zambezi valley.
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CHAPTER 5. DISCUSSION

5.1.Establishing fungal flora associated with fallowing

The increased demand for land in the mid-Zambeza dvas led to a shortening of fallowing
periods.Only fallows from ages 1 year to 14 yeaesewdentified and considered in the present
study. Fallows ofages 8, 11, 12 and 13 years whmyever, not represented in the
study.Savanna communities only reach their climtages after several decades. Thus, the
fourteen year old fallows do not in any way repnesthe climax stage of plant community
succession. Hence, the sampled fallows only prowadeindication of the initial stagesof
ectomycorrhizal community succession. Natural wands in Ward 2 were dominated by
Colophospermum mopangssociated with this species weZembretum apiculatupDiospyros
kirkii andCrossopteryxfebrifuga. Julbernardia globifloeandPteleopsis anisopteraccurred on
steep, inaccessible slopes that are unsuitablafiming. Riparian communities that are mostly
disturbed by agricultural activities occur as narteands fringing major watercourses. Farming
activities are primarily targeted at riverine fregg an illegal practice in Zimbabwe known as
stream bank cultivation that takes advantage ohiyle soil moisture in these zones. Fallows are

of a different species composition.

Dry woodlandsin Ward 2 that include such species<@g torreang Pteleopsis myrtifolia
Entandrophragma caudatynPterocarpus lucensKirkia acuminata Diospyros quiloensis
Markhania zanzibaricaCommiphora ugogensiseveralAcaciaspecies an@ombretunrspecies
are mostly unutilised for farming activities. Thenfal diversity of these dry woodlandsis still
largely unexplored because of the remoteness ofateas and for the fact that no farming
activities occur in these woodlands. A comprehendisting of the fungal flora in these areas

awaits separate studies.
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Ward 3 (Mushumbi area), is the most populated.deresfor land in this area is high, especially
in riparian zones. Abandoned fields within dryefstis are difficult to distinguish as they have
merged with original vegetation. Farmers in theagpractise intensive farming and low scale
animal husbandry. Fallow age in this area is sicguiftly reduced. This area is characterised by
high Colophospermum mopan®rmations referred to as ‘cathedral mopane’ (Bietsity
Project, 2002) and alsoincludasaciaandCombretunspecies. Pressure for land in this area has
impacted on ectomycorrhizal fungi hosts, hence ipbssaffecting ectomycorrhizal fungi

composition and diversity.

5.1.1.Plant use and host selection

Tree species have multiple uses in the area (T&ldlg Thus, tree felling is selective. Of
importance are trees that provide traditional med& and edible fruits. Other trees of varying
importance are those used in construction, furaitand tool making and firewood. Several
species of the genuSombretum C. mopaneandiospyros speciesare of medicinal use in
various ailments ranging from diarrhoea, skin peaitd, common colds to snake bites or even
aphrodisiacs (Biodiversity Project, 2002). Depegdim severity or endemism of a disease in a
locality, these plants assume varying importanae ane therefore spared during land clearing.
Plant species producing edible fruits are also @fall importance, especiallZiziphus
mauritiana This species, together with fruit species suclsesrocarya birreand Adansonia
digitataare also spared during felling.Several specie8azicia C. mopaneand Dichrostachys
cinereaare trees frequently felled for construction, witharying uses from poles, beams and

posts C. mopangand pickets or thorny fence&daciaspecies an®. cinereg. Others are used
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for furniture with preference fdpiospyros kirkii Land clearing for cropping purposes is usually
non-selective, but larger trees that provide sloadeees with edible fruits tend to be excluded.
Tree species composition, as outlined above, iitapt in shaping and maintaining fungal
species diversity in the area sincemycorrhizal uham is maintained in the spared trees. The
mycorrhizal fungi associations observed in subseiadiowing periods largely rely on residual
mycorrhizae as selective weeding/clearing of lesfepred woody plants often occurs. This,
therefore, is a discriminatory process,as onlylgcahportant plant species are protected.
Selective clearing was thereforean important driweshaping ectomycorrhizal fungicommunity

composition in this study.

5.1.2.Ectomycorrhizal fungi associated with fallowing

The twoLactarius specied,actarius gymnocarpuandLactariussp., occurred in almost half of
the fallow ages sampled (Table 4.2), sometimesailoviis of different ages. These findings
confirm the presence of this fungal genus in massgstems of tropical Africa as reported by
Verbeken and Buyck (2002). The authors have ndtedl genusLactarius is ubiquitous in
Zambezian woodland3oletussp.also frequently occurred in the sampled fall®esidual trees,
therefore, act as refugia for ectomycorrhizae incagjural fields. Boletussp. had a frequent
association witlPhilenopteraviolaceaa species commonly spared during land clearingneSo
of the ectomycorrhizal fungi species occurred singl the sampled fallows. These may
represent opportunistic species that thrive aftstutcbance. Such species tend to disappear in
older fallows as part of community succession. Ated above, tree species composition reflects
both some degree of community succession and sgffett selective felling. Thus, the
mycorrhizal fungal associations partly reflect desil mycorrhizae (as selective felling of less

preferred woody plants often occurs) and tree reggion (representing tree succession stages).
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Similar observations have been reported by Tamkeéaral (2012a, b) on tree species and
arthropod species succession. Relative frequemdiescordedectomycorrhizal speciesrevealed
the presence of genlisictariusn most of the fallow landd.actarius species can be facultative
saprotrophs. Thus, theydo not entirely depend oromlgizal associations (Verbeken and
Buyck, 2002). The success of the second most érdqungal speciegoletussp., is of special
interest however. The species is host specifiovd$ not expected to occur this frequently in
tropical African environmentsthat are commonly doated by generalist taxa (see Munyaziza
and Kuyper, 1995; Buycét al 1996). However, as the species host tRFelénopteraviolacea)

is locally important, it acts as arefugium. Thegemece ofBoletussp., therefore, is associated

with anthropogenic selection.

5.2.Fungal speciesrichness asa means of determining fungal community succession

The dominance of only a few mycorrhizal host specespeciallyA. nigrescenssoon after
abandonment of an agricultural field accounts e fow number of ectomycorrhizal species at
Fallow Age 1 (one ECM).Under such conditions, thare few tree seedlings and sprouts.
Propagules of ectomycorrhizal fungi are likely @main in vegetative or dormant state for a
period of time, awaiting the occurrence of moredwaive conditions. Experimental studies have
shown that some ectomycorrhizal fungi establisfo@ations more rapidly on tree seedlings
from airborne spores and other vegetative propaguidile others stay dormant for longer
periods (Fox, 1986; Ingold, 1971). Emergence datable hosts and more conducive conditions,
e.g. favourable successional chrono-sequences, malpti nitrogen content and
microenvironmentsare likely to support the emergewicseveral other ECM species as observed
at Fallow Age 2. Opportunistic ectomycorrhizal fustart appearing at this fallow age. These

ECMs could have had lowreserves in the surroundiagdland. Ecosystem disturbance due to
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land clearing would have resulted in their sudderergence, at least at the early pioneer
stage.Such early seral fungi Bselephora terrestrisere recorded in young fallows that are at
early successional stage,taking advantage of ttreasing number of hosts. The diversity of
ectomycorrhizal fungi in this study appears to laetlp influenced by presence or absence of
favourable hosts. Reports from previous studieg, By Thoen and Ba (1989),Harkomeen
al.(1993),Munyaziza and Kuyper (1995) andBuyetkal. (1996), however, appear to suggest
otherwise. Though ectomycorrhizal fungi seem tesé&yp follow the trend of tree species with
increase in fallow age, older fallows showed a éasing number of ectomycorrhizal fungi in
spite of the increasing potential host species.Smyeorrhizal fungi are slow at establishing in
new sites, but only successfully colonize afteresalvyears and eventually become dominant on
the root system (Fox, 1986).Community successioredtomycorrhizal fungi takes several
decades to reach its climax state, with studies Thyieget al. (2007) showing that
ectomycorrhizal fungi climax stage is reached asagf more than sixty five years. As stated
earlier, though this study showed that fallow agel éost species partly influence the
mycorrhizal status of tree species, such otheofads soil physicochemical characteristics and

microclimate may shape community succession innegtorrhizal fungi community.

5.2.1.Factors affecting ectomycorrhizal fungi community succession

Tambaraet al. (2012a) have demonstrated that woody species liowfdands of the mid-
Zambezi area do change over time in accordancefallbws age. Tambaret al. (2012b) have
also observed that changes in woody species diyeadfect arthropod species diversity.
Increased arthropod diversity enhances rapid mitreycling, thus accelerated community
succession. The studied fallows are, however, apatseparated and transcending across

ecologically different micro-environments. Thuseyhare also under the influence of varied
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factors unique to each fallow.lt is therefore coexplo fully understand the various mechanisms
behind ectomycorrhizal fungi succession in the pauea.

Several factors are important in determining fungatnmunity succession. Tree community
succession occursmore slowly. Herbaceous plantesamn occurs faster than woody plant
succession. Changes in arthropod diversity are mooeounced and rapid (Tambaea al,
2012b). Changes in below-ground activities are daster and can be affected by several other
minor changes that may be difficult to detect igamisms above ground. Such factors as
microclimate, soil nutrient status, moisture, tyfdeaf litter and presence or absence of resource
competitors influence the successional changesctoneg/corrhizal fungi (Chaet al, 2013).
These contributory factors are likely to vary frame fallow to another, even among fallows of
the same age. Thus, although the present studyeshthat fallow age and available host species
partly influence mycorrhizal fungi composition amwliversity, it should be appreciated that

several other factors determine fungal communitcession in the study area.

Ectomycorrhizal fungal community succession invelvghort distance dispersal of fungal
propagules to new roots, long-range dispersal andigience of the ectomycorrhizae in the
ecosystemand their interactions with soil and emrirental conditions(Brundrett, 1991).

Hepper (1985) and Brundrett and Kendrick (1990)hawted the importance of presence of
infective propagules when root growth activity osguas roots have a limited period of

susceptibility. Thus, rapid colonisation of the tregstem is required for an effective association
(Abbott and Robson, 1984; Bowen, 1987). This oletéyu is true folLactarius gymnocarpus

this study whichappeared in young fallows and gézdiin all fallows of different ages.
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Spore abundance and dispersal also contribute tmmeomity succession patterns in
ectomycorrhizal fungi.Fast dispersing fungi rapidblonise a disturbed site. This may be true
particularly for Thelephora terrestribatis known for its ability to disperse by sporasd

quicklycolonize a plant host (Colpaert, 1999).

Seasonal variation in spore numbers of ectomyaatiungi can occur (Ebbeet al, 1987;
Dhillionet al, 1988; Gemma and Koske, 1988; Gemehal, 1989; Giovannetti, 1985; Louis
and Lim, 1987). Spores are usually less abundamtglperiods of ectomycorrhizal formation
and become more numerous during periods of ro@ssemce (Brundrett, 1991). Peak periods of
spore production are generally thought to coinci@éh periods of fungal resource
remobilization from senescing roots (Gemetaal, 1989; Hayman, 1970; Sutton and Barron,
1972). This hypothesis is supported by observatghmwving that spore production is greatest
when root activity is interrupted by a long dry sea or land clearing (Janos, 1980; Mosse and
Bowen, 1968; Redhead, 1977). Theindications in ghesent study showa marked peak in
ectomycorrhizal fungi diversity at Fallow Age 2taafa one year lag following clearing of land

for agricultural purposes.

Production of external hyphae varies between spemfieectomycorrhizal fungi. It also can be
influenced by soil properties and is,therefore,anpartant determinant of mutualistic
efficacy(Abbot and Robson, 1985; Grahanal, 1982; Gueyet al, 1987).Ectomycorrhizal
fungi hyphae respond to soil heterogeneity (Brutidi®91). Thus, the varied soil characteristics
of the fallows in this study may also contributefaiagal composition and diversity as observed
in the stands. Harvest al. (1976) have noted that most of forest ectomydmattfungi in their

study occurred within organic soil fractions wheliter, woody debris and charcoal
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decomposition was occurring. Thus, older standvigeoa more conducive environment for
fungal proliferation due to the availability of fdater and woody debris. It has been shown that
hyphae of mycorrhizal fungi preferentially occumjl ®rganic material (Mosse, 1959; St Jain
al., 1983; Warner, 1984) where they produce finehljidranched, septate hyphae that may
have an absorptive function (Mosse, 1959; Nicold®%59). As stated earlier, however, different
ectomycorrhizal fungi have different capabilitiespgroduce extensive mycelia. Thus, those that
are able to proliferate more quicklywill have a qmtitive advantage. To also confirm that
woody species respond slower compared to funggastbeen shown that roots respond to spatial
and temporal variations in soil nutrient supplyt bre less efficient at this than are mycorrhizal

hyphae (Brundrett, 1991).

Some mycorrhizal fungi apparently can utilise oigaor insoluble nutrient sources that are
normally thought to be unavailable to plants (Bmatid 1991). Similar experiments have shown
rapid transport of carbon, nitrogen, phosphorus amdter by hyphal networks of
ectomycorrhizal fungi (Finlay and Read, 1986; Fraet al, 1986; Haysteast al, 1988; Read
et al, 1985; Ritz and Newman, 1986). Ectomycorrhizalgiuthus respond earlier and faster to
changes in the ecosystem than woody species. Ectorhyzal fungi from the genusactarius
which are facultative saprotrophs, are therefdtelyi to utilise nutrients more efficiently than

the other species observed. Thus, the taxon cély pediferate and persist in older stands.

5.2.2.Hostassociations of ectomycorrhizal fungi in fallows of different ages
The twoLactarius species l(actarius gymnocarpuand Lactariussp.) indicated host generality
as they were associated with roots Afacia tortilis Philenopteraviolacea Combretum

mossambicenseand Kirkia acuminat{Table 4.4). MostLactarius species, includingL.
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gymnocarpusare reported to be facultative saprotrophs (Vezhednd Buyck, 2002). Studies
elsewhere in tropical Africa support this obsemat{see Thoen and B&, 1989; Harkdeteal,
1993; Munyaziza and Kuyper, 1995; Buyetkal, 1996), pointing to their ubiquity in Zambezian
woodlands. Thus, more generalist relationshipsbEmferred in a number of tropical African
ectomycorrhizae Amphinema byssoideas associated only with two tree speciBgiphus
mauritiana (Rhamnaceae) andCombretum mossambiceng€ombretaceae). Though the
nutritional benefits of having such an associatoa obvious, the real reason for this uniquely
isolated association is not known. Lack of moreotaeble hosts may be a reason to explain this
association. This could be an important observaitiothe study area, since very few studies in
ectomycorrhizal fungi associations have been aaroet in Zimbabwe. Studies by B& al
(2011) have reported only one ectomycorrhizal fnguZimbabwe Scleroderma verrucosum
Thepresent study, therefore, raises more questind<alls for further work in this field within

the context of Zimbabwe.

Generalist ectomycorrhizal fungi have an evolutigredvantage over specific ectomycorrhizal
fungi, especially in this semi-arid region whereinfall patterns are spasmodic and
anthropogenic disturbances are frequent. Sevelarofungal species, however, showed
significant levels of specificity, witlBoletussp. only associating witRhilenopteraviolacean
fallows of different ages. This type of specificisyless common among African host species and
any removal of such a host is likely to impact riegdy on the symbiont. Successof tlisletus

sp. can, however, be attributed to its host spdelekenopteraviolaceavhich is selected and
usually spared for its traditional importance. Témphasises the significance of anthropogenic
activities in shaping the ectomycorrhizal fungirfloof the ared@helephora terrestrisvas

observed only once,in association wibacia tortilis Since this fungus was only observed at
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Fallow Age 2, the species could be opportunistit isrprobably eliminated in older fallows. Of
the unidentified ectomycorrhizal fungi species, @&@& B formed associations with both
tortilis and C. mossambicenseédther unidentified species occurred singly, w8pecies A
associating wittA. nigrescensSpecies C with.. capassaSpecies D witlGrewia monticolaand
Species E withA. tortilis. Specificity might be a consequence of these egtomhizal fungi
disappearing in other stands as favourable hostsda$appeared. Some of the unidentified fungi
observed could have been endomycorrhizal or arlteusowycorrhizal fungi that require further
anatomical work for positive identification. Theepent study was, however, dedicated to
ectomycorrhizal fungi associations. The dominarfcAaacia tortilis seedlings in young fallows
and consequently its frequent occurrence in fallasall ages could be attributed to its
successful association with ectomycorrhizae, whiérs it a competitive advantage over other
tree species (Tsaml& al, 2015). This trend is supported by observationg=tpst (1996) in
miombo woodland ecosystems, who suggested thay e@dth of someBrachystegiaand
Julbernardia seedlings may be attributed to seedlings’ failtoeestablish any mycorrhizal

associations before they shed their cotyledons.

5.2.3.Fungal succession in fallows of different ages

Ectomycorrhizal fungi may be early or late seraidi) depending on the stage of community
succession in a previously cleared piece of laneb(@n and Fleming, 1992). Multi-seral fungi
also occur in all stand ages following land cleasarand subsequent regeneration. This
categorisation may explain the presence or absehcgome ectomycorrhizal fungi in the
sampled fallows. Most of the fungal species obskrgaly occurred in young fallows and
disappeared in older fallows.For exampléelephora terrestrionly appeared in young, two-

year old fallows and disappeared in older standiés €ctomycorrhizal fungi species is known
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for its ability to disperse and quicklycolonise kam host from spores (Colpaert, 1999). The
species may be designated as an early seral sp@ties early seral species include Species A,
C, D and E, appearingin fallows younger than 5 ye&arly seral fungi are opportunistic,
thriving only for a short period before more conifpet species take over. The rest of the
ectomycorrhizal fungi found in this study appeawstoss fallows of all ages. Species of
Lactarius (Lactarius gymnocarpusand Lactarius sp.) represent such a group. These findings
support those of Bé al. (2011), thus confirming the ubiquity of the genuBoletussp. also
appeared in fallows across all ages, including year old fallows and the 14-year old fallows
(oldest sampled). The genus represents a multi éengal group (Baet al, 2011). The
unidentified ectomycorrhizal fungi, Species B alappeared in stands across all ages.
Amphinema byssoidegs observed at Fallow Ages3 and 10 only. Thd s&atus of the species
becomes difficult to explain. The species, howeweore frequently occurred in older fallows.
Fallows in the present study (14 years or youngepyesent early successional stages of a
savanna ecosystem because the study area is sdabjecshort clearance-fallowing-clearance
cycles that result from increased demand for alfjural land. This tends to disrupt normal
community succession. Results of the study, thezefmannot fully help to describe the pattern
of community succession among ectomycorrhizal furighe area. This also explains why late
seral designates were difficult to identify due ttee disruption of the normal community
succession. A longer fallowing and recovery peistikely to provide a more complete picture
of community succession that identifies ectomydaaihfungi that become more successful at

later stages of succession.
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5.2.4.S0il Characteristics

Ectomycorrhizal fungi have been reported as hasigbiotic relationships with certain groups
of plants even among some of the very harsh enwiemtal conditions, which include saline
soils and sites with heavy metals (Egerton-Warbugod Griffin, 1995; Jouranet al, 2010;
Colpaertet al, 2000; Colpaeret al, 2004; Krznariet al, 2009). These characteristics highlight
the ubiquitous nature of ectomycorrhizae. Soilstted mid-Zambezi valley are unlikely to
impede ectomycorrhizal growth. TBandatesoil, with pH of 5-6, falls within the optimal rga

for ectomycorrhizal growth (Kagama and Yamanakd420These conditions are, therefore, not
limiting to ectomycorrhizae growth. It can be asednthat host species availability is one of the

key determinants of composition and diversity dbatycorrhizae in the study area.

5.3.Establishing the genetic characteristics of ECM across fallows and hosts species

5.3.1.PCR Amplification

Thesuccessful rRNA amplification revealed minoegiolymorphisms in the PCR amplification.
The size polymorphisms are presumably dueto vanatin the size and/or number of introns
present in theamplified segments in these consegerads.This difference was explained further

by digestion with restriction enzymes and perforgrirAPDs reactions.

5.3.2.RAPDsfingerprinting

The RAPDs reaction showed a distinct banding pattend complemented some of the initial
suggestions on polymorphisms. The results suggebidxistence of both inter- and intra-
specific genetic diversity among the five ectomybmal fungi species sampleAmphinema

byssoidessampled from the hos@&ymbretum mossambicenaed Ziziphus mauritianashowed
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similar genetic characteristics, with a similastyore of 1 (Table 4.6). These isolates were also
included in the same cluster. These findings sugdethat the two isolates could either belong
to the same individual fungus or very closely retaindividuals of the species. Ectomycorrhizal
fungi are known to form extensive networks withie tsoil that interconnect several plants. This
allows for sharing of nutrients among the host @a(Emith and Read, 1997). This also
facilitates “communication” of the host plants (Bai al, 2004). The twoLactarius
gymnocarpusisolates sampled fromi\cacia tortilis in a two year old fallow andirkia
acuminatain a ten year old fallow showed a genetic simijaof 0.25. They also appeared in the
same cluster. This suggested that different hamttpdpecies may play a role in the genetic
evolution of ectomycorrhizal symbiont, an evolutoy characteristic associated with nutritional
requirements. Studies by Kwiatkowsdd al (2012) have suggested co-evolution between host
and symbiont. Akiyamaet al (2005) have confirmed this host manipulation ehuacular
mycorrhizal fungal activities. An isolate b&ctarius gymnocarpugsom Acacia tortilison a six-
year old fallow had a genetic similarity of 0.167wan isolate fronAcacia tortilisin a two-year

old fallow. These findings to suggest the role a@fdw age in selecting ectomycorrhizal fungi
with specific genetic make-up. The twactariussp. isolates fronCombretum mossambicense
(seven-year old fallow) andcacia tortilis (eight-year old fallow) also showed 0.33 simiharit
The isolate were also clustered together. This esiphs the host influence on genetic make-up

of the ectomycorrhizal symbiont.

The effect of fallow age was more evident in tBoletussp. that shared the same host species,
PhilenopteraviolaceaThe two species were sampled from fallows ofedéht ages, two-year
and five-year old fallows. The two species had megie similarity of 0. This differenceexplains

the fact that although the tvBpletussp. showed similar morpho-anatomical charactessthey
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certainly represent two separate distinct taxa. $imgle Thelephora terrestrissolate was
characteristically different from any other ectomybizal fungi isolate, showing 0 similarity
with any other ectomycorrhizal fungi species samhpl€hese findings may be important in
explaining the lower success rate in dominancéisffingal species compared to the rest of the

ectomycorrhizal fungi species observed in the area.

The genetic diversity, especially in one specisssfgwn by actarius gymnocarpysnay be an
important factor that enhancessymbiotic relatiopshiwith several host species thereby
increasing its survival capacity as opposed to Bpstific ectomycorrhizal fungi. Thoen and Ba
(1989),Harkoneet al. (1993),Munyaziza and Kuyper (1995) andBuyek al(1996)have
reported low host specificity among most Africatoeeycorrhizal fungi species,thus supporting

the fact that the majority of ectomycorrhizal fungilise the most available host tree species.

5.3.3.PCR-RFLP

RFLPs were detected inthe PCR amplification proglugpon digestion withRsd.These
generally indicated varying degrees of genetic iditae in the ectomycorrhizal fungi samples.
Fingerprinting patterns underscored the genetifedihces revealed by the RAPDs. However,
the number of restriction fragments produced foshad the samplesdid not produce a reliable
comparison of the relative genetic similarity oé t,kamples.Ectomycorrhizal fungi samples that
produced single bands, though of different sizedicatedintra- and interspecific genetic
variability. TheAmphinema byssoidesmples continued to show similar RFLP profileghier
confirming results of the RAPDs.The additional digens carried out using restriction enzymes
Hinfl, Alul and Haedlll showed varying genetic profiling on the ten @auolycorrhizal samples,

with Hinfl showing more polymorphisms. However, consistesiinilar patterns were evident in
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the two Amphinema byssoidesamples taken from two different host species.s Thither
confirmed findings from the other results obtaineuggesting that the two samples were hyphae
from the same specimen, forming an underground aamuation highway (Baet al,
2004).TheBoletussp.samples showed similar banding patterridiivil, Haelll and Alul digests
though from different fallow plots, showing the aigted genetic similarities of these two
samples, characteristic of different individualsmpéed of one species (Henretral, 1992). The
effect of fallow age on fungal genetic charactesstwas still evident, especiallyliactarius
gymnocarpusamples which had different banding patterns. Alsmtarius sp. sampled from
Combretum mossambicenaad Acacia tortilis showed different banding patterns suggesting
effects of host species on genetic characterigiicshe symbiont. These findings confirm
observations from other literature inferring thasts select and shape their associated symbionts
(Schluter and Foster, 2012; Kiegsal, 2011). The solitarfhelephora terrestrisample showed
similar RFLP profiles wittBoletussp. inHinfl, Alul and Hadlll digestsbut however maintained
its unique banding pattern with tRsd digest. This justifies the need to perform selvdigests

with different restriction enzymes in order to makeind conclusions on genetic similarities.

Similarity tests using the Jaccard coefficient ahdstering were performed on the PCR-RFLP
digestion results. Upon analysing tRed digest results, similarity ranged from 0 to 1,lewer,
with little to no genetic similarity in the fungabmples, ranging mostly from 0 to 0.33.This
meant that minor genetic variations were obsermdtie sampled fungal species from digestions
with this restriction enzyme. The two specikagctarius gymnocarpusampled fromAcacia
tortilis in Fallow Age 2 andBoletussp. sampled fronPhilenopteraviolacean Fallow Age 2
showed a similarity score of 1. The reasons fas fnilarity, though of interest, are unknown.

The twoAmphinema byssoidesmples showed consistent similarity and clusteasigvith all
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other previous results, and as stated earlier,catidig that this could have been hyphae
belonging to the same individual fungus.Howevers ttould also explain low intraspecific
genetic diversity in this species, resulting inywetosely related individuals of the species.
Noticeably, thelL actariussp. sampled fron€ombretum mossambicenseFallow Age 4which
showed a similarity score of 1 with the t#obyssoidesamples and were clustered together
show that shared hostselection could be due toainergenetic characteristics of the
fungi(Akiyamaet al, 2005).However, due to limited restriction sitdentified by the enzyme
Rsd, this result could be a chance encounter. ThgraaRsd expressed low genetic variability
in the ectomycorrhizal fungi samples, as shownheyfew branches in the dendrogram. With a
cophenetic correlation coefficient (CP) value 0®9®, this dendrogram fitted well with the

results of thédrsd digest.

Upon analysis of thélinfl digest, similarity score ranged from 0 to 1, sirmywarying degrees
of genetic similarity in the fungal samples. TheotBoletus sp. samples showed similar
restriction patterns with a similarity score of thdawere clustered together. They also were
sampled from one host speciés,capassathough in different fallows of two and five years
This is generally expected because restrictiors sitesamples of the same species normally
occur at the same position thus digestion yieldslar fingerprinting patterns (Henrieh al,
1992). A similar observation was also madeAnbyssoidessamples which were clustered
together.TheT. terrestrissample showed similarity of 0.833 with the tBoletussp. samples
thus also clustering together. The reason fordhistering could not be determined. Also, the
gymnocarpusvere not clustered together,showing someintrapegenetic variability in this
species. Undoubtedly, this is a characteristic thaburs its host generality tendencies (Thoen

and B4, 1989).
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Analysis of theAlul digest pattern showed similarity scores rangirgnf O to 1 with generally
minor similarity observed, ranging mostly betweerarftd 0.57. The actarius gymnocarpus
species sampled in Fallow Age 10 was differentfadhthe sampled ectomycorrhizal fungi after
digestion with restriction enzyma&lul and it consequently associated with a unique Ki¢st
acuminatd. The twoBoletussp. samples had a similarity score of 1, as welthe twoA.
byssoidesamples. They were also clustered together. Tinediegs confirmed previous results
from digestions with other restriction enzymeshis tstudy. The genetic variability of the three
L. gymnocarpussamples is further confirmed, supportingreportsntoaspecific genetic

polymorphismsof this fungal species @al, 2011).

Digestion withHadlll also showed varying levels of genetic similgritvith scores ranging from

0 to 1. The twdBoletussp. samplesThelephora terrestrisrom A. tortilis sampled in Fallow
Age 3 and_actariussp. sampled from. tortilis in Fallow Age 7all showed a similarity score of
1 upon analysis of thadll digestion and were clustered together. As heenbearlier indicated,
the clustering of samples from the same specissnetimes expected upon digestion.The two
Boletussp. samples also had a similarity score of 1. Téleg appeared in the same cluster.
These findings further confirm the shared similartf samples of the same species upon
digestion with certain enzymes due to similaritiasrestriction sites (Henri@t al, 1992).
Remarkably, thelLactarius sp. sampled fromC. mossambicensen Fallow Age 4 andL.
gymnocarpusampled fromA. tortilis in Fallow Age 6 had a similarity score of 0.8 appeared

in the same cluster. The reasons for their cluggemay be due to similar restriction sites in

these two species.
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5.4.Establishing whether fallow age or host specificity deter mines mycorrhizal status of
mycor r hizal tree species

The Spearman rank correlation showed no significatelation between fallow age and
mycorrhizal status of host tree species. This sdeimesuggest that specific host preference of
the fungi as opposed to fallow age determines mikiczal status of a tree species. These
findings are contradictory to what is reported wlsere wheretropical ectomycorrhizal fungi are
reported as being less specific (Thoen and B4, ;1@8@uene and Kuyper, 2002) thantheir
temperate counterparts (Tedersoo and Nara, 2010@h &md Read, 2008). The GLM showed
that the mycorrhizal status of any given host species does not dependon the fallow age or
specific host species, but to other factors noestigated in the present study. These factors
may include appropriate host genotype, nitrogenerosoil nutrientsor microenvironment (Chai
et al, 2013). The GLM support findings that suggest lownon-significant host specificity
among fungal species.However, the Raup-Crick alwstalysis indicated that fallow age rather
than host preference determines mycorrhizal stattuy tree species. These findings suggest
low host specificity, with prominent host tree sigecthat includedPhilenopteraviolacegAcacia
tortilis and Combretum mossambicesbaring the same symbionts. Thus, fallow age played
prominent role in determining mycorrhizal status lobst tree species. Thoen and Ba
(1989),Harkoneet al(1993), Munyaziza and Kuyper (1995),and Buytkal (1996) all support
this view, indicating that the majority of ectomyduozal fungi tend to utilise the most available
host tree species, especially in tropical areasfiota. This, however, could partly be a result of

chance due to the randomised procedure adoptée setection of sampling plots.

The present study confirmed the unreliability ofigepus sporocarps as indicators of

mycorrhizal presence as most of the fungi eithedpced inconspicuous sporocarps or none at
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all. A similar observation has been made by Tedeetcal (2007). Most of the mycorrhizal
associations were identified from tree rootletsrégions of poor soil nutrient status and low
rainfall, mycorrhizal fungi reproduce vegetativély means of hyphae. Hence, a low proportion
of resources is channelled towards sexual repradugtilleskowet al, 2002). In the present
study, five ectomycorrhizal species were identiliedtarius gymnocarpus, Lactariusp.,
Thelephora terrestris Amphinema byssoidesand Boletus sp.The small number of
ectomycorrhizal fungi observed in the present stiglyiot unique in tropical African tree
communities. Several studies have confirmed the dwersity of ectomycorrhizal fungi in
African tropical regions despite the abundance péarrhizal tree species. Results of the present
study indicate that the lower number of host trpecgesresulting from agricultural activity
induced land clearing could have impacted on therdity of ectomycorrhizal fungi. This,

therefore, must be considered as one of the negatipacts of intensified cultivation.

CHAPTER 6.SYNTHESIS

This thesis provided baseline information on ectoonshizal fungi diversity in a semi-arid
region in the mid-Zambezi area. This area of resgahough of considerable importance, has
been largely ignored. Most studies havefocused lmove ground ecosystem processes, as
emphasised throughout this thesis. The main obgatias to examine how the practice of
fallowing in the mid-Zambezi valley affects biodregéy at the detritivore trophic level. Its main
thrust was on establishing ectomycorrhizal fungedsity in fallows, the patterns of community

succession in ectomycorrhizal fungi over a falldwono-sequence.
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Farming has a direct impact on woody species, @&peon their diversity (Tambarat al,
2012a). Tambarat al(2012b) also demonstrated its effects on arthrapeersity. The present
study showed that plant use results inselectiventetn of some host species. This selective
retension of hosts impacts on fungal species coitiposand diversity (Tsambat al, 2015).
Family Fabaceae which dominates fallows, is comnmothe study area, and includes many
known ectomycorrhizal tree species @&aéal, 2011). Speculations from the study indicateni li
between dominance @fcacia tortilisand its role as a major mycorrhizal host, thusrinig the
role of mycorrhizal associations in the speciescess. This study supported results reported
elsewhere that indicate the dominance of fungusiglkeactariusin tropical African woodlands.
The few ectomycorrhizal fungal species observedtouértly result from an absence of
favourable host species, or primarily from the sand environment of the area which is
unfavourable to ectomycorrhizal fungi. Adaptive @ps therefore thrive, in particular, generalist
fungi, like species of genusactariughat are facultative saprotrophsand those thatgssssuch
dormancy mechanisms like spores or other propadbims 1986)Boletusspecies and its host
Philenopteraviolacedemonstrated the impact of anthropogenic selediléng on species
diversity, both on plant and fungi, with the furggsurvival predominantly determined by its host
which is selected for despite the fungi’'s spedyi¢endencies. It is of significance to note that
variation in ectomycorrhizal community has profowftects on an ecosystem, particularly its
functioning and structure (van der Heijé¢ral, 1998). The cascading effects of such activities
go largely unnoticed since they are usually indisew long term(van der Heijdenal, 1998).
There is, therefore, need to have a wholesome paaigen strategy as opposed to species or

taxon targeted conservation.
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This study also showed that fallow age does haveffatt on ectomycorrhizal fungi species,
with some negligible degree of dependence on auailbost species. Younger fallows were
dominated by opportunistic ectomycorrhizal fungeaps. Variation in ability to disperse or
persist in the soil and quickly colonise root tipsough spores or other propagules are the likely
determinants of initial ectomycorrhizal fungi commity composition immediately following
disturbance (Deacon and Fleming, 1992; Lilleskod Bruns, 2003). With increased fallow age,
these ectomycorrhizal fungi species are either ¢etely replaced by other ectomycorrhizal
fungi taxa or generally decline in abundance arabe insignificant (Visser, 1995). This study
showed a loose trend betweenectomycorrhizal speoiessity and host tree species diversity.
This observation suggests that ectomycorrhizal ifeegimunity succession is an independent
event from plant community succession in the midiaBazi area. This observation therefore
points to other factors that were not investigatedhe present study. LeDet al. (2013)
havestated that mechanisms behind changes in eotorhizal fungi communities and
succession systems remain unclear. Though thiy stuolwed that the soil characteristics in the
study area are unlikely to impede ectomycorrhizalwgh, soil nitrogen availability has been
singled out as one of the influentialnutrients etemining ectomycorrhizal fungi communities
(Taylor et al, 2000; Lilleskoet al, 2002; Coxet al, 2010). It has been hypothesised that
fluctuations in this nutrient may be a driver inta@nycorrhizal community composition and
fungal species development in the different stadsizinadah and Read, 1986; Finlaal.,
1992). This may be important, especially considgerine dominance of the nitrogen fixing
Acacia species in the area, which may be an importanediin determining ectomycorrhizal
fungi species across all fallow stands. The resofitthisstudy also highlight that multi-seral
fungi have a higher chance of survival due to teanty establishment which provides them with

greater chance to proliferate, exploiting largezaarfor nutrient uptake and early establishment
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which results in associations with several treeigseearlier than other fungal species. However,
work by Twieget al. (2007) showed ectomycorrhizal fungi community cosipon stabilising at
65 years. Thus, categories like early-seral, nadtal and late-seral were used loosely in the

present study.

The amplified rRNA gene, in combination with othBNA probes, has been used in the
characterisation of genetic variation of field eoy@orrhizal fungi populations (Henriehal,
1992). RAPDs have been shown to be a more relitddbnique for comparing genetic
similarities than RFLPs (Garcet al, 2004). While RAPDs are simpler to perform in pipie
compared to RFLPs (Williamst al, 1990; Caetano-Anolles al, 1991; Paragt al, 1991;
Welshet al, 1991), they are usually dominant rather than @midant markers (dos Santeisal,
1994). RAPD patterns are also affected by differemmcentrations of reactions and cycle
conditions (Weedergt al, 1992). Thus, a combination of both methods wasl uis this study.
Consistent results were shown in #smphinema byssoiddsr both the RAPDs and all RFLPs
using the different restriction enzymes. It has rbeshown that RFLPs show more
polymorphisms depending on enzyme (Galal, 2009)wAs expected, similar species tended to
cluster together, e.doletussp., Lactarius sp. andAmphinema byssoide¥his is because of
similarities within the restriction sites in sameesies, as opposed to different species.
Intraspecific genetic variation was more evidentactarius gymnocarpusrlhis species also
showed generalist tendencies, hence its survivatii& have shown that ectomycorrhizal fungi
are able to select plant genotypes on seedlingsstiygport high levels of ectomycorrhizal
colonisation (Rosadet al, 1994). However, the present study seemed toestighat plants

also play an important role in selecting ectomyoiaal fungi with favourable genetic
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characteristics for colonisation, a result showrhigh genetic similarity among ectomycorrhizal

fungi that share the same host species. Studidkigmmaet al. (2005) support this observation.

The results from this study showed that fallow agfuenced ectomycorrhizal fungi species
diversity, in accordance with community successidns shows the strong influence of natural
community succession patterns in the area. Treeiep@layed a minor and negligible role in
determining ectomycorrhizal fungi in the area. ®tedy also supported other studies which
state that ectomycorrhizal fungi species in tropidaica are generalists (Thoen and B&, 1989;
Onguene and Kuyper, 2002) as opposed to temperadsts where most ectomycorrhizal fungi

are host specific (Smith and Read, 2008).

6.1.Effects of fire on ectomycorrhizal fungi diversity

Fire has a direct and major selection pressurectomng/corrhizal fungi (Dahlberg, 2002). Few
ectomycorrhizal fungi have evolved adaptive meastodires (Dahlberg, 2002). This is a major
concern in the mid-Zambezi area where fires arencomduring land clearing. It is also not
uncommon for fires to escape and burn uncontroflad#stroying vegetation. However, fires in
the area are commonly of low intensity. Forestsficause radical changes in saprotrophic fungi
(Moser, 1949; Petersen, 1970; Holm, 1995; Rahk8/)1L9They also cause drastic changes and
sometimes complete elimination of fruiting ectomybaal fungi (Petersen, 1971; Holm, 1995).
When fire intensity is low, ectomycorrhizal fungpexies composition remains mostly

unchanged (Rahko, 1997; Dahlbetcal, 2001).

Fire has been known to cause significant lossestiomycorrhizal fungi biomass, especially in

the first 20 cm of the soil surface, comprisingtbé litter layer and organic soil horizons
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(Dahlberg, 2002). Mikolet al. (1964) have reported that ectomycorrhizal fungtgeted by the
upper soil layer survive the detrimental effectsheft and are therefore an important link to
ectomycorrhizal fungi communities post-fires. lefgingly, certain fungal spore germination is
stimulated by heat (El-Abyad and Webster, 1968;aldddin, 1967), however, not in
ectomycorrhizal fungi. In ectomycorrhizal fungi, ditibon of charcoal has been shown to
improve germination by removing inhibitory composnd somelactarius species (Fries and
Sun, 1992). This may be an important contributiagtdr in the dominance of this taxon in
fallows of the study area. Fires also affect soigich in turn affect plant and microbial
communities, particularly mycorrhizal fungi. Slagie burning, which is common in the study
area, has similar injurious effects with biggeedir Jimenez-Esquiliat al. (2007) have studied
the effects of slash pile burning on soils. In the&udy, it has been shown that temperatures
under each pile reach up to 300 Their findings have also shown that slash fitesease soil
pH and extractable nitrogen and phosphorous whderahsing total carbon levels. They,
therefore, have concluded that slash pile burn megatively impact on forests at localised
scales due to alteration in specific soil propertigssociated with plant and fungi re-
establishment. This information may, therefore elirapolated to the current study, especially
because slash and burn agriculture is common inatka. Fire may therefore be a major
determinant of the ectomycorrhizal fungi commungfructure of the mid-Zambezi area,

affecting local soil characteristics and properimportant for both plant and fungal restoration.
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APPENDI X
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Figure Al: Polyacrylamidegel showincTaqDNA polymerase activity of PC-RFLP digestions
with the restriction enzymHinfl. Fifteen pl of the PCR was mixed with 3 pl of &@ading dye
and electrophoresed throug % polyacrylamide gel in Tris boralEDTA buffer and stained
with ethidium bromide (0.1 pg/ml). The gel wvisualisedusing a UV transilluminator ar
photographed using a digi camera. Lane M is in the 1kb Ladder PlLane 1 is the undigestt
PCR fragment. Lane Z1 are genomic DNAs frorl0 different fungal isolates digested w
the restriction enzyme.
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Figure A2:Polyacrylamidegel showingTag DNA polymerase activity of PC-RFLP digestions
with the restriction enzymaAlul. Fifteen pl of the PCR was mixed with 3 pl of &&ading dye
and eletrophoresed through 5 % polyacrylamide gel in Trsate EDTA buffer and staine
with ethidium bromide (0.1 pg/ml). The gel wvisualisedusing a UV transilluminator ar
photographed using a digitehmera. Lane M is in the 1 Ladder Plus. Lar 1 is the undigested
PCR fragment. Lane Z1 are genomic DNAs from 10 different fungal iselatligested wit|
the restriction enzyme.
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