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Abstract

E n d o p h y te s  a re  o rg an ism s w h ich  in fec t p la n ts  a sy m p to m atica lly  fo r a t least 

p a r t  of th e ir  life cycle. T he v a s t m a jo rity  of e n d o p h y te s  a re  ascom ycete  fung i. 

T hey  sh o w  h ig h  species d iv e rs ity  an d  are  o ften  closely  re la ted  to  

econom ica lly  im p o r ta n t p a th o g en s. T here  is som e ev id en ce  th a t e n d o p h y te s  

p ro te c t th e ir  h o s t fro m  p a th o g e n  a n d  h erb iv o res. L ittle  is k n o w n  a b o u t the  

e v o lu tio n a ry  re la tio n sh ip  b e tw ee n  p o te n tia lly  m u tu a lis tic  e n d o p h y te s  an d  

re la ted  p a th o g e n s  a n d  h o w  th ese  tw o  g ro u p s  d iffe r in  p o p u la tio n  b io lo g y  

a n d  genetics. T he Lophodermium/Pinus sylvestris e n d o p h y te /h o s t sy stem  is 

id e a l fo r in v e stig a tin g  th ese  q u es tio n s  since n a tiv e  p in e  fo rests  h a rb o u r  

closely  re la ted  Lophodermium  species w h ich  ran g e  fro m  en d o p h y tic  (L. 

pinastri, L. conigenum ) to  p a ra s itic  (L. seditiosum ). C u rre n t tax o n o m y  

recogn ises o n ly  on e  species, L. pinastri, f ru itin g  o n  sen escen t need les. 

H o w e v e r th e re  are  recen t in d ica tio n s  th a t th is  tax o n  in c lu d es  c ryp tic  species. 

In  th is  thesis  m o lecu la r ap p ro ac h es  w e re  u se d  to  clarify  th e  tax o n o m y  of 

Lophodermium  o n  Scots p ine . G enealog ical C o n co rd an ce  P h y lo g en e tic  Species 

R ecogn ition  b a se d  o n  A C T IN  a n d  ITS sequences rev ea led  th ree  c ryp tic  

species w ith in  L. pinastri tw o  of w h ich  w ere  w id e ly  d is tr ib u te d . T he ex istence 

of th ese  taxa w as  su p p o r te d  b y  A FLP genetic  m a rk e r  an a ly sis  a n d  d ifferences 

in  cu ltu re  g ro w th  rate . A nalysis  of Inter-SSR  m a rk e rs  rev ea led  th a t L. 

seditiosum  a n d  L. conigenum  a re  b o th  o u t-c ro ss in g  species an d  th a t u n lik e  one 

of th e  cryp tic  L. pinastri species, th e ir  p o p u la tio n s  a re  genetica lly  

d iffe ren tia ted . Im p lica tio n  of th e  d isco v ery  of c ryp tic  L. pinastri species an d  

o p p o rtu n itie s  o ffered  b y  th e  c larification  of th e  tax o n o m y  of Lophodermium  

o n  Scots p in e  are  d iscussed .
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Chapter 1:

Chapter 1: Introduction

1.1 Introduction: The Diversity of Fungi

The fungal k ingdom  inc ludes econom ically  im p o rtan t p lan t pathogens, 

m ycorrh izal fungi, an im al pa thogens and  insect associated  fungi. H ow ever 

since all p lan ts  g row  in  com pany  w ith  fungi, an d  rela tionsh ips be tw een  fungi 

and  p lan ts  are m uch  m ore com m on than  associations of fungi w ith  o ther 

g roups, it is reasonab le to m ake estim ates of fungal d iversity  on the basis of 

the p lan t-fungal ratio . H aw k sw o rth  (1991) in itia lly  p ro p o sed  th a t every  

h igher p lan t species is associated w ith  approx im ate ly  six fungal species and  

on this assu m p tio n  estim ated  fungal d iversity  to am o u n t to 1.5 m illion taxa. 

This estim ation  w as deliberately  conservative and  accounted  for h ost 

specificity.

W ith in  ten  years of h is orig inal p ap e r H aw k sw o rth  (2001) felt the need  to 

revise h is estim ate of the n u m b er of fungal taxa to 5.1 m illion  for tw o m ain  

reasons. A dvances in  m olecular b io logy h ad  p ro v id ed  the o p p o rtu n ity  for



m ycologists to define species m ore accurately  by  u sin g  m e th o d s such as 

G enealogical C oncordance Phylogenetic Species R ecognition w hich  uses 

phy logenetic  concordance be tw een  d ifferen t loci in  o rd e r to define species 

(Taylor et al., 2000). U sing  these techniques, species th a t w o u ld  o therw ise 

have  been  cryptic w ith  a lm ost ind istingu ishab le  m orpho logy  h ad  been 

recognised  in m any  d ifferen t genera. C ryp tic  species g ro u p s w ere seen to be 

ub iqu itous. M oreover, a recent in terest in the m ore obscure p lan t 

associations, such as the endo p h y tes  living asym ptom atically  w ith in  the 

plan t, h ad  led to the conclusion th a t the 1:6 ratio  ad o p ted  by H aw k sw o rth  

(1991) w as likely to be u n d eres tim atin g  the real d iversity  of fungi (A rnold, 

2007; A rno ld  et al., 2000; A rno ld  et al., 2007).

1.2 Fungal-Plant Associations

The lifestyles of fungi associated  w ith  p lan ts  can vary  d ram atically  from  one 

another. A t one end  of the spectrum  are parasites w hich  are of huge 

econom ic im portance d ue  to the crop losses th a t they  cause. A t the o ther end  

of the  spectrum  are m ycorrh izal fungi w hich  are essential to p lan t g row th  

and  d evelopm en t as w ell as p lay ing  an  im p o rtan t role in  p la n t p ro tec tion  

against parasites. M ycorrh izal fungi have w h a t w ou ld  be defined  as a 

m u tualistic  rela tionsh ip  w ith  their hosts because they  m u tu a lly  exchange 

nu trien ts , w h ich  im proves the fitness of b o th  p artn e rs  (S iddiqui et al., 2008). 

A no ther im p o rtan t lifestyle of fungi is sapro trophy, w h ich  involves the 

decom position  of d ead  organic m atter, such as leaf litter.

Molecular Taxonomy and Population Genetics of Lophodermium on Pinus sylvestris in Scotland

Chapter 1:

9



A lthough  parasites, m ycorrh izal fung i and  p u re  sap ro tro p h s rep resen t a 

substan tia l fraction  of to tal fungal diversity, a large con tribu tion  to total 

diversity, especially  in  the ascom ycetes, is m ad e  by  the  lesser k now n  

endophy tes. E ndophy tes can be d ifficult to define because of the w id e  

varie ty  of lifestyles th a t they  adop t. E tym ologically  the  w o rd  en d o p h y te  

m eans: "o rgan ism  liv ing w ith in  a p la n t host". The term  can be u sed  to refer 

to fungi, bacteria  or even insects (Schulz & Boyle, 2005). A m ore  m eaningfu l 

defin ition  has been  p ro p o sed  by  W ilson (1995), regard ing  en dophy tic  fungi 

as "fung i liv ing asym ptom atically  in  a p la n t for a t least p a r t of the ir life 

cycle". This defin ition  does n o t necessarily  im ply  m u tualism  an d  includes a 

con tinuum  of in teractions be tw een  fungus and  h o st w hich  can range from  

la ten t pa th o g en  to beneficiary  of the host. The defin ition  excludes 

m ycorrh izae since they  grow  externally  as w ell as in ternally  w ith in  their 

hosts. A m ore de ta iled  account of the d ifferen t lifestyles of endophy tes, 

w h ich  m ay  sp an  the spectrum  from  parasite  to m u tu a lis t to sap ro p h y te  in 

d ifferen t p arts  of the  life-cycle of one single organism , w ill be g iven in  the 

fo llow ing sections.

1.2.1 Endophytes and Mutualism

M utualism  can be  defined  as an  exchange of benefit betw een  tw o organism s 

of w h ich  b o th  equally  gain  increased  fitness. The m is-use of th is te rm  and  

clarification of the defin ition  of this type  of in teraction  w as rev iew ed  by 

B oucher et al. in  1982. A lthough  it is a m isconception  to th ink  th a t all 

endophy tes have a m u tualistic  rela tionsh ip  w ith  the ir host, a t least som e
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degrees of m u tu a l benefits have been  observed  in  m any  cases (Sieber, 2007; 

Baym an, 2007; Saikkonen et al., 1998; C arroll, 1988). Yet em phasis  has been 

laid  on the con tinuum  characteristics of these rela tionsh ips w h ich  has been 

iden tified  as the  resu lt of a balanced  an tagon ism  betw een  h o s t an d  sym bion t 

(Shulz & Boyle, 2005). The d ifferen t rev iew s of endo p h y tes  cited above have 

h igh ligh ted  benefits to  the h o st w hich  can vary  from  p ro tec tion  against 

pathogens, insects and  herb ivores to g ro w th  en hancem en t in  exchange for 

shelter and  som etim es food.

1.2.1.1 Towards a classification of endophytes

R odriguez et al. (2009) u n d erto o k  the im p o rtan t and  challenging  task  of 

classifying endophy tes accord ing  to the ir biological and  ecological 

characteristics. This is very  im p o rtan t for a coheren t d iscussion  of this 

d iverse g ro u p  of organism s. Indeed , one canno t classify en dophy tes by 

fo llow ing the ir taxonom ical class. R odriguez et al. (2009) therefore defined  

fou r g roups according  to  the ir m ode of transm ission  and  colonisation, and  

the tissues th a t they  infect.

1.2.1.2 Class I: The grass endophytes

Before the  rev iew  by  R odriguez et al. (2009), Schulz & Boyle (2005) 

d is tingu ished  the C lavicipitaceae (L indau) O.E. Erikss endophy tes (Epichloe 

(Fr.) Tul. & C. Tul. and  Balansia Speg. species) from  all o ther endophy tes 

based  on the ir u n iq u e  re la tionsh ip  w ith  the ir host. They are system ic
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colonisers of grass w h ich  rep ro d u ce  asexually  th ro u g h  vertical transm ission  

(Clay & Schardl, 2002; Schardl et a l, 2004). This in tim ate  re la tionsh ip  has led 

to strong  coevolu tion  w ith  the ir grass hosts. As a resu lt th is g ro u p  is 

taxonom ically  an d  phy logenetically  restric ted  to one family, the 

C lavicipitaceae. The grass endo p h y tes  form  p a r t of a u n iq u e  in teraction  for 

w h ich  m u tu a lism  is essential. The en d o p h y te  needs to keep its h o st alive and  

hea lthy  and  fit to rep ro d u ce  since it is tran sm itted  th ro u g h  the seeds (Clay & 

Schardl, 2002). E vidence for h o s t benefits is strong. The m ost w ell k now n  

h ost benefit is from  the p ro d u c tio n  of a lkalo ids by  the endophy te . A lkaloids 

are toxic to herb ivores (Clay, 1988). The m utualistic  grass en d o p h y tes  are 

closely rela ted  to parasitic  en dophy tes w hich  rep ro d u ce  sexually  and  are 

transm itted  horizontally . T hey p rev en t the ir g rass h o s t from  p ro d u c in g  

flow ers in  o rd er to p ro d u ce  the ir fru iting  bodies. In fact there is strong  

ev idence th a t asexual species of parasitic  Neotyphodium  G lenn, C.W. Bacon & 

H an lin  have o rig inated  from  inter-specific hyb rid iza tion  of endophy tic  

Epichloe species (Clay & Schardl, 2002). W hile extensive know ledge abou t 

evo lu tion  of grass en d o p h y tes  has been  accum ula ted  over the p a s t decades, 

an  u n d e rs tan d in g  of the ecology an d  evo lu tion  of non-grass en d o p h y tes  is 

still in  its infancy. The n ex t section w ill be d iscussing  recen t advancem en ts in 

this dom ain.

1.2.1.3 Endophytes of Class II, III, and IV: The Non-clavicipitaceous 
group

The rem ain ing  types of fungal endo p h y tes  are n o t restric ted  phy logenetically
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and  can even inc lude  Basidiom ycetes, a lthough  m ost of them  are 

A scom ycetes and  have  a b ro ad  h ost range (R odriguez et al., 2009). A fu rth er 

th ree  g roups can be recognised  according  to the location of the  infection and  

the level of colonisation  w hile  in  the en dophy tic  stage. O f these th ree classes 

only  class III an d  IV are strictly ho rizon ta lly  transm itted .

C lass II can colonise any  p a r t of the plan t, from  roots to seeds. T heir m ain  

a ttribu tes  are th a t they  confer stress to lerance to the ir hosts. As w ell as being  

horizon tally  tran sm itted  they  are able to rep ro d u ce  in  a vertical transm ission  

m an n er via seeds and  rhizom es, yet they  do n o t ap p ea r to be as h o s t specific 

as grass endophy tes. Lifestyles can vary  from  m utualistic  sym bion ts to 

pa thogen ic  to  saprophytic . For m ore  details on  this class R odriguez et al. 

(2009) shou ld  be consulted .

Class IV endo p h y tes  are restric ted  to roots and  are characterised  by d ark  

p igm en ts  an d  sep ta te  h y p h ae  (R odriguez et al., 2009). These endo p h y tes  have 

never been  associated  w ith  d isease a t any  stage of the ir life-cycle (R odriguez 

et al., 2009). They fo rm  system ic infections and  are ho rizon ta lly  transm itted . 

A lthough  there  is no  em pirical ev idence of the ir m utualistic  status, they are 

alw ays associated  w ith  hosts w h ich  are in  h igh  stress env ironm ents 

(R odriguez et al., 2009). Their taxonom y is poo rly  un d ers to o d . C onsequently  

the ir research  is lagg ing  b eh ind  the o ther classes of endo p h y tes  (R odriguez et 

al., 2009)

The final g roup  of endophy tes, C lass III, are th o u g h t to be the  m ost d iverse
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gro u p  (A rnold, 2007; A rno ld  et al., 2000; R odriguez et al., 2009) an d  form  the 

subject of this thesis. They infect aerial p a rts  of p lan ts  such  as stem s or 

leaves. T hey are stric tly  h o rizon ta lly  tran sm itted  yet they  show  som e levels 

of host specificity (R odriguez, et al., 2009). T hree sub-classes can be 

d is tingu ished  based  on the  con tinuum  of in teractions w ith  the ir hosts. The 

first sub-class infects the h o s t and  show s lim ited  g row th  u n til tissues 

n a tu ra lly  senesce, a t w h ich  p o in t they  colonise saprophytically . The second 

sub-class also show  in itia l lim ited  g row th , b u t  engage in  sap rophy tic  

colonisation u p o n  the im position  of stress on the h o st w h ich  is ex ternal to the 

sym biosis. The th ird  sub-class is the v iru len t sub-class w h ich  induces d isease 

sym ptom s after infection, th o u g h  the leng th  of the la tency stage m ay  vary.

The w id e r ecological role of this g ro u p  of endo p h y tes  is poorly  u n d ers to o d  

a lth o u g h  som e leaf en d o p h y tes  have been  show n  to be  efficient in 

decom posing  the litter (K orkam a-R ajala et al., 2008; O sono et al., 2010). T here 

is som e lim ited  ev idence of m u tu a lism  in  this g ro u p  w hich  has been  

characterised  as being  of benefit to the en d o p h y te  because it rep resen ts  " tu rf 

guard in g " , p reven ting  herb ivores and  m ore  v iru len t pa thogens from  

dam ag ing  the su b stra tu m  on  w hich  the en d o p h y te  w ill la ter fru it (H erre  et 

al., 2005, A rnold , et al., 2003; M inter, 1981b, C arroll, 1988; M iller et al., 2002).

1.2.2 Endophytes and Parasitism

W hat is com m on to all en d o p h y tes  is the ir close phy logenetic  re la tionsh ip  to 

pathogens. In fact m ost p a thogens have an  asym ptom atic  phase  w h ich  is
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m ore o r less ex tended . The d ifference be tw een  a po ten tia lly  m u tua listic  

lifestyle as opp o sed  to a parasitic  one is essentially  in  the  capacity  to colonise 

and  p ro d u ce  fru iting  bod ies to the d e trim en t of the  h o s t ra th e r th an  

p ro d u c in g  fru iting  bod ies via vertical transm ission  o r fo llow ing colonisation  

of n a tu ra lly  senescing tissues. In som e species the  po ten tia l to act m ore  

v iru len tly  has  been  lost, in  o ther it ap p ea rs  to have been  gained  (C lay & 

Schardl, 2002; H erre  et al., 1999; W ilkinson & Sherratt, 2001, O rtiz-G arcia et 

al., 2003). O ther en d o p h y tes  can have b o th  lifestyles, som etim es occurring  in 

d ifferen t hosts an d  som etim es in  the  sam e host. In the  la tte r case the 

p a th o g en  w ill take the  o p p o rtu n ity  to colonise and  com plete its life cycle 

w h en  its h o st is stressed  o r vulnerable. It has been  sh o w n  th a t m u ta tio n  of a 

single gene can ren d er a pa thogen ic  species of a class II en d o p h y te  

asym ptom atic  o r even  beneficial to  its h o s t (Freem an & R odriguez, 1993).

A question  w h ich  n a tu ra lly  arises, and  w h ich  is of g rea t evo lu tionary  in terest 

is how  en d o p h y tes  w ith  m u tualistic  an d  parasitic  lifestyles d iffer from  one 

ano ther in  the ir biology, ecology an d  evo lu tion  po ten tia l?  M any  s tud ies in  

this area have focussed  on  rela ted  p a thogens an d  en d o p h y tes  of grasses 

because of the ir econom ical im portance for crop losses and  livestock w elfare 

respectively. A lth o u g h  stud ies have  com pared  p o p u la tio n  genetics of h y b rid s  

to n o n  h y b rid s in  Epichloe/Neotyphodium  popu la tions, none  to da te  have 

com pared  the p o p u la tio n  genetics an d  evo lu tion  of pa thogen ic  an d  non  

v iru len t species of class III endophytes.

The m otivation  for th is s tu d y  is to learn  m ore ab o u t the p o p u la tio n  b iology
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of po ten tia lly  m utualistic  class III en dophy tes and  how  they differ from  

rela ted  parasites. O ne o ther in terest of this s tu d y  w ou ld  be to learn  m ore 

ab o u t the evo lu tionary  re la tionsh ips betw een  these tw o sub-classes of p lan t 

sym bionts.

If any  ran d o m  pathogen ic and  n on  pathogen ic species w ere com pared  in 

te rm s of their po p u la tio n  biology, they  could differ in  m any  w ays w hich  

w ere  no t associated w ith  differences in lifestyles. In o rd er to avoid these 

difficulties an d  p in p o in t differences betw een  endophy tes and  parasites tha t 

are associated w ith  their d ifferen t lifestyles, an  ideal system  w ou ld  requ ire  

fungal species w hich  are re la ted  and  sym patric, w ith  species rep resen ting  

each of the th ree sub-classes of Class III endophy tes described above. O nly 

th en  can fu ndam en ta l questions abou t association of lifestyle w ith  

d ifferences in  genetic diversity, b reed ing  system s and  popu la tion  struc tu re  

be answ ered . Such a system  w ou ld  also allow  investigation  of the 

phy logenetic  re la tionsh ips betw een  endophy tes and  rela ted  parasites. 

F o rtunate ly  such a system  does exist and  has been  p rev iously  characterised. 

The nex t section w ill describe cu rren t know ledge of such a system , 

Lophodermium  Chevall. on  Pinus sylvestris L., and  explain  w hy  it is su itab le  for 

investigating  these questions. A t the sam e tim e w e w ill exam ine w h eth er the 

cu rren t taxonom y of Lophodermium on  Pinus sylvestris is likely to be adequa te  

for these studies.
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1.3 Lophodermium  on Pinus sylvestris 

1.3.1 Benefits from Studying Lophodermium  on P. 
sylvestris

A good  exam ple of a system  for investigating  the com parative biology and  

ecology of endophy tic  and  parasitic  fungi is p ro v id ed  by  the ascom ycete 

genus Lophodermium  associated w ith  Pinus sylvestris. It inc ludes th ree closely 

rela ted  species originally  lum ped  together in to  one taxon. O ne of these is a 

p a thogen  an d  the rem ain ing  tw o are endophytes. The overall aim  of this 

thesis is to  s tu d y  the phylogenetic  rela tionsh ips am ong these fungi, and  to 

com pare aspects of the ir genetic d iv e rs ity  b reed ing  system s and  popu la tion  

s truc tu re  in  n a tu ra l popu la tions. We ask w h e th er differences betw een  species 

in  these a ttribu tes  can be explained  by  their differences in  life style. I begin 

by  rev iew ing  w h a t is a lready  know n abou t this system .

1.3.2 Biology of Lophodermium on Pinus sylvestris

Lophodermium is an  ascom ycete genus w hich  com prises a t least 145 species 

(Kirk et al., 2008). R ecent w ork  on the genus has show n th a t it is polyphyletic, 

w ith  only  one of the m ultip le  lineages being  associated w ith  p ines (Lantz et 

al., 2010). O ther lineages are associated w ith  a range of d iverse hosts 

includ ing  spruces, podocarps, grasses and  rhododend rons.

In  pines, Lophodermium species are generally  isolated from  secondary  needles 

show ing  no  sign of d isease (D iw ani & M illar, 1980). H ow ever Lophodermium
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also includes an  econom ically im p o rtan t p rim ary  pa thogen  of pine, 

Lophodermium seditiosum M inter, Staley & M illar. It attacks m ostly  seedlings 

an d  y o ung  pines causing p rem a tu re  need lecast follow ed by  dea th  in severe 

ou tb reaks (D iw ani & M illar, 1987). The fo llow ing sections w ill rev iew  cu rren t 

an d  p rev ious u n d ers tan d in g  of the taxonom y of Lophodermium w ith  

em phasis on  those species occurring  on  Pinus sylvestris. It w ill also p resen t 

cu rren t know ledge of their ecology and  biology.

1.3.2.1 Taxonom y and Eco logy of Lophodermium

O riginally, only  one species of Lophodermium (L. pinastri (Schrad.) Chevall.) 

w as th o u g h t to infect P. sylvestris needles. M illar and  W atson (1971) later 

recognised  tw o b io types based  on cu ltu re  m orpho logy  and  habitat, w hile 

S tephan  (1973) recognised th ree b io types solely based  on cu ltu re  

m orphology. M inter (1977) u n d erto o k  the im p o rtan t task of linking those 

th ree  cu ltu re  b io types to fru iting  b o d y  m orphology, fru iting  habitat, and  tim e 

of spore  release. Four species w ere then  recognised to be associated w ith  P. 

sylvestris of w hich  th ree w ere observed  in g rea ter frequency (M inter et a l, 

1978). The m ain  m orphological differences w ere  the level of em bedm en t and  

size of b o th  perfect and  im perfect fru iting  bod ies respectively ascocarp 

(Figure 1.1 and  1.3) and  pycn id ia  (Figure 1.2 and  1.3) w ith in  the h o s t tissue 

and  the p ro d u c tio n  as w ell as colour of zone lines (Figure 1.3). V ariation in 

the degree of em bedm en t of the ascocarp can be observed  w ith  the naked  eye 

as the  differences in  black to grey shades w h en  the ascocarp is dry. W ith little 

em b ed m en t of the ascocarp, it appears  b lack w h en  dry, w hereas deep ly

Molecular Taxonomy and Population Genetics of Lophodermium on Pinus sylvestris in Scotland
Chapter 1:

18



em b ed d ed  ascocarps ap p ea r grey. O ther characters w h ich  w ere found  to be 

in form ative w ere the ascocarp p lacem ent relative to the stom ata  and  the 

m orpho logy  of the paraphysis  apex. Asci are m ostly  cylindrical and 

ascospores m ay  be coiled, form ing  a helix, or s tra igh t (M inter, 1981a; M inter 

et a l, 1978). The th ree m ost frequen tly  observed species w ere L. pinastri, L. 

conigenum  (B runaud) H ilitzer and  L. seditiosum_M inter, Staley & Millar. A 

fou rth  species w as first identified  as L. pini-excelsae S. A hm ad later corrected 

to be a novel species n am ed  L. staleyi M inter (M inter, 1981a).

Molecular Taxonomy and Population Genetics of Lophodermium on Pinus sylvestris in Scotland
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Figure 1.1 Explanatory diagrams o f the  sexual fru itin g  body (ascocarp) o f the  perfect 
stage. Illustra tion  was taken from  M in te r (1981a). Photograph o f the  hym enium  
taken using an O lympus SE 300 light m icroscope fitte d  w ith  a digital camera. The 
content o f a m ature ascocarp o f Lophodermium was crushed under a microscope 
slide and a cover slide. It was stained w ith  lactophenol co tton blue and observed 
w ith  a m agnification x400.
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E p i d e r m is

C onidia

C o n id io p h o r e

H ypode rm is

Figure 1.2 Diagrams o f the  asexual fru itin g  body (pycnidia) o f the  im perfect stage 
Leptostroma (Jones 1935).

Figure 1.3 Diagrams and p icture o f ascocarps and pycnidia. Column 1 represents 
ascocarps o f five Lophodermium species (L. pinastri, L. pini-excelsae, L. staleyi, L. 
conigenum and L. seditiosum) as it seen on the  surface o f a needle. The second 
colum n illustrates vertica l section representing the  displacem ent o f the  host 
epiderm al cells o f each species. The th ird  and fou rth  columns illustra te  
conid iophores and the  pycnidia o f the  im perfect stage as seen on the  needle and in 
a vertica l section. The last colum n contains the  photographs o f each corresponding 
species. All diagrams and pictures were taken from  the  m anuscript "Lophodermium 
on pines" by D W  M in te r (1981a). diagrams and pictures were taken from  the 
m anuscript "Lophodermium on pines" by D W  M in te r (1981a).
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Lophoderm ium  pinastri (Schrad.l Chevall.
Lophodermium pinastri isolates are slow -grow ing in cu ltu re  (3m m /day on 2% 

m alt agar) (M inter et a l, 1978; M inter & Millar, 1980b). Young cu ltu res are 

w hite , and  a t the end  of their g row th  they  p roduce  a black strom atic  circle at 

the p erip h e ry  of, or som etim es all over the colony.

O n the host Scots pine, conidiom ata, k n ow n  as pycnidia, s ta rt develop ing  on 

na tu ra lly  cast need les in  a u tu m n  and  th ro u g h o u t w inter. T hough  L. pinastri 

can also be found  on  the need les on b roken  branches, they develop  here 

m ain ly  on need les w hich  w ou ld  have been  old enough  to na tu ra lly  senesce. 

A t the sam e tim e as pycn id ial d evelopm en t occurs, black zone lines s ta rt to 

form  on either side of the pycn id ium . These are com plete w h en  pycn id ia  are 

fully  developed  in  sp ring  (M inter & M illar, 1980a). C onid iom ata are sub- 

ep iderm al and  ap p ea r as grey blister-like m asses w ith  long itud ina l slit 

open ings (M inter, 1980b). The pycn id ia  are 0.3 to 0.4m m  long. C onid ia  are 

bacillar sh aped  m easuring  4.5 to 6.25pm  long (M inter et al., 1978).

A scocarps (Figure 1.2) s ta rt to develop in  January  and  becom e m a tu re  and  

o pen  betw een  A pril and  Septem ber w ith  a peak  betw een  M ay an d  July 

(M inter & M illar, 1980a). Lophodermium pinastri form s sm all oval ascocarps 

th a t are am phigenous, i.e. in  line w ith  the leng th  of the need le w ith  a 

long itud ina l slit in  the centre. The slit is su rro u n d ed  by lips w h ich  are visible 

w h en  wet. A scocarps m easure  0.6 to  1.2 m m  long. They are partia lly  sub- 

ep iderm al. Therefore, they  ap p ear grey a t the periphery  and  black in  the 

centre w h en  dry. W hen w et the ascocarp becom es black w ith  hyaline,
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som etim es red  lips. Asci are cylindrical bearing  eigh t ascospores tha t 

som etim es form  a helix n ear the extrem ity  of the ascus. Each spore  is 

su rro u n d ed  by  a gelatinous sheath. Paraphyses are filiform  h y p h ae  w hich  

are som etim es sw ollen  a t their apex and  are the sam e leng th  as asci (M inter 

et a l, 1978).
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L ophoderm ium  pinastri
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L. s ta ley i

I I I  I I I I  I I I I I I I I I I
O N D J F M A M J J A S O N D J F M A

L. con ig en u m
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L. sed itio su m

II I I I I I I I I I I I I I I I I I
O N D J F M A M J J A S O N D J F M A

Figure 1.5 Illustra tion  o f Lophodermium co lonisation and spore release stages on 
the needles o f P. sylvestris over one year as represented on the  scale; letters 
corresponds to  the  firs t le tte r o f the  m onth, July and O ctober m onths are coloured 
in red. The grey bar represents pycnidia deve lopm ent and m atura tion ; the  green bar 
represents ascocarp deve lopm ent and m atura tion ; the  red bar represents ascospore 
discharge; brow n bar represents brow ning o f the  needle due to  pathogen ic ity  o f L. 
seditiosum; Detailed colonisation stages o f L. staleyi are unknown. Deduced from  
M in te r &  M illa r (1980a)
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Lophodermium coniaenum (Brunaud) Hilitzer

Lophodermium conigenum  isolates are faster g row ing  th an  L. pinastri in  cu ltu re  

(4 o r 5 m m /day  on 2% m alt extract m edia) (M inter et al., 1978; M in ter &

M illar, 1980b). Young cu ltu res are w h ite  on the to p  an d  cream  to ligh t b row n  

u n d e rn ea th  as they  grow  older. O ne m orpholog ical characteristic  of young  

colonies of L. conigenum  is the sw irling  appearance  of hyphae.

Lophodermium conigenum  is found  fru iting  on need les th a t have been  

p rem a tu re ly  k illed  e.g. w h en  branches b reak  as a resu lt of w in d  o r snow. The 

p ycn id ia  (nam ed Leptostroma pinorum) are som etim es accom panied  by  b row n  

zone lines w h ich  develop  th ro u g h o u t sp ring  an d  su m m er on  need les w hich  

rem ain  a ttached  to dead  branches. C onid iom ata  are sub-ep iderm al 0.35 to 

0.45m m  long an d  ap p ea r as grey b lister like m asses often  coalescing w ith  no  

clear m arg in  and  w ith  ostiole open ing  (M inter, 1980b). C onid ia  are bacillar 

shaped  m easu rin g  5.25 to 7 .5pm  long (M inter et al., 1978).

A scocarps (Figure 1.2) develop  d u rin g  au tu m n  an d  m a tu re  over the  w inter, 

releasing  ascospores betw een  au tu m n  and  the early  m on ths of the  follow ing 

year (M inter & M illar, 1980a). M atu re  ascocarps are the longest of all those 

found  on  need les of Scots p ine  (0.9 to 2m m ). The slit is su rro u n d ed  by 

hyaline o r green  lips w hich  are visible w h en  w et. A scocarps are partia lly  sub- 

ep iderm al and  ap p ea r black in the centre w ith  a grey  su rro u n d in g  w h en  dry. 

Zone lines are diffuse an d  d ark  b ro w n  (M inter, 1981a).
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Lophodermium seditiosum Minter. Staley & Millar

In  cu ltu re  L. seditiosum  iso lates grow  faster th an  the o ther tw o taxa, 

approx im ate ly  5m m /day  on  2% m alt ex tract m ed ia  (M inter & M illar, 1980b). 

Y oung cu ltu res are w h ite  becom ing dark  b row n . A b u n d an t d ark  p ig m en t is 

re leased  in to  the m ed ia  below  grow ing  cultures.

Lophodermium seditiosum  is found  on cones (M inter & M illar, 1980a) and  on 

needles th a t have been  p rem a tu re ly  killed, the  sam e h ab ita t as th a t occupied  

by  L. conigenum. Indeed  M in ter (1977; 1980a) fou n d  th a t on  the Island  of 

R hum  on the w est of Scotland, L. conigenum  w as com pletely  rep laced  by  L. 

seditiosum  on  b roken  b ranches. Lophodermium seditiosum  is also fou n d  on 

need les th a t it has in v ad ed  as a p rim ary  pathogen . In the la tter case, infection 

of P. sylvestris by  L. seditiosum  causes b ro w n in g  of one-year-old  need les in  the 

early  spring, follow ed by  need le  fall in  sum m er, especially in  y o ung  trees 

(D iw ani & M illar, 1980). Pycnid ial d evelopm en t of the an am o rp h  Leptostroma 

rotrupii occurs from  M ay u n til O ctober (M inter & Millar, 1980a ; M inter, 

1980b). Rarely, b ro w n  zone lines develop  on  either side of pycnidia. 

C onid iom ata are very  sim ilar to Leptostroma pinorum  b u t sligh t longer, 0.30 to 

0.5m m  (M inter et al., 1978; M inter, 1980b). C onid ia  are bacillar shaped  

m easu ring  6 to 8pm  long (M inter et al., 1978).

A scocarps (Figure 1.2) develop  over the su m m er and  open in  A u g u st 

releasing  ascospores in  au tu m n  and  th ro u g h o u t w in te r (M inter & M illar, 

1980a). Lophodermium seditiosum  form s elliptical ascocarp 0.8 to 1.5 m m  long 

(M inter et al., 1978). A scocarps are to tally  sub-ep iderm al app ea rin g  grey
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w h en  d ry  and  b lack w ith  b lue  o r green  lips w h en  w et. W hen  strom atic  lines 

are p resen t they  can be recognized  as b ro w n  d iffuse circles a ro u n d  the 

need le  (M inter, 1981a; M in ter et al., 1978).

Lophodermium pini-excelsae Ahmad

Lophodermium pini-excelsae is u sua lly  associated  w ith  five need le  p ines an d  is 

found  a t low  frequency  on  P. sylvestris in  Scotland (M inter et al., 1978). In 

cu ltu re  its colonies on  2% M alt Extract are very  sim ilar to those of L. pinastri.

C onid iom ata  of the Leptostroma stage are sub-ep iderm al 0.15 to  0.3m m  long 

w ith  sim ilar m orpho logy  to  L. pinastri. H ow ever it p ro d u ces  longer 

conidiospores, 8 to 12pm  long (M inter, 1980b). The ascocarp  (Figure 1.2) is 

m uch  sm aller th an  for any  of the o ther tax a, w ith  a leng th  of 0.3 to 0.8 m m , 

and  it is p a rtly  sub-ep iderm al and  oval. M ature ascocarps are black in  the 

centre w ith  grey  lips. M ore than  half of the clypeus is covered by  ep iderm al 

cells w h ich  can be observed  as a grey area on the p erim ete r of the s truc tu re  

w h en  dry. P araphyses are the sam e leng th  as the asci and  are th read like  w ith  

ne ither hooked  no r sw ollen  tips. Asci are cylindrical an d  b ear 8 s tra ig h t and  

filiform  ascospores (M inter et al., 1978). Lophodermium pini-excelsae releases 

spores in  m id-w inter.

Lophodermium stalevi Minter

Lophodermium staleyi is very  sim ilar to  L. pinastri and  L. pini-excelsae. M inter 

(1981a) rev ised  the p rev ious find ings re la ting  to the presence of L. pini-
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excelsae on  P. sylvestris. L. pini-excelsae is no rm ally  associated  w ith  P. excelsa 

and  o ther hap loxy lon  p ines w hereas L. staleyi is associated  w ith  d ip loxy lon  

p ines such as P. sylvestris. Like L. pini-excelsae, L. staleyi p ro d u ces  sm aller 

ascocarps than  L. pinastri, m easu rin g  350 to 800 p m  (Figure 1.3). The 

ascocarps b ear only  grey lips and  are rare ly  accom panied  by  zone lines. 

M atu re  fru iting  bod ies can be fo u n d  first on  need les attached  to b ranches 

d ep riv ed  of light, and  can be found  on the p ine  litte r in  January. C u ltu res are 

sim ilar to th a t of L. pinastri a lth o u g h  L. saleyi generally  g row s m ore  slowly. It 

p roduces the largest condia (8-12 pm ) of all th ree  species (M inter, 1981a).

1.3.2.2 The Need fo ra  Taxonom ic Re-assessment

Molecular Data and Funaal Barcodina

M inter's trea tm en t w as essential for the fields of fo rest patho logy  and  

m ycology and  has h e lped  in  answ ering  p ressing  inconsistencies w h ich  u sed  

to exist in  o u r u n d ers tan d in g  of the  taxon L. pinastri. H ow ever, in  the ligh t of 

recen t advances in  m olecu lar tools such  as nucleo tide  sequence analysis, 

fu rth e r questions rem ain  concern ing  the  taxonom y of L. pinastri. These have 

been  p ro m p ted  by  the app lication  of m olecu lar phy logenetic  analysis w hich  

has been  u sed  to confirm  o r clarify the  cu rren t taxonom ic a rrangem en ts  of 

fungal species w h ich  are largely  based  on  m orphology. The nex t section w ill 

focus on  those m olecular approaches and  how  recen t w ork  on phy logeny  of 

Lophodermium has influenced  the cu rren t study.

D N A  sequencing  has led to the em ergence of m olecular barcod ing  as a w ay
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of defin ing  taxa (H ebert et al., 2003). H ere  a s tan d a rd  barcode  locus of D N A  

is sequenced  an d  sequences are com pared  am ong  in d iv id u a ls  to define  taxa. 

It relies u p o n  the  fact th a t in d iv id u a ls  of the sam e species w ill share  m ore 

nucleo tide  id en tity  (low  intraspecific variation) th a n  in d iv id u a l be long ing  to 

d ifferen t species (high in terspecific variation). The w id e r the  in terval 

be tw een  the  tw o types of varia tion  the less is the risk  of m isidentification . 

This in terval is k n o w n  as the b arcod ing  gap  (M eyer & P au lay  2005; C hase & 

F ay  2009).

A pplication  of m olecu lar barcod ing  varies across disciplines. It can be  u sed  

to define m olecu lar taxonom ic u n its  in  o rd e r to detect the tru e  species 

d iversity  as opp o sed  to the visible d iversity  w h ich  is often  u n d eres tim a ted  

especially in  o rgan ism s in  w hich  size is less th an  1 m m  (Blaxter et. al., 2005; 

A rno ld  et. al., 2007; H igg ins et. al., 2007). It is also usefu l in  rou tine  

identification  of o rgan ism s as w ell as in  the detection  of cryptic species and  

recently  d iverged  species (M eyer & P au lay  2005). O n  the o ther h an d  

m olecular b a rcod ing  alone has  m an y  lim itations, particu la rly  w h ere  it relies 

on in fo rm ation  from  a single locus (Funk & O m land  2003; M eyer & P au lay  

2005). For instance single species m ay  contain  m u ltip le  lineages particu la rly  

if they are recently  fo rm ed  and  there  has been  insufficien t tim e for lineage 

sorting  of ancestral po lym orph ism s. A lternatively  d ifferen t species m ay  

share the sam e barcode  because there  has been  insufficien t tim e for fixation 

of new  m u ta tions  to d is tin g u ish  the lineages in  the tw o species.

To date  there is no  ag reem en t on  w hich  un iversal m arkers  shou ld  be  u sed  for 

barcod ing  in  fungi. The m ain  cand idates p ro p o sed  as m olecu lar barcod ing
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m arkers for fungi are the ITS reg ion  of ribosom al D N A  and  cox I 

m itochondria l cytochrom e oxidase (Seifer 2009). ITS has particu la rly  been  

favoured  b o th  for barcod ing  and  in  phy logenetic  analysis of closely re la ted  

species because of its p racticality  an d  because of the in fo rm ative  quality  of its 

variation. It is a m ultigene fam ily  and  therefo re  inc ludes several copies 

w hich  are m ad e  identica l th ro u g h  the p rocess of concerted  evo lu tion . For this 

reason  it has len t itself to D N A  sequencing  (A lvarez and  W endel, 2003). O nly  

a sm all am o u n t of D N A  is req u ired  to ob ta in  good quality  sequences. This is 

particu la rly  usefu l for env ironm enta l sam ples an d  h erb ariu m  specim ens. The 

un iversality  of p rim ers also m ad e  it an  ideal cand id a te  for its u se  across a 

w ide  range of taxa (G ardes and  B runs 1993). M oreover it is th o u g h t to  b ear 

the righ t am o u n t of varia tion  and  to have  a w id e  enough  b arco d in g  gap  in 

o rd er to define taxa (Seifer 2009). For p lan ts  an d  fung i a w ealth  of ITS 

sequence d a ta  is a lready  available in  da tabases such  as G enebank  (Seifer, 

2009).

F low ever there  rem ains a p rob lem  w ith  u sin g  ITS as a b a rco d in g  locus 

because there  does n o t seem  to be a un iversal th resho ld  of in traspecific 

varia tion  across all fungal lineages. In  the case of ascom ycetes, the  3% 

th resho ld  w hich  w as th o u g h t to ap p ly  to all fungi appears to be 

unsatisfac to ry  accord ing  to N ilsson  et. al. (2008) w h o  corrected  it to 1.96% 

w ith  a w id e  s tan d ard  dev ia tion  of 3.73. They concluded  th a t au tom atic  

delineation  of taxa by  sim ple barcod ing  w o u ld  be  d ifficult w h ile  u s in g  such  a 

m arker. N evertheless ITS has been  app lied  for defin ing  M OTUs (M olecular 

Taxonom ic U nits) by  Fliggins et. al. (2007). T hey u sed  a conservative 5% or
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m o re  n u c leo tid e  d iv e rg e n ce  th re sh o ld  to  defin e  in d iv id u a ls  b e lo n g in g  to  

d iffe ren t species.

Molecular Sequence Variation in Lophodermium

P h y lo g en e tic  an a ly sis  of m o lecu la r sequences  has  b e e n  a p p lie d  to  h e lp  clarify  

the  tax o n o m y  of Lophodermium  o n  p in es  b y  O rtiz -G arc ia  et al. (2003). T hey  

u sed  th e  rib o so m a l D N A  In te rn a l T ranscribed  S pacer (ITS) reg io n  an d  

m o rp h o lo g ica l d a ta  re le v a n t to  classification  of 11 Lophodermium  species to  

co m p are  th e  re su lts  of m o rp h o lo g ica l an d  m o lecu la r ap p ro ach es.

E m b ed m en t of th e  ascocarp  w ith in  h o s t tissues  h as  b e e n  a m a jo r ch a rac te r in  

d e lim itin g  species w ith  p in e -a sso c ia ted  species of Lophodermium  in  M in te r 's  

tre a tm e n t a n d  w as  on e  of th e  ch arac te rs  co m p ared  in  th e  ITS p h y lo g en ies . 

Species d e lim ita tio n  b e tw e e n  L. conigenum, L. seditiosum  a n d  L. pinastri 

p ro v ed  to  be  co n c o rd a n t u s in g  m o rp h o lo g ica l an d  m o lecu la r classification . 

T he seq u en ce  g ap  b e tw e e n  th e se  taxa  w as  g rea te r  th a n  5%. H o w e v e r it  w as 

n o te d  in  th e ir  re su lts  th a t  n u c leo tid e  v a ria tio n  am o n g  th e  tw o  iso la tes of L. 

pinastri w as  v e ry  h ig h . T he 5.6% n u c leo tid e  v a ria tio n  fo u n d  b e tw e e n  tw o  

in d iv id u a ls  c lassed  as L. pinastri is m o re  co m p arab le  to  th a t exp ec ted  of 

levels of in tersp ec ific  v a ria tio n . T his su g g es ts  th a t th e re  m a y  b e  m o re  th a n  

one species w ith in  th e  ta x o n  cu rre n tly  k n o w n  as L. pinastri. S ince it is crucial 

to  estab lish  th e  tax o n o m y  of a g ro u p  befo re  b io log ical an d  ecological 

co m p ariso n s can  b e  m a d e  am o n g  its  m em b ers , th e  firs t p a r t  of th is  th esis  is 

a im ed  a t c la rify ing  th e  tax o n o m y  of Lophodermium  o n  P. sylvestris u s in g  n e w  

m o lecu la r too ls  u n av a ilab le  to  M inter.
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1.3.2.3 Explanations for High ITS sequence variation within L. pinastri

Two exp lanations can be  offered for the  h igh  level of ITS sequence v aria tion  

observed  be tw een  L. pinastri isolates. The first is th a t the 3% to 5% n u c leo tid e  

d ivergence th resh o ld  u sed  for defin ing  species is in a p p ro p ria te  for th e  ITS 

locus u sed  (N ilsson et. al. 2008). The p re su m e d  b arco d in g  gap  does n o t exist 

u s in g  th is m arker; in traspecific  v aria tion  exp la ins the  v aria tion  observed  

am ong in d iv id u a ls  of L. pinastri. In  th is case th e  p re se n t taxonom y  ho lds. The 

second exp lan a tio n  is th a t the h ig h  sequence d ivergence a t ITS is d u e  to the 

lu m p in g  of cryptic species. In  th is case the  taxonom y  is in a p p ro p ria te  an d  in  

n eed  of revision.

In o rd e r to d is tin g u ish  be tw een  these tw o exp lanations a n u m b e r of d ifferen t 

and  co m plem en tary  ap p roaches can be taken . A  first step  in  the  p rocess is to 

ob ta in  m ore  sequences from  w ith in  L. pinastri. T hese d a ta  can be subject to 

phy logenetic  analysis to  de te rm in e  w h e th e r  d iffe ren t clades can be 

d is tin g u ish ed  w ith in  L. pinastri, b e tw een  w h ich  there  is a sign ifican t 

b arcod ing  gap. If th is  is the  case, th e n  these clades cou ld  rep resen t cryptic 

species. H o w ev er an  a lternative  exp lanation  for such  a re su lt is th a t these 

clades arise w ith in  a sing le taxon as a consequence of incom plete  so rtin g  of 

ancestral p o ly m o rp h ism  (Taylor et al. 2003; R osenberg , 2003).

To e lim inate  ancestral p o ly m o rp h ism  as an  exp lan a tio n  for m u ltip le  clades 

w ith in  L. pinastri, in d e p e n d e n t sequence d a ta  from  a n u m b e r of u n lin k ed  loci 

m u s t be ob ta ined . If phy logenetic  analysis d a ta  from  d iffe ren t loci reveal the 

sam e clades, there  is phy logenetic  concordance. This p ro v id es  very  s tro n g  

ev idence th a t the  clades rep resen t d ifferen t cryp tic  species. This is the  basis
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for the G enealogical C oncordance Phylogenetic Species R ecognition (GSPR) 

ap p ro ach  (Taylor et al., 2000; D ettm an  et al., 2003; A lam outi et al., 2011).

It shou ld  be recognised  th a t the situa tion  m ay no t alw ays be this sim ple, 

particu la rly  w here  species have recently  evolved. If ancestral po lym orph ism  

has been  re ta ined  a t a locus, or there has been  insufficient tim e for m utations 

to be fixed in  d ifferen t lineages, there  w ill no t be phylogenetic concordance 

(Taylor et al., 2000). T hus GSPR is n o t a foolproof m ethod  for defin ing  

species. This reason ing  argues for the use of m any  loci w h en  app ly ing  GSPR. 

If phy logenetic  concordance is found  am ong a h igh  p ro p o rtio n  of them , this 

is very  p ow erfu l p ro o f for the presence of d ifferent species (A lam outi et al., 

2011).

F urther confirm ation  th a t the clades recognised by  GSPR rep resen t d ifferen t 

cryptic species can be ob ta ined  using  a popu la tion  genetic approach . This 

relies on  the fact th a t ind iv iduals  w ith in  a biological species share in  the 

sam e gene pool w hich  is d ifferent from  tha t shared  by ano ther biological 

species (M ayr 1970). By scoring selectively n eu tra l m arker allele frequencies 

at m an y  loci across the genom e, and  g roup ing  together ind iv iduals  w hich  

share the sam e alleles, biological species shou ld  be recognisable. These 

shou ld  co rrespond  to the sam e g roup ings as those revealed  by  GSPR.

The first experim ental p a r t of this thesis is concerned w ith  app ly ing  the 

approaches ou tlined  above to clarify the taxonom y of Lophodermium  species 

inhab iting  the need les of Pinus sylvestris in  Scotland. O nce the task  of 

clarifying the taxonom y using  m olecular m ethods has been  conducted , it is
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then  possible to look for p rev iously  unrecogn ised  m orpholog ical characters 

by  w hich  the  cryptic species can be d istingu ished . It also becom es possib le to 

s tu d y  w h e th e r the taxa th a t have been  iden tified  differ in  o ther aspects of 

the ir b io logy an d  d istribu tion . These topics are dea lt w ith  in la ter chap ters of 

this thesis. In  the rem ain ing  p a r t of this chap ter I ou tline  and  justify  in m ore 

detail the  experim ental approaches th a t have been  follow ed in  this thesis.

1.3.2.3 Molecular Approaches to Clarify Lophodermium  Taxonom y

Choice of Molecular Sequences and Sample Sites

Ind ica tion  th a t the en tity  cu rren tly  know n  as L. pinastri m ay com prise m ore 

th an  one taxon  cam e orig inally  from  analysis of sequence varia tion  a t the ITS 

locus (O rtiz-G arcia et al. 2003). This, together w ith  the w id esp read  use  of the 

ITS locus for b o th  m olecular b arcod ing  and  phy logenetic  analysis m eans tha t 

ITS is an  obvious first choice for a m ore deta iled  phy logenetic  analysis of 

m olecu lar sequences w ith in  L. pinastri (Siefert, 2009). The choice of a second 

com plem en tary  locus to  analyse, ACTIN, is d e term ined  by  availability  of 

p u b lished  un iversal p rim ers for ascom ycetes, arid p rev ious successful u se  of 

the m arke r for species delim ita tion  (C arbone and  K ohn 1999).

The size of the  barcod ing  gap  needed  for delineating  species relies g reatly  on 

the d is trib u tio n  of b o th  in traspecific and  interspecific sequence variation. If 

b o th  d is tribu tions overlap  then  the barcod ing  gap  w ill be lim ited  or even 

non-existent. O verlapp ing  d istribu tions are likely to occur m ore  often w here  

sam pling  covers w id e  geographical locations, and  is less likely w here
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in d iv iduals  are sam p led  w ith in  m ore  restric ted  sites (M eyer & Paulay, 2005; 

N ilsson  et. al., 2008). O ver a g rea ter geograph ic area m ore in traspecific 

varia tion  w ill be encoun tered  giv ing  rise to a w id e r d is tr ib u tio n  w h ich  is 

m ore likely to  overlap  w ith  in terspecific nucleo tide  varia tion . In  this s tu d y  

analysis restric ted  to local p o p u la tio n s  in  Scotland. It w ill p ro v id e  the best 

o p p o rtu n ity  for detecting  a bar coding  gap  if it exists.

Phylogenetic Analysis

H aving  ob ta ined  a collection of ITS and  A ctin sequences from  w ith in  

p o p u la tions of L. pinastri in  Scotland they  can be subject to phy logenetic  

analysis. As a first step  in d e term in ing  w h e th e r the varia tion  in  these 

sequences can be accounted  for by  a single variable taxon, o r m u ltip le  taxa, 

the s tru c tu re  of the trees can be analysed. Paraphy ly  o r po ly p h y ly  betw een  

varian ts of the pu ta tiv e  species w o u ld  suggest e ither incom plete  lineage 

sorting  o r rejection of the hypo thesis  th a t h igh  in traspecific varia tion  is d u e  

to overlum ping  of cryptic species (M eyer & Paulay, 2005; R osenberg  2003). 

H ow ever if the sym patric  pu ta tiv e  species form  concordant, fully 

m onophyletic  clades across d ifferen t loci than  it is likely th a t these belong  to 

rep roductively  iso la ted  un its  and  therefore rep resen t d istinc t species (Funk & 

O m land, 2003).

Phylogenetic analysis helps n o t only  in  defin ing taxa, b u t also p rov ides a 

chance to investigate the evo lu tionary  re la tionsh ip  betw een  taxa. In  the case 

of Lophodermium, a large n u m b er of ITS G enBank sequences are available for 

the genus from  closely re la ted  species (O rtiz-G arcia et al. 2003). O nce the taxa 

w ith in  L. pinastri have been  established, fu rther phylogenetic  analysis
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inc lud ing  new  an d  existing ITS sequences can be u sed  to eva lua te  the 

phy logenetic  re la tionsh ip s w ith in  the genus and  d e term in e  for this clade 

w h e th e r en d o p h y tes  have been  derived  from  parasites  o r vice-versa. This 

could  form  p a r t of a da ta  set, w hich  w o u ld  inc lude ad d itio n a l in fo rm ation  

from  m any  o ther phy logenetically  in d e p e n d e n t clades, to  d e te rm in e  w h eth er 

any  general conclusions ab o u t the evo lu tionary  re la tionsh ips be tw een  

en dophy tes an d  parasites  can be established.

Population Genetic Analysis

A n alternative ap p ro ach  to defin ing  cryptic species is to use  p o p u la tio n  

genetic analysis (Lee et al. 2007). This relies on the fact th a t in d iv id u a ls  of 

d ifferen t species shou ld  share considerab ly  few er alleles than  in d iv id u a ls  

w ith in  the sam e species. V ariation a t selectively n eu tra l m arkers d is trib u ted  

across the w ho le  genom e, for exam ple AFLP (A m plified F ragm en t L ength  

Polym orphism ) m arkers, can be scored to d e term ine  the  m ultilocus 

geno types of in d iv id u a l isolates. A m atrix  of genetic d istances am ong  isolates 

can then  be estab lished , and  this can be  u sed  in  m u ltivaria te  analysis to 

de term ine  w h e th e r isolates cluster in to  discrete  g ro u p s w ith  h igh  genetic 

sim ilarity. If the  g roups so defined  concur w ith  the conco rdan t clades 

detected  using  phy logenetic  analysis (above) then  this is pow erfu l 

confirm atory  ev idence th a t these rep resen t good  biological species.

1.3.2.4 Detection and Morphological Characterisation of Taxa

A fter the Lophodermium  species encoun tered  on P. sylvestris have been  

redefined  by  m olecu lar analyses it is im p o rtan t to  estab lish  w h e th e r there  are
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any m orpholog ical characters by  w h ich  these new ly  defined  species differ, 

and  learn  ab o u t the ir d is trib u tio n  in  n a tu ra l p opu la tion . The second p a r t of 

this thesis w ill u se  the  m olecu lar in fo rm ation  on  any  new ly  defined  taxa to 

design  ap p ro p ria te  species-specific p rim ers to iden tify  isolates from  several 

n a tu ra l p o p u la tio n s  accord ing  to the  species defined  previously . U sing  these 

results, re la tive species frequency  from  these p o p u la tio n s  w ill be in ferred .

A large collection of iso lates classified by  species w ill resu lt from  th is w ork. 

This w ill p ro v id e  the o p p o rtu n ity  to com pare  cu ltu re  characters, such  as 

g row th  rates, for each of the new ly  defined  taxa u sin g  a statistically  so u n d  

design. In this w ay  it m ay  be possib le to find  m orpholog ical characters in 

cu ltu re  w hich  could  be u sed  to  iden tify  the new ly  defined  taxa w ith o u t the 

need  to u n d ertak e  m olecu lar analysis. This w ou ld  also help  to confirm  th a t 

the taxa defined  by m olecu lar m e th o d s d iffer for characters th a t are likely to 

be ecologically im portan t.

1.3.3 Mating System and Population Genetics

A scom ycetes are h ap lo id  for m o st of their life cycle. Jones (1935) specu la ted  

th a t anastosm osis occurred  be tw een  conidia and  trichogynes from  observ ing  

the ir presence w ith in  pycnid ia. H ow ever he  d id  n o t ascertain  the  d irec t 

origins of ascogenous cells. M in ter (1977) investigated  the function  of conidia 

as sperm atia  w ith  n o  success. C onid ia  failed to germ inate  in vitro. A lth o u g h  

the m echanism  by  w h ich  these fungi have sex is unk n o w n , this stage in  the ir 

lifecycle is im portan t. Fusion  of e ither the sam e o r d ifferen t m a tin g  type
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thalli induces the  d ev e lo p m en t of ascogenous cells an d  karyogam y  (short 

d ip lo id  stage, refer to F igure 1.4) occurs. This is fo llow ed by  m eiosis w h ich  

re-establishes a h ap lo id  nucleus w h ich  is in co rp o ra ted  in to  the  ascospores 

(Jones, 1935).

The ability  for these Lophodermium species to  self is u n k n o w n  a lth o u g h  som e 

specu la tions have been  p roposed . The frequency  of the  parasitic  species L. 

seditiosum  is often  low  in  n a tu ra l popu la tions, com pared  w ith  the  p o p u la tio n  

size of the en dophy tic  species. W here there is a lack of m a ting  p a rtn e rs  one 

m igh t an tic ipate  th a t selfing th ro u g h  hom othallism  m ig h t evolve. T hus w e 

m igh t an tic ipate  hom othallism  in  L. seditiosum  b u t n o t in  the  en d o phy tes. O n 

the o ther h an d  cu ltu re  varia tion  has  been  observed  am ong  single spore  

isolates of L. conigenum  and  L. seditiosum  d e rived  from  single ascocarps. 

T herefore one could  specula te  th a t these tw o species are hetero thallic  (M inter 

& M illar 1980b). H ow ever all Lophodermium species m ay  n o t have  the sam e 

m ating  system . G iven the u n certa in ty  ind ica ted  above, one of the objects of 

this thesis w ill be to  de term ine the m ating  system s in  the Lophodermium  

species on Scots p ine  u sing  m olecu lar m ethods.

A sim ple w ay  of de te rm in in g  the m ating  system  in  ascom ycete fungi is to 

look for segregation  of genetic m arkers in  fam ilies derived  from  single 

ascocarps (Ennos & Swales, 1987; C zem bor & A rsen iuk , 2000). In  hom othallic  

species no  segregation  occurs, w hereas seg regation  occurs in  hetero thallic  

species for m arkers  th a t are po lym orph ic  in  the  po p u la tio n . Thus, 

segregation  of RAPD m arkers  in  L. nitens am ong  single spo re  isolates from
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in d iv id u a l ascocarps w as u sed  to  ind icate  hetero thallism  in  th a t m ore 

d istan tly  re la ted  species (D eckert et al., 2002).

P revious au tho rs  have en coun tered  difficulties in  ob ta in ing  single spore  

isolates of L. pinastri to s tu d y  m ating  system  in  this species (M inter & M illar, 

1980b; O sorio & S tephan, 1989). F u rther a ttem p ts to ob ta in  single ascospore 

isolates w ill be u n d e rta k en  in  this taxon, a long w ith  spore  iso la tion  of L. 

seditiosum  and  L. conigenum  to s tu d y  the ir m ating  system s using  a sim ilar 

m ethod  to th a t u sed  by D eckert et al. (2002).

Genetic Diversity. Population Structure and Gene Flow

Two m ajor processes are im p o rtan t in  d e term in ing  the am o u n t of genetic 

d iversity  for selectively n eu tra l alleles in  popu la tions. The first is m utation , 

w hich  increases diversity. The second im p o rtan t factor is ran d o m  genetic 

drift, w hich  is especially im p o rtan t in  sm all popu la tio n s  (W right, 1931). D rift 

leads to loss of genetic varia tion  from  popu la tions. It is particu la rly  

im p o rtan t w here  p o p u la tio n s  u n d erg o  bottlenecks (Nei et. al., 1975) d u e  to 

p o p u la tio n  fragm en ta tion  o r w h en  only  a few  m ig ran ts  form  a new  colony in 

a new  h ab ita t o r area v ia a fo u n d er even t (M ayr, 1954).

The effective p o p u la tio n  sizes of Lophodermium  taxa are expected  to d iffer 

because of their d ifferen t ecologies. In p articu la r the p a th o g en  L. seditiosum  is 

an tic ipa ted  to have a sm aller p o p u la tio n  size th an  the rem ain ing  

Lophodermium taxa on  Pinus sylvestris because the n u m b er of need les th a t it is 

able to  colonise is m uch  sm aller th an  those available to the endophy tic
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species. If the Lophodermium  species d iffer in  the ir p o p u la tio n  size, th is m ay 

be ev id en t in  the  am o u n t of genetic d iversity  th a t they  show, low er genetic  

d iversity  being  expected  in  L. seditiosum  th an  in  L. pinastri o r L. conigenum. 

This p red ic tio n  can be tested  using  the collections of iso lates th a t have  been  

iden tified  to species in  earlier w ork.

W hile ascospore release in  Lophodermium has been  w ell characterised  (M inter 

& C annon, 1984), it is n o t so easy to de term ine  how  far these spores can 

travel. L anier et. al. (1969) estim ated  th a t spores from  litter need les w o u ld  

travel no  fu rth e r th an  20 m  if a w in d  velocity  of 0.5 m /s is app lied . H ow ever 

su sp en d ed  need les w h ich  w ou ld  co rrespond  to trash  and  senescen t need les 

rem ain ing  a ttached  to the  tree w o u ld  be likely to d isp erse  spores g rea ter 

d istances because they  are subject to g reater air tu rbu lence. A s a consequence 

spores released  in  those tw o la tter hab ita ts  w o u ld  travel fu rth e r th a n  in  the 

litter w h en  subject to the  sam e w in d  velocity. We m ay  therefore expect 

differences in  the ability  of d ifferen t Lophodermium  taxa to d isperse  their 

spores d ep en d in g  on  w here  the ir fru iting  bod ies are located  a t the  tim e of 

spore release.

A spatia l s tu d y  of allele frequency  could  in form  u s  ab o u t the  capacity  of each 

species to  exchange genetic m ateria l be tw een  p o p u la tio n s  and  therefore 

allow  u s  to evaluate  the ir ability  to d isperse  spores. If spo re  d ispersa l and  

therefore gene flow  is lim ited  be tw een  popu la tions, w e expect th a t 

p o p u la tions w ill share  few er alleles and  becom e m ore  genetically  

differen tiated . P opu la tion  d ifferen tiation  has  p rev iously  been  u sed  to
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estim ate gene flow  an d  the  ability  for ascom ycete species to d isp erse  (Ennos 

and  Swales, 1991; Rousset, 1997). W ork of th is k ind  on  p o p u la tio n s  of L. 

piceae, an  en d o p h y te  an d  litter sap rophy te , do  n o t show  any  genetic 

d ifferentiation, im ply ing  th a t the ir effective p o p u la tio n  size is v ery  large 

an d /o r gene flow  is un restric ted  (M üller et al., 2007). It w ill be  im p o rta n t to 

de term ine w h e th e r the en d o p h y tes  on  P. sylvestris show  sim ilar pa tte rn s , and  

w h eth er this con trasts  w ith  the p arasite  L. seditiosum. The th ird  p a r t of this 

thesis w ill therefo re  utilise m ulti-locus bi-allelic m olecu lar m ark e rs  to 

investigate the m a ting  system s of the Lophodermium  species an d  the ir genetic 

s tru c tu re  am ong  native  p o p u la tio n s  of P. sylvestris.

1.4 Aim and Plan of the Thesis

The u ltim ate  aim  of this w ork  is to u n d e rs ta n d  be tte r the p o p u la tio n  bio logy 

and  ecology of re la ted  en d o p h y tes  an d  p a thogens of fo rest system s. In  o rd e r 

to achieve this, the taxonom y, ev o lu tionary  rela tionsh ips, m orpho log ical 

a ttribu tes, m a ting  system s and  p o p u la tio n  genetic s tru c tu re  of Lophodermium  

species associated w ith  P. sylvestris w ill be investigated . The areas of research  

to be ad d ressed  are ou tlined  below. This pro ject concentrates largely  on  local 

p o p u la tions of native Scots p ine  in  Scotland, w h ich  rep resen t an  iso la ted  

geographic ou tlie r a t the N o rth w este rn  edge of the  range  of P. sylvestris in  a 

clim ate th a t is u n u su a lly  oceanic for the  h o s t species (Salm ela et al. 2010). 

Thus the resu lts ob ta ined  m ay  no t be  d irectly  applicable to  the  Lophodermium  

taxa occupying  the w id er range  of Scots p ine  across con tinen ta l E urope.
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N evertheless the  pro ject w ill give valuable  in fo rm ation  w h ich  can be  b u ilt 

u p o n  b o th  w ith  reg ard  to the  find ings w h ich  concern  Lophodermium  in  

particu la r an d  to  the w id e r question  of this thesis. These co n sidera tions w ill 

be d iscussed  in  the  final chapter.

1. Taxonom y

The taxonom y of these species, in  p articu la r th a t of L. pinastri, n eed s to be re­

investigated  u sin g  a com bination  of m olecu lar m e th o d s inc lud ing : m olecu la r 

barcoding , m u ltig en e  genealogy and  p o p u la tio n  genetics. If m ore  th a n  the 

curren tly  recognised  n u m b e r of species are p resen t, the ir phy logenetic  

re la tionsh ip  w ill be  investigated .

2. Characterisation and Distribution of C ryptic Species

In the even t th a t cryptic species are recognised  based  on m olecu la r evidence, 

rap id  and  specific tools w ill be designed  to id en tify  them . A n a tte m p t w ill 

then  be m ad e  to estab lish  m ean ingfu l m orpholog ical d ifferences am ong  the 

taxa, and  de term ine  the ir d is trib u tio n  in  n a tu ra l p o p u la tions.

3. Population Genetics

H aving  estab lished  a refined  taxonom y, d ifferences be tw een  these  species in 

term s of b reed in g  system s, genetic diversity, an d  the ex ten t of genetic 

d ifferentiation  am ong  p o p u la tio n s  w ill be investigated .
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Chapter 2: Molecular Detection of Cryptic 
Species Within Endophytic 

Lophodermium

2.1 Introduction

The fungal k ingdom  is characterised  as h ighly  diverse com prising an 

estim ated  1.5 m illion species. This estim ate has been derived from  

know ledge of p lan t d iversity  based  on the assum ptions tha t m ost fungi are 

associated w ith  p lants, and  tha t on average each p lan t species is associated 

w ith  six fungal species (H aw ksw orth , 1991). Associations w ith  p lan ts include 

various k inds of sym bioses (m ycorrhizae, lichen form ing and  endophytic) 

together w ith  saprophytic  and  parasitic associations. The m ajority of research 

effort has been focussed on m ycorrhizal and  parasitic  fungi because of their 

econom ic im portance for p lan t grow th  and  health . M ore recently  

endophytes have attracted  the atten tion  of scientists. M any definitions of an 

endophy te  have been  proposed  because in teractions w ith  host species vary
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from  p lan t m u tu a lis t to la ten t pathogen  (Carroll, 1988; Shulz and  Boyle, 2005; 

W ilson, 1995). The defin ition  m ost appropria te  for this cu rren t study  is from  

W ilson (1995); "o rgan ism s w hich  live w ith in  the tissue of their host w ithou t 

causing them  h arm  for a t least p a rt of their life cycle". This im plies som e 

m utualistic  re la tionsh ip  w ith  the host b u t does no t exclude la ten t pathogens.

D ue to the w ide  d iversity  of interactions tha t occur betw een hosts and  

endophytes, it is help fu l to develop a classification of endophy tes based  on 

fungal taxonom y, h ost taxonom y, type of tissue infected and  ability to 

colonise the h ost systemically. R odriguez et al. (2009) d istingu ished  four 

classes of endophytes:

Class I endophy tes are restric ted  to grass hosts and  are know n to p ro tect 

p lan ts from  herbivores. They are taxonom ically d istinct from  other 

endophy tes and  are vertically  transm itted  w hereas all o ther classes of 

endophy tes are p rim arily  horizontally  transm itted .

Class II endophy tes system ically  infect a variety  of host tissues and  have 

been show n to confer p ro tec tion  against stress. They have a w ide taxonom ic 

range and  include rela ted  pathogens such as Colletotrichum and  Fusarium.

Class III endophy tes infect aerial tissues non-system ically un til the tim e 

w hen  the h ost tissue na tu ra lly  senesce (yearly shedd ing  of leaves and  bark  

form ation  on  the stem).

Class IV endophy tes correspond  to the root infecting D ark Septate
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E ndophytes (DSE). They system ically infect healthy  roots and  are d istinct 

from  m ycorrh izal fungi since they do no t p roduce m ycorrhiza. H ow ever 

they are th o u g h t to help  their hosts in challenging environm ents.

This s tu d y  focuses on class 3 foliar endophytes. The fungi involved are 

usually  ascom ycetes from  a w ide taxonom ic spectrum  (H iggins et al., 2007). 

Class 3 foliar endophy tes are often genetically closely related  to fungal 

pathogens and  are poten tially  com peting w ith  them  (A rnold, 2007; A rnold  et 

al., 2009; M inter, 1981). The distinction betw een endophy tes and  parasites is 

often n o t clear cut. Indeed, in som e instances an endophytic  species m ay 

becom e pathogen ic w hen  its host becom es stressed (D esprez-Loustau et al., 

2006; Slippers & W ingfield, 2007; Stanosz et al., 2001).

The ecological role of class 3 endophytes is still unclear (A rnold et al.,2003). It 

has been  suggested  by  M inter (1981) tha t in  situations w here endophytes and  

closely rela ted  pathogens infect the sam e aerial tissue, the endophytes 

p ro tec t the ir hosts from  pathogen  invasion. For exam ple, there is som e 

evidence th a t the h igh ly  diverse endophy tes w ith in  the leaves of Theobroma 

cacao p ro tec t against infection by the un re la ted  pathogen, Phytophthora sp. 

(A rnold et al.,2003).

S tudying  fungal endophytes can be challenging since m any  taxa rem ain  

undescribed , m aking  identification of this flora dem anding . Even w ith  the 

recent increase in  know ledge of their diversity, it rem ains difficult to identify  

the range of endophy tic  fungal species represen ted  w ith in  host leaves, and
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their relative abundance. Ecological surveys have generally  relied upon  

analyses of cu ltu ra l m orpho types to define species (A rnold et a l, 2001). This 

restricts s tu d y  to those species th a t grow  in axenic culture. M oreover, 

difficulties can arise w h en  differences in culture m orphology do no t 

correspond to the degree of genetic divergence tha t occurs am ong 

ind iv iduals (A rnold  et al., 2007).

Some fungal species can show  h igh  m orphological variability  in  culture. For 

instance, M inter and  M iller (1981) derived  colonies of tw o d istinct 

m orphological types from  spores taken from  a single fru iting  body  of 

Lophodermium. Thus identification of taxa based on colony m orphology  can 

be m isleading. O n the o ther hand , since lineage divergence can occur w ith  

little change in  m orphology, especially fru iting body  m orphology, it is no t 

u n u su a l to com e across w h a t is know n as cryptic species (Taylor et al., 2000). 

These species rep resen t d ifferent genetic lineages b u t have so few 

m orphological characters w ith  w hich  to d ifferentiate them  th a t they are 

h id d en  w ith in  a species com plex.

M olecular tools have successfully been used  to detect cryptic fungal species 

w hich  show  differences in cu ltu re  m orpho type (Guo, 2010; Taylor et al.,

2000). A good starting  p o in t for recognising cryptic species is to ad o p t a D N A  

barcoding  approach . D N A  barcod ing  involves sequencing a un iversal target 

locus and  com paring  sequences to know n reference sequences p rev iously  

lodged in  databases such as G enbank. Ind iv iduals of the sam e species should  

have low  nucleo tide varia tion  in  the o rder of 1.96% sd 3.73 in  the case of the
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w idely  u sed  ITS of Ascom ycete fungi (N ilsson et ah, 2008). Ideally  w hen  

com paring  ind iv iduals  of different species, nucleo tide variation should  be 

m uch higher, allow ing for a gap betw een intraspecific and  interspecific 

varia tion  k now n  as a "barcoding  gap". The com m only used  barcoding  

m arker for fungi is the ITS region w hich  is su rro u n d in g  the 18s ribosom al 

DNA, a lth o u g h  it is still being debated  w hether it really should  be the 

s tan d ard  choice (N ilsson et al., 2008; Seifert, 2009). ITS w as first used  by 

m ycologists because of its ease of am plification since it has m ultip le  copies. 

D atabases such as G enbank contain an  extensive record of ITS sequences 

from  fungal taxa w hich  m akes ITS a p rim ary  cand idate  for barcoding  

(Seifert, 2009). In recent environm ental studies, such as the estim ation  of 

endophy te  species richness, the conservative estim ate of 5% nucleotide 

varia tion  w as u sed  as a th resho ld  to define M OTUs. This value w as overall 

coherent w ith  m orphology  and  congruen t w ith  phylogenies (A rnold et al., 

2007; H iggins et al., 2007). M ore than  5 % nucleotide variation  betw een the 

u n k n o w n  isolate and  the closest database reference m igh t suggest tha t this 

species has no t yet been deposited  in the database. The reliability of this 

analysis d ep en d s  on the richness of the database for a given taxa a t a 

particu la r locus as w ell as the correct identification or isolation of the 

ind iv idual w ith  w hich  it is being com pared  (Seifert, 2009). It is also 

com prom ised  because h igh  intraspecific variation  can exist w ith in  a species 

d ue  to poo r lineage sorting in  recently diverge species, and  this m ay be 

in terp re ted  as a signal of the presence of cryptic species. Poor sam pling  of the 

reference taxon could also underestim ate  the an ticipated  variation  w ith in
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ind iv iduals of the sam e species (M eyer & Paulay, 2005). U sing a m ultilocus 

barcod ing  approach  w ou ld  help  to alleviate som e of these problem s.

Species delim itation  based  solely on sequence sim ilarity a t a target locus is 

usefu l for gu idance and  for com m unity  ecological studies. H ow ever, genetic 

stud ies w hich  aim  to com pare the evolutionary  and  ecological genetics of 

particu lar endophy tes and  pathogens requ ire  m ore precise species 

delim itation. If cryptic species are no t recognised, there is a risk of 

overestim ating  genetic d iversity  w ith in  taxa, and of m isin terp re ting  genetic 

divergence as d ue  to of lack of gene flow  w ith in  a species w hen  this is in  fact 

due to incom patib ility  of m ating  betw een biological b u t cryptic species. If a 

species com plex is suspected , fu rther investigation using  phylogenetic and 

popu la tion  genetic approaches is necessary (D ohan & Rizzo, 2005; Pavlic et 

al., Sam uel et al., 2006 ; 2009; K auserud  et al., 2006; Saleh & Leslie, 2004).

W hile concordance betw een  m ultilocus barcod ing  m ay help  w ith  

determ in ing  the cause of the variation  a better u n d ers tan d in g  w ou ld  be 

aided  by  the use  of phylogenetic inference w hich  involves sequencing of 

m ultip le  genes from  a range of variants from  the species investigated . 

Ind iv iduals falling w ith in  the sam e m onophyletic clade a t each un linked  

locus are then  taken  to belong to the sam e species (Taylor, 2000). This 

approach  has been term ed  G enealogical C oncordance Phylogenetic Species 

Recognition (GCPSR). If p a raphy ly  or po lyphyly  occur, it w ou ld  either 

suggest th a t the species have only recently  diverged  or tha t the intraspecific 

variation  th a t is assum ed is underestim ated  and  should  be revised (M eyer &
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Paulay, 2005; R osenberg 2003).

The po p u la tio n  genetics approach  to recognition of cryptic species m akes use 

of the fact tha t d ifferent species should  share few er selectively neu tra l alleles 

than  ind iv iduals  from  the sam e species. If a genom e-w ide sam ple of allele 

frequencies can be surveyed by techniques such as AFLP (A m plified 

F ragm ent L ength  Polym orphism ) analysis, then  groups of ind iv iduals 

sharing  genetic m arkers can be recognised. Results of this type of analysis 

can be v isualised  on principal coordinate p lots w here ind iv iduals of the sam e 

species shou ld  cluster independen tly  from  ind iv iduals of different species. 

U nlike phylogenetic  analysis, this phenetic approach  does no t p rov ide 

inform ation  on the evolu tionary  h istory  of a species b u t nonetheless can 

successfully be u sed  to describe d istinct genetic entities.

The p rob lem  of delim iting  cryptic species is one w hich  is of great practical 

im portance in  the genus Lophodermium, w here  a range of closely related 

species inhab it the needles of Scots pine, Pinus sylvestris. O ne of these species, 

L. seditiosum, is a pa thogen  causing a serious needle cast disease of seedlings 

(D iw ani and  M illar, 1987; N icholls and  Skilling, 1974). Two endophytes have 

also been  recognised on Scots p ine needles; L. conigenum, w hich  fru its on 

needles th a t have been  prem atu rely  killed, and  L. pinastri, w hich  fruits on 

n a tu ra lly  senesced needles. If the in teractions am ong these species w ith in  the 

p ine need le  can be  determ ined , there is the poten tial to m ake use of the 

endophy tes for biological control of the pathogen. H ow ever a m ajor 

lim itation  to realising this poten tial is uncerta in ty  over species delim itation

Molecular Taxonomy and Population Genetic of Lophodermium on P/nus sylvestris in Scotland
Chapter 2:

49



in the endophytes.

Recent stud ies of Lophodermium Chevall. indicate tha t L. pinastri m ay be a 

species com plex (Johnston et a l, 2003; O rtiz-G arcia et ah, 2003). A PCR-RFLP 

(Polym erase C hain  R eaction-Restriction F ragm ent Length Polym orphism ) 

assay of ITS designed  to d istingu ish  betw een species of Lophodermium 

resu lted  in  tw o ban d in g  p a tte rn s for isolates of L. pinastri as opposed  to one 

each for L. seditiosum and  L. conigenum (Johnston et al., 2003). In addition , ITS 

sequence analysis of Lophodermium from  pines found  only 94.4% sim ilarity  

am ong L. pinastri isolates (O rtiz-G arcia et al., 2003). This is com parable to 

interspecific levels of sequence sim ilarity  found elsew here in the genus. It is 

therefore im p o rtan t to determ ine how  m any  endophytic  Lophodermium 

species are associated w ith  P. sylvestris in the native p ine forests of Scotland 

before em barking  on stud ies of in teractions betw een these species and  the 

possible u tility  of endophy tes in  biological control.

The objectives of this s tu d y  are, firstly, to determ ine the n um ber of 

Lophodermium taxa associated w ith  needles of P. sylvestris sam pled  from  a 

native p ine forest. The second objective is to investigate the phylogenetic 

relationships am ong the species and  to place this w ith in  the context of a w ide 

range of Lophodermium isolates from  other hosts and  geographical locations. 

The final objective is to investigate the evolu tionary  relationships betw een 

pa thogen  and  endophy te  species. In particular, w e are in terested  in 

determ in ing  w hether there is evidence tha t the pa thogen  has been derived  

from  the endophytic  species. A com bination of m ulti-gene genealogy and
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popu la tion  genetic approaches w ill be used  to answ er these points.

N eedle sam ples have been  collected from  litter and from  broken  branches in 

tw o native P. sylvestris popu la tions in Scotland. The fungi isolated from  these 

needles have been  classified on the basis of fru iting body  and  colony 

m orpho logy  using  the descrip tions by  M inter et al. (1978). Bayesian 

phylogenetic analyses of ITS and  A ctin gene sequences as w ell as popu la tion  

genetic analysis of AFLP po lym orph ism  have been used  to delim it the 

cryptic species w ith in  Lophodermium on P. sylvestris w ith in  Scotland. D atabase 

sequences from  w orldw ide  collections have then  been ad d ed  and  fu rther 

phylogenetic analysis has been u n d ertaken  to establish the evolutionary 

rela tionsh ips of taxa from  Scotland w ith  related taxa w orldw ide.
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2.2 Material and Methods

2.2.1 Fungal Isolates

Lophodermium ind iv iduals  w ere isolated in the lab from  needles collected in 

the sp ring  of 2005 from  tw o native p ine forests in Scotland; G len Affric (NH 

278 278) and  A m at (N H  467 894) (Figure 2.1). A t Glen Affric, a total of 18 

isolates w ere obtained. These included 12 isolates of L. pinastri ob tained  from  

litter needles, as w ell as three isolates of L. seditiosum and  three of L. 

conigenum w h ich  w ere obta ined  from  needles on broken branches (Table 2.1). 

A t A m at, tw o isolates of L. pinastri w ere obtained from  litter needles (Table 

2.1). Collections w ere m ade using  labelled single use p ap er bags u n d e r 20 

Scots p ine a t least 50m apart. N eedles w ere laid to d ry  at room  tem peratu re  

and  placed back in their p ap e r bag w here  they w ere kep t at room  

tem pera tu re  in  the lab un til being isolated. A lthough isolations w ere m ade 

from  needles bearing  or n o t fully m a tu re  ascocarps, visual recognition of the 

d ifferent species w as m ade p rim arily  by the use of literature  and  by 

observing specim ens at the Royal Botanical G arden E dinburgh. N eedles w ere 

surface sterilized in  1.5% sod ium  hypochloride for 5 m inutes then  cut into 2- 

10mm sections rem oving  the first 2 m m  from  the edge of the needle u n d e r 

aseptic conditions. Two need le  sections per p late w ere placed onto  Petri 

d ishes containing 2% M alt Extract A gar (MEA) (Sigm a-Aldrich C om pany 

Ltd., G illigham , UK). The p lates w ere incubated  for four w eeks at room  

tem peratu re. Ind iv iduals of Lophodermium w ere selected on the basis of 

m orphology  and  transferred  onto fresh 2% MEA.
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material o f Lophodermium isolates.
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2.2.2 DNA preparation, PCR and sequencing

5m m  x 5m m  squares of agar w ith  active m ycelium  w ere cu t from  agar p lates 

and  transferred  to 50 m l flasks containing 20ml 2% m alt extract b ro th  and  

cultures w ere g row n  at room  tem peratu re  for four w eeks. A pproxim ately  

200mg of m ycelia w ere d ried  on pap er tow els and  g round  in  liquid  n itrogen  

using  a clean m ortar and  pestle. D N A  w as extracted using the P lant 

D N A easy k it (QIAGEN G m bH , H ilden, G erm any) follow ing the protocol 

p ro v id ed  by  the m anufacturer. The sam e isolates w ere used  for all 

subsequen t genetic analyses (Table 2.1).

U nless o therw ise stated, all PCR reactions w ere carried o u t in a G eneA m p 

PCR system  9700 (A pplied Biosystem s, Foster city, USA). Left over prim ers 

w ere d igested  by  add ing  of 2 pi of ExoSAP-IT® (Cleveland, USA) to 5 p i of the 

am plified  p roduct. Sequencing reactions w ere set u p  for bo th  strands w ith  

2pl of clean p ro d u c t using  BigDye® Term inator v3.1 Cycle Sequencing Kit 

(A pplied Biosystem s, Foster city, USA) follow ing the protocol prov ided . 

Sequencing w as done on an ABI3730 capillary sequencer at The G ene Pool, 

School of Biological Sciences, U niversity  of Edinburgh.

2.2.2.1 Amplification of a partial fragment of the ACTIN  gene.

The partia l ACTIN locus w as chosen for sequencing because it contains 

in trons w hich  are usefu l for detecting intraspecific and  interspecific variation 

w hen  establishing genetic relationships betw een  closely related  taxa. It also
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contains very  conserved exons w hich  are likely to be variable only at 

synonym ous codon sites. D N A  of the partia l ACTIN gene w as am plified  

u sing  ACT-512F and  ACT-783R prim ers (Carbone and  K ohn 1999) (Table2.2). 

The PCR reaction  w as p rep ared  in  a total volum e of 25pi contain ing 0.65U of 

BioTaq™ D N A  Polym erase (Bioline L tdv London, UK), lx  N H 4 reaction 

buffer, 2m M  M gCU  200uM  of each dN TPs (Roche d iagnostic Ltd., Burgess 

Hill, UK) and  0.4 pM  of each prim ers. A n initial dénatu ra tion  at 95°C for 

8m in w as follow ed by 35 cycles at 95°C for 15s, 55°C for 20s, 72°C for 60s and 

a final extension a t 72°C for 5 min.
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Table 2.2: List o f primers used fo r sequencing and AFLP. 6FAM, VIC, NED and PET 
refers to  colours o f labelled primers

Primer name Primer sequence author
A C T -5 12 F S' AT G 1G C A A G G C C G G 1 1IC G C  3' C a rb o n e  a n d  K ohn 1999

ACT-7 8 3 R 5' TAC G AG TC C TTC TG G C C C A T 3' C a rb o n e  a n d  Kohn 1999

ITS1F 5' C TTG G T C A T TT A G A G G A A G T A A  3’ G ardes a nd  B urn s, 1993

ITS4 A 5' C G C CG TTAC TG G G G C AATC CC TG  3 Larena e t a l .  1999

E co R I-A 5' G A C TG C G TA C C A A TTC A  3' V os  e t a l .  1995

M s e l-C 5' G ATG A G TC C TG AG TAA C  3’ V os  e t a l .  1995

B -E co R I-A A C 5' 6 FA M -G A C TG C G TA C C A A TTC A A C  3' V os  et a l. 1995

G -E c o R I-A A C 5 ’ V IC -G A C T G C G TA C C A A TT C A A C  3 1 Vos e t a l .  1995

Y -E c o R I-A A C 5' N E D -G A C TG C G TA C C A A TTC AA C  3 V os et a l. 1995

R -E co R I-A A C 5' P E T -G A C TG C G TAC C AA TTC A AC  3 V os et a l. 1995

M se l-C C 5' G A T GA G TC C TG A G TA A C C  3' V os e t a l .  1995

M s e l-C G S' G A T G A G TC C TG AG TA AC G  3' V os e t a l .  1995

M s e l-C T 5' G A TG A G TC C TG A G TA A C T  3' V os  e t a l .  1995

M s e l-C A A 5' G A T G A G TC C TG A G T A A C A A  3' V os  e t a l .  1995

M se l-C A G 5' G A T G A G TC C TG A G TA A C A G  3' V os  e t a l .  1995

M se l-C C G 5' G ATG A G TC C TG AG TAA C C G  3' Vos e t a l .  1995

M s e l-C T A 5' G A TG A G TC C TG A G TA A C TA  3' Vos e t a l .  1995

M s e l-C A G A 5' G A T G A G TC C TG A G TA A C A G A  3' Vos e t a l .  1995
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2.2.2.2 Amplification of Internal Transcribed Spacer (ITS) of the 
Ribosomal DNA

Like the partia l ACTIN locus, the R ibosom al D NA  locus contains highly 

variable ITS1 and  ITS2 regions and  m ore conserved regions coding for the 

5.8S su b u n it w hich  can be used  to resolve genetic differences betw een closely 

rela ted  species (Figure 2.2). The ITS region w as am plified using  the universal 

p rim ers ITS1F and  ITS4A (G ardes and  Bum s, 1993 & Larena et al. 1999)

(Table 2.2). The PCR reaction w as p rep ared  in  a total volum e of 25pl as 

described for the partia l ACTIN gene except th a t 2.5mM M gCU  160pM  of 

each dN TPs and  0.2pM  of each p rim er w ere used. A n initial denatu ra tion  at 

94°C for 4m in w as follow ed by 32 cycles at 94°C for 40s, 55°C for 40s, 72°C 

for 60s and  a final extension at 72°C for 10 min.

Figure 2.2: Location o f universal primers am plify ing the ribosomal DNA 5.8S subunit 
and interna l transcribe spacers ITS1 and ITS2 o f fungi (Larena et al. 1999).
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NS4 ITS2 ITS4 ITS4B

ITS4A

2.2.2.3 AFLP

AFLP (A m plified F ragm ent Length Polym orphism ) m arkers w ere obtained 

as described by Vos et al. (1995). A pproxim ately  0.5pg of genom ic D N A  w as 

d igested  w ith  5 U  of EcoRI and  M sel enzym es (Prom ega, Fitchburg, USA) in 

NEB buffer 2 (N ew  England BioLabs®inc, Ipsw ich, UK) and  0.5pg of BSA for 

4H  at 37°C. D igested genom ic D N A  w as ligated to the EcoRI and  Msel 

adap ters  using  NEB T4 ligase (N ew  England BioLabs®mc, Ipswich, UK) and
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lx  of NEB ligase buffer a t 4°C for tw o days.

EcoRI-adapter:

5-CTCGTAGACTGCGTACC

CATCTGACGCATGGTTAA-5

M sel-adapter:

5-G ACGATGAGTCCTGAG

T ACT CAGGACTCAT- 5

For the first PCR step, fragments from the digest were am plified w ith  the 

selective p rim ers EcoRI-A and  Msel-C w hich com prise the ad ap te r sequences 

p lus one base (Table 2.2).

The PCR reaction w as p rep ared  in  a total volum e of 13 pi, containing 0.5U of 

BioTaq™ D N A  Polym erase, lx  N H 4 reaction buffer, 1.92mM M gCl2, 200pM  of 

each dN TPs and  0.3pM  of each prim er. A n initial dénatu ra tion  at 94°C for 2 

m in  w as follow ed by  20 cycles a t 94°C for 30s, 56°C for 60 s, 72°C for 60s and  

a final extension a t 72°C for 2 min.

A second selective PCR am plification step w as carried ou t using  prim ers 

com prising EcoRI-A and  Msel-C to w hich h ad  been ad d ed  one, tw o o r three 

m ore selective bases (Table 2.2) and  2pl of a 10 x d ilu tion  of the first step 

am plification p roduct. The eight M sel-C  p rim ers w ere chosen from  100 tested 

p rim er com binations on the basis of peak  quality  and  ease of scoring. O ne 

EcoRI p rim er w as u sed  (Table 2.2) w hich w as labelled w ith  a un ique 

fluorescent dye for detection using  the capillary sequencing ABI3730 system .
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The PCR reaction  w as p rep ared  in  a total vo lum e of 10pi, contain ing 0.5U of 

BioTaq™ D N A  Polym erase, lx  N H 4 reaction buffer, 1.5mM MgCL, 200uM  of 

each dN TPs and  0.5pM  of each base selective prim er. A m plification w as 

carried o u t u sin g  the MJ R esearch D yad (Bio-Rad Life Science, H em el- 

H em pstead , UK) w ith  initial d énatu ra tion  a t 94°C for 2 m in  follow ed by  10 

cycles a t 94°C for 20s, 66°C for 30 s decreased by 1°C for every cycle, 72°C for 

2 m in, p lus 20 cycles a t 94°C for 20 s, 56°C for 30 s and  72°C for 2min. Bands 

w ere detected  using  the ABI3730 capillary sequencer.

2.2.3 Sequence analyses of the ACTIN and ITS loci

Sequences w ere  trim m ed  and  checked for errors using  Sequencher® 4.5 

(G eneCodes C orporation , A m i A rbor, USA). N ucleotide pa ir w ise 

com parison  and  search for close nucleotide sequence m atches w as carried 

o u t u sing  NCBI Blastn h ttp ://w w w .ncbi.n lm .nih .gov/b last/ (A ltschul et a l, 

1997). The la tter w as based  on the ITS region w hich  w ere the m ost sim ilar to 

the queried  sequence. The param eters used  for the search w ere 10% 

thresho ld  of statistical significance; rew ard  and  penalty  for m atch  and  

m ism atch  w as based  on a ratio  of 0.5 (1,-2); the gap  cost w as set to 5,2. The 

choice of sequences to be used  for la ter analysis w as based  on  a t least 95% 

nucleo tide iden tity  w ith  the query  and  coverage of the o rder of 98% or m ore. 

Sequences w ere aligned using  ClustalX2 (Thom pson et al. 1997, L arkin  et al. 

2007) and  m anually  ad justed  in  BioEdit 7.0.5.3 (Hall, 1999). In C lustal, 

sequences w ere first aligned in  a pair-w ise m anner using  slow /accurate 

param eters (gap opening: 15; gap extend: 6.66). Sequences w ere then
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grouped  by sim ilarity  in  o rd er to p roduce the final m ultip le  alignm ent. 

U nless o therw ise sta ted  the D othideom ycetes Phaeoisariopsis griseola 

DQ289895 w as chosen as an  ou tgroup . The reason  for this choice w as based  

on  the A CTIN sequence w hich  included  the sam e in trons and  exons as 

isolates in  this study. In o rd e r to allow  the application  of d ifferen t 

evo lu tionary  m odels on p arts  of the sequences w hich  have d ifferent level of 

variation, sequences w ere partitioned . The choice of the m odel of evolution 

for each partition  w as based  on the application  of the m ost com plex m odel in 

a p re lim inary  run . The substitu tion  rate m odel (GTR +T+1) w as a general 

tim e reversible (GTR) m odel w ith  six different substitu tion  rates w ith  gam m a 

d istribu ted  substitu tion  rates (T) and  p ropo rtion  of invariable sites (I). A fter 

ru nn ing  the com plex m odel the  o u tp u t w as exam ined in  Tracer v l.4  (MCMC 

Trace A nalysis Tool Version vl.5.0, 2003-2009, R am baut and  D rum m ond, 

h ttp ://beast.b io .ed.ac.ukA . If the param eters w ere n o t appropria te ly  

d is tribu ted  appropriately , the  m odel w as sim plified. B um -in tim e w as 

determ ined  by observ ing  the n um ber of generations requ ired  for stability  of 

the log likelihood values in  Tracer. Convergence w as determ ined  w hen  the 

average s tan d ard  dev iation  of splits frequencies w as less than  0.01. W here 

necessary, sam pling  of the trees w as carried ou t every 10 generations in  o rder 

to resolve the p aram eter estim ation.

2.2.3.1 ACTIN

In trons w ere located after transla tion  of the nucleo tide sequences of the 

partia l ACTIN gene in to  am ino-acid sequences using  the in terne t application
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V irtual R ibosom e http ://w w w .cbs.d tu .dk/serv ices/V irtualR ibosom e/ 

(W ernersson 2006). The p ro te in  sequences w ere aligned and  the nucleo tide 

sequences realigned  according to the p ro te in  alignm ent. The a lignm ent w as 

partitioned  in to  1 in tron  and  3 exons to allow  analysis of the p rio r 

param eters  in p u t for the Bayesian phylogenetic analysis.

The m odel u sed  for the phylogenetic analysis w as a nucleotide substitu tion  

(4 by  4) w ith  the p rio r param eters  of substitu tion  GTR (G eneral Time 

Reversible) + T + 1. The analysis w as perform ed in  M r Bayes 3.1.2 

(H uelsenbeck and  R onquist 2001). The GTR m odel expects th a t all 6 

substitu tions have d ifferent rates. The p aram eter T m eans tha t the variation 

rate  follow s a gam m a d istribu tion . If this is true  the m ean T over all the 

sam pled  trees shou ld  be below  1. The p aram eter I stands for the p ropo rtion  

of invariable sites. We shou ld  expect it to be close to 0 in an  in tron  and  closer 

to 1 w h en  it is in  a conserved reg ion  such as an  exon or ribosom al coding 

sequence. Four M arkov C hain  M onte Carlo (MCMC) chains w ere set to ru n  

for 2000000 generations. Trees w ere sam pled  every 10 generations. The 

tem p era tu re  of the chain w as set a t 0.01. The first 250 trees w ere rem oved 

from  the analysis by setting  the bum -in . Param eters w ere analysed using  the 

P o u tp u t files from  2 sim ultaneous runs of the Bayesian analysis in  Tracer.

2.2.3.2 Internal Transcribed Spacer (ITS) of Ribosomal DNA

Since the ribosom al D N A  sequences com prised hypervariab le  regions a t the 

ITS and  conserved regions a t the 18S, 5.8S and  28S subunits, data  w ere
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p artitioned  in  tw o (hypervariab le and  conserved regions). This allow ed the 

application  of d ifferen t evo lu tionary  m odels for each partition . Identification 

of hypervariab le  regions w as aided  by  the in ternet app lication  G-Blocks 0.9b 

http://m olevol.cm im a.csic.es/castresana/G blocks server.htm l (C astresana 

2000, Talavera and  C astresana 2007). Regions com prising 10 bases or m ore 

w ere considered  to  be conserved w h en  m ore than  half of the sequences w ere 

identical. R egions w ere  considered  hypervariab le  w hen  no  m ore than  18% of 

the sequences w ere identical. Som e m anual ad justm ents w ere m ade  to g roup  

som e conserved partitions together.

The phylogenetic analysis w as carried ou t using  the sam e m odel as described 

for the ACTIN gene, except tha t the fou r M CM C chains w ere first set to ru n  

for 1000000 generations w ith  sam pling  every 1000 generations then  increased 

to 2000000 sam pling  every 10 generations in  o rd er to resolve the p aram eter 

estim ation.

2.2.3.3 Combined ACTIN  ITS phylogenetic analysis

The com bined analysis of the ACTIN and  ITS loci w as carried  o u t using  the 

sam e m odel as described  for each in d ep en d en t analysis except th a t the four 

M CM C chains w ere first set to ru n  for 1000000 generations then  increased  5 

times, sam pling  trees every 1000 generations increased lOx by  sam pling  

every 100 generations in  o rder to  resolve the p aram eter estim ation.
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2.2.3.4 Inclusion of Lophodermium sequences from Genbank

The D oth ideom ycetes Cenococcum geophilum  (AM084698) w as chosen as an 

ou tg roup  for this analysis. Lophodermium ITS sequences obta ined  from  

G enbank w ere ad d ed  to the ITS a lignm ent in o rder to obtain  m ore 

inform ation  ab o u t the w id e r phylogenetic relationship  of Lophodermium 

species. The sam ple com prised  one ind iv idual p e r taxon, pe r h ost and  per 

location available in the database G enbank. The phylogenetic analysis w as 

carried o u t as described  for the ITS alignm ent except tha t the fou r M CM C 

chains w ere set to ru n  for 5000000 generations and  trees w ere sam pled  every 

1000 generations in  a first analysis an d  increased lOx by  sam pling  every 100 

generations in a second analysis in  o rd er to resolve the p aram eter estim ation.

2.2.4 AFLP analysis

ABI o u tp u t files w ere analysed  in G eneM apper v3.7. Peaks w ere scored for 

presence or absence a t each locus of size "x". A distance m atrix  betw een  

ind iv iduals w as calculated  from  these da ta  using  the Jaccard coefficient. The 

m atrix  of genetic d istances w as used  in  principal coordinate analysis (PCO) 

em ploying the p rog ram m e PAST v l.70  (H am m er et al., 2001) to v isualise the 

genetic rela tionsh ips am ong the isolates.
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2.3 Results

2.3.1 Analysis of the ACTIN sequences

The A CTIN nucleo tide  sequences ranged  in size from  267 to 280 bp. N o size 

varia tion  w as observed  betw een the sequences of L. conigenum and  L. 

seditiosum, w h ich  w ere all 276bp in  length. The sequences of L. pinastri varied  

from  267-280 bp. All ACTIN sequences included  3 exons separated  by  2 

introns. The to tal nu m b er of variable sites w as 101 of w hich  97 w ere 

parsim ony  inform ative. L. seditiosum and  L. conigenum  differed by abou t 10% 

(90% nucleo tide sim ilarity) w hereas they bo th  differed from  L. pinastri by  

approxim ately  20% (80% sim ilarity). Isolates w ith in  species L. seditiosum and  

L. conigenum  w ere very sim ilar a t this locus w ith  sim ilarity  values no  less 

than  99%. H ow ever isolates w ith in  L. pinastri species varied  from  83% to 

100% nucleo tide sim ilarity  (Table 2.3). N ucleotide varia tion  m ostly  occurred 

w ith in  in trons and  a t synonym ous sites w hich  code for the sam e am ino acid 

(Figure 2.3).
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Figure 2.3: ACTIN alignment of Lophodermium  isolates from litte r and broken 
branches o f the native forest o f Glen Affric (Scotland). Dark shade represent bases 
which are identical between isolates and lighter shades represent bases which are 
different between isolates. Box shade was compiled using Geneious 5.0 2 
(Drummond et al 2007)
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The transla ted  p ep tid e  sequence was: 

CK AG FAG D D APR AVFR S IVG R PR H H G IM IG M G Q K D S

This p ep tid e  sequence d id  n o t vary  am ong isolates of the different 

Lophodermium species.

2.3.2 Analysis of the ITS sequences

For L. conigenum, the ITS sequences ranged  from  475bp to 477bp and  for L. 

seditiosum they  ranged  from  452 to 494 bp. The L. pinastri sequences ranged  

from  431 to 505 b p  w ith  no consistent difference in size am ong  the lineages I, 

II and  III as recognised  by phylogenetic analysis (Figure 2.5). The total 

num ber of variable sites w as 127 of w hich  115 w ere parsim ony  inform ative.

L. seditiosum d iffered in  sequence from  other Lophodermium species b y  a t least 

7% and L. conigenum  d iffered by  a t least 9%. For these tw o species, sim ilarity  

am ong isolates w ith in  species w as 99%. Sequences from  L. pinastri d iffered 

from  those of L. conigneum  an d  L. seditiosum by  8%. H ow ever sequence 

variation  am ong  L. pinastri isolates ranged  from  8% to 0% (Table 2.4 and  

Figure 2.4). This sequence varia tion  is concordant w ith  the d ifferen t L. 

pinastri lineages in ferred  from  the ACTIN phylogeny  (Figure 2.5). V ariation 

w as no m ore than  3% w ith in  lineages and  usually  only 1%. N ucleo tide 

sim ilarity am ong the L. pinastri lineages w as no  greater than  95% (Table 2.4). 

N ucleotide varia tion  w as concentrated  in  the hypervariab le  reg ion  b u t w as 

also p resen t in  the conserved regions (Figure. 2.4).
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Figure 2.4: ITS a lignm ent o f Lophodermium isolates from  litte r and broken branches 
o f the native forest o f Glen A ffric  (Scotland). Dark shade represent bases which are 
identical between isolates and lighter shades represent bases which are d iffe ren t 
between isolates. Box shade was com piled using Geneious 5.0 2 (D rum m ond et al 
2007).
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2.3.3 Phylogenetic Analysis of the ACTIN Sequences

The phylogenetic  tree revealed  five m onophyletic  clades (Figure 2.5) w hich  

w ere w ell su p p o rted  by  posterio r probabilities of over 95 % for fou r of the 

clades and  77% for one clade (Figure 2.5). Three of the clades com prised 

isolates collected from  litter need les w hich  h ad  sim ilar characters to L. 

pinastri in  culture. Thus, the isolates com prising these clades w ere nam ed  L. 

pinastri I, L. pinastri II and  L. pinastri III (Figure 2.5). Isolates from  broken  

branches fo rm ed  a separate  m onophyletic  clade w hich  included  tw o species, 

L. conigenum and  the  pa th o g en  L. seditiosum, w hich  form ed sister lineages 

nested  w ith in  this clade. A ccording to this phylogenetic tree (Figure 2.5) the 

d ifferent L. pinastri lineages d iverged  at the sam e tim e as the lineage from  

broken branches. This la tter lineage d iverged  fu rther into the endophy te  

fru iting on broken  b ranches (L. conigenum) and  the pa thogen  L. seditiosum 

w hich occasionally fru its  in  the sam e habitat.

These resu lts w ere ob ta ined  after 2000000 generations of M CM C chains. Split 

frequency w as 0.005940 and  the m ean  Log likelihood w as -1153 w ith  an  

effective sam ple size of 6258. A nalysis of param eters  such as nucleo tide 

frequency, su bstitu tion  rates, G am m a d istribu tion  and  p ro p o rtio n  of 

invariable sites revealed  th a t the choice of GTR + T + 1 w as the m ost suitable 

m odel for all partitions.
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Figure 2.5: Bayesian inference o f phylogeny at the  ACTIN locus from  9295 trees. 
Posterior probabilities are represented above the branches. The outg roup is 
Phaeiosariopsis. 'L itte r' and 'Broken Branches' represent the  hab ita t where these 
species are com m only found.
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2.3.4 Phylogenetic Analysis of the ITS Sequences

The phylogenetic tree based  on the ITS nucleo tide sequences revealed  five 

clades w hich  w ere w ell su p p o rted  by  posterio r probabilities of g reater than  

90% (Figure 2.6). These five clades w ere  the sam e as those revealed  by  the 

ACTIN phy logeny  in  term s of isolates rep resen ted  w ith in  each m onophyletic  

clade (Figure 2.5). H ow ever the topo logy  of the tree and  the genetic d istances 

betw een lineages d iffered  be tw een  the ACTIN phylogeny  (Figure 2.5) and  

the ITS phylogeny  (Figure 2.6). The three L. pinastri w ere sister clades nested  

w ith in  a single lineage in  the ITS phy logeny  (Figure 2.6), how ever each 

m onophyletic clade of L. pinastri o rig inate  from  the sam e node  in  the ACTIN 

phylogeny (Figure 2.5).

These resu lts w ere ob ta ined  a t the end  of 2000000 generations of M CM C. The 

split frequency w as 0.001455 and  the m ean  Log likelihood w as -1687 w ith  an 

effective sam ple size of 5444. A s w ith  the ACTIN, Bayesian analysis revealed  

that GTR + T + 1 w as the m ost su itable m odel for all partitions (hypervariab le 

and conserved).
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Figure 2.6: Bayesian inference o f phylogeny o f the  partia l ribosomal DNA from  6075 
trees. Posterior probabilities are represented above the  branches. The outgroup is 
Phaeiosariopsis. 'L itte r' and 'Broken Branches' represent the  hab ita t w here these 
species are com m only found.
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2.3.5 Combined analysis of ACTIN and ITS sequences

The topology of the phy logenetic  tree based  on the com bined A CTIN and  ITS 

sequences (Figure 2.7) m o st closely resem bled  th a t of the ITS phylogeny  

(Figure 2.6). The five m onophy letic  clades w ere cong ruen t and  the all three 

L. ipinastri lineages re ta ined  posterio r probabilities of over 95%.

At the end  of 5000000 genera tions of M CM C the sp lit frequency w as 0.001424 

and the m ean  Log likelihood w as -2876 w ith  an effective sam ple size of 

13884. As expected  the  param eters  estim ation  w ere very  m uch the sam e as in 

the in d ep en d en t analyses. O nly  the p inva r of the exon 1 of the ACTIN h ad  a 

higher value in  the  com bined  analysis.
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Figure 2.7: Bayesian inference o f phylogeny o f the  combine analysis o f both partia l 
ACTIN and partia l ribosom al DNA from  2128 trees. Posterior p robabilities are 
represented above the  branches. The outgroup is Phaeiosariopsis. 'L itte r' and 
'Broken Branches' represent the  hab ita t where these species are com m only found.

2.3.6 Inclusion of Lophodermium sequences from Genbank

The phylogenetic tree based  on  ITS sequences from  the 18 Scottish isolates as 

well as Lophodermium ITS sequences from  G enbank revealed  th a t the tw o 

sister lineages of L. pinastri (I an d  III) fo rm ed  a separate  clade from  the 

lineage II, and  inc luded  ano ther clade rep resen ted  by  L. macci Sokolski &
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Berube (2004)(Figure 2.8).

All of these isolates in  clades contain ing  L. pinastri lineages I and  III, together 

w ith  the clade con tain ing  L. pinastri II, w ere collected from  litter needles 

(Figure 2.8). L. macci AF540560 w as found  on  litter needles of the five-needle 

pine species P. strobus. L ikew ise L. pinastri AY100649, w hich  w as p laced  

w ith in  lineage II, is a sym bion t of ano ther five need le  p ine  P. ponderosa. 

A nother G enbank sequence AY247753 from  N ew  Z ealand  w as isolated  from  

litter needles of the  tw o need le  p ine  P. pinaster.

A surprising  resu lt w as th a t lineage II of L. pinastri inc luded  a Lophodermium 

species described  in  the H im alayas (L. kumaunicum  EU696777) (Figure 2.8) 

w hich is u sually  fo u n d  in  the  litter of the five need le  p ines P. kesiya and  P. 

roxburghii. The exact source of this isolate w as n o t specified in  the G enbank 

record. L. pinastri I inc lu d ed  records of L. pinastri from  the tw o need le  p ine  P. 

sylvestris from  G erm any  an d  F inland. A no ther in trigu ing  resu lt w as th a t no 

records of L. pinastri lineage III w ere p resen t in  the G enbank sam ple.
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Figure 2.8: Bayesian inference of phylogeny of the partial ribosomal DNA from 
99247 trees. Posterior probabilities are represented above the branches. The 
outgroup is Cenococcum. Full circles represents taxon which are mostly found in the 
litter; full triangle represent those which occur mostly on broken branches; stars 
represents those which are known to cause diseases.

The Scottish Lophodermium  isolates collected from  needles on broken  

branches fo rm ed  a separate  clade to isolates from  litter needles. The broken

82



branch clade inc lu d ed  G enbank  sequences of the pa thogen  L. seditiosum  and  

the endophy te  L. conigenum  (F igure 2.8). This clade appears  to have 

diversified earlier th an  the  clades rep resen ting  Lophodermium isolates derived  

from litter needles. This w o u ld  n eed  to be confirm ed u p o n  app lica tion  of a 

m olecular clock to the analysis.

For this analysis the sp lit frequency  a t the end  of 5000000 genera tions w as 

0.020785 and  the m ean  Log likelihood w as -3803 w ith  an effective sam ple  size 

of 2479. There w ere five substitu tio n  rates in  the conserved p a rtitio n  and  six 

in the hypervariab le  p artition . These rates w ere d ifferen t from  those ob ta ined  

by analysis of the ITS sequence based  on  Scottish isolates alone. The 

nucleotide frequencies rem ained  very  sim ilar to those in  the p rev ious 

analysis and  the gam m a shape  of the substitu tion  rates w as m ore  convincing 

than tha t of the phy logenetic  analysis of ITS based  on a m ore restric ted  

num ber of taxa.

2.3.7 AFLP analysis

A total of 822 peaks of A m plified  F ragm ent L ength P o lym orphism  (AFLP) 

m arkers w ere scored ran g in g  betw een  50 and  500bp. Each Lophodermium 

taxon p ro d u ced  be tw een  155 and  257 peaks. The p rim er com bination  w ith  

the h ighest scores w as A A C/CT w ith  139 peaks (Table 2.5) and  the average 

pei p rim er com bination  w as 103±30. O n average, m arkers w ere very  

polym orphic for all p rim er com binations (Table 2.6). In term s of percen tage 

polym orphic loci, L. conigenum  w as the least po lym orphic (77.17%) and  L.
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seditiosum the m ost po lym orph ic  (98.36%). A m ong the th ree L. pinastri 

lineages, L. pinastri III w as the least po lym orph ic  (84.92%) com pared  w ith  L. 

pinastri I (96.24%) an d  L. pinastri II (94.81%) (Table 2.6).

Table 2.5: AFLP m arker num ber per species per p rim er com binations

prim er com bination Total L. p inastri 1 L. pinastri II L. p inastri III L. conigenum L. seditiosum

A A C / C A A 107 27 24 23 24 25

A A C / C G 135 31 33 33 43 26

A A C / C T 139 24 48 39 45 23

A A C / C C 130 26 46 33 40 25

A A C / C A G A 93 26 28 7 31 22

A A C / C T A 80 18 34 10 23 9

A A C / C C G 79 20 32 13 17 11

A A C / C A G 59 12 12 5 21 14

Two Principal C oord ina te  (PCO) p lo ts w ere derived  from  the m atrix  of 

Jaccard coefficient sim ilarity  indices based  on AFLP data. The 17 of the 18 

isolates from  G len Affric in c luded  in the phylogenetic analyses w ere u sed  in 

these plots. O ne p lo t inc luded  isolates of L. conigenum  and  L. seditiosum as 

well as L. pinastri (F igure 2.9). The second (Figure 2.10) only  inc luded  L. 

pinastri isolates. Both PCO plo ts clearly d is tingu ished  the d ifferen t lineages 

of L. pinastri recognised  in  phylogenetic  analyses.
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Figure 2.9: PCO analysis o f genom e w ide AFLP analysis o f Lophodermium species 
from P. sylvestris. The percentages o f explained varia tion are 25% and 16.5%. 
Phylogenetic lineages are co lour coded: Cyan: L. pinastri I, M agenta: L pinastri II, 
Green: L. pinastri III, Grey: L. seditiosum, Blue: L. conigenum.
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2.4 Discussion

The m o st im p o rta n t re su lt to  em erge from  this s tu d y  is tha t five d ifferen t 

Lophodermium  taxa can be  iden tified  from  need les of a single Scots p ine 

p o p u la tio n  in  Scotland u s in g  m olecu lar m ethods. Two of these taxa 

co rrespond  to  L. seditiosum  and  L. conigenum  described by M inter and  M illar 

(1980a). The rem ain in g  th ree  taxa fall w ith in  the p rev iously  described taxon 

L. pinastri. T hese th ree  cryptic taxa are hereafter referred  to as L. pinastri I, II 

and  III.

The th ree  cryptic taxa w ith in  L. pinastri have been identified  using  tw o 

in d e p en d en t m olecu lar techniques. In  the first, sequence in form ation  from  

tw o in d e p e n d e n t loci, ITS and  A CTIN  has been  u tilised  in  Bayesian 

phy logenetic  analysis fo r G enealogical C oncordance Phylogenetic Species 

R ecognition (GCPSR) (Taylor et al. 2000). The sam e th ree strongly  su p p o rted  

clades h ave  b een  fou n d  w ith in  L. pinastri u sing  each of the tw o loci 

in d ep en d en tly  an d  in  analysis of the com bined sequences, th ough  the 

topo logy  of the  trees is sligh tly  d ifferent in  each case. The advan tage of 

B ayesian p robab ility  w ith  M arkov  C hain  M onte-C arlo chain is tha t 

param eters  of a chosen  evo lu tionary  m odel can be estim ated  and  the m odel 

can be  changed  if necessary. This is especially  im p o rtan t w h en  d ifferen t loci 

w ith  d ifferen t ra tes of evo lu tion  are being  analysed  to p roduce  a jo in t 

phylogeny.
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end o p h y tic  species. O ne of these, Trichoderma koningii, is know n  to p ro tect 

Theobroma cacao from  pa th o g en s (Sam uel et a l, 2006). Bayesian phylogenetic 

analysis of th ree  genes (partia l ACTIN, Translation elongation  factor E F -l-a  

and  p artia l C alm odu lin ) detected  as m any  as eleven cryptic species w ith in  

Trichoderma koningii (Sam uel et al., 2006). GCPSR has also been  u sed  to clarify 

classification of Botryosphaeria. H ere  a com plex of tw o species w as found  

w ith in  Botryosphaeria lutea, an  en d o p h y te  of acacia and  eucalyp tus species 

(Slippers et al., 2004).

The second m e th o d  em ployed  in  th is s tu d y  to recognise cryptic species uses 

a p o p u la tio n  genetic approach . G enom e w ide genetic m arkers genera ted  by 

AFLP analysis have been  u sed  to estim ate genetic d istance betw een  isolates, 

and  th is in fo rm atio n  has  been  u sed  in  a phenetic  clustering  procedure. The 

th ree clusters fo u n d  w ith in  L. pinastri u sing  this analysis co rrespond  exactly 

to the th ree  lineages w ith in  L. pinastri found  in the  phylogenetic  analysis. The 

concordance b e tw een  the  tw o approaches p rov ides very  pow erfu l evidence 

tha t the  th ree  genetica lly  d is tinc t g roups found  by  m olecular m ethods w ith in  

L. pinastri rep re sen t real taxonom ic entities and  shou ld  be trea ted  as true, 

th o u g h  cryptic, species. These results, if ex trapo la ted  to o ther g roups, add  

fu rther w e ig h t to the  a rg u m en t th a t fungal diversity, especially in  endophytic  

fungi, has  been  substan tia lly  u n d erestim ated  as suggested  by H aw ksw orth  

(2001).

A lthough  the  n u m b e r of isolates u sed  in  this analysis w as small, it is 

nevertheless clear th a t all th ree  L. pinastri lineages co-occur w ith in  a single
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native Scots p in e  p o p u la tio n  in  Scotland. In  add ition  lineages I and  II have 

been  de tected  b o th  a t G len Affric and  a t A m at suggesting  w idesp read  

d is trib u tio n  of the  cryptic species. The fact th a t only tw o isolates from  A m at 

w ere u sed  m ig h t exp lain  w h y  L. pinastri III is m issing  from  the A m at sam ple. 

The inco rp o ra tio n  of G enbank  sequences of L. pinastri in  the phylogenetic 

analysis allow s these iso la tes to be classified into the th ree lineages detected  

here. Before th is s tu d y  L. pinastri II h ad  n o t been  found  in continental 

Europe, an d  n o  sequences of L. pinastri III h ad  been  lodged  in  G enbank. This 

em phasises th a t u s in g  G enbank  records to assess the geographical 

d is trib u tio n  of en d o p h y te  taxa can be m isleading . The fact th a t L. pinastri III 

sequences have n o t p rev io u sly  been  deposited  in  G enbank m ay  suggest tha t 

it exists a t a low  frequency  an d  has  been  overlooked in p rev ious sam pling. It 

w ou ld  therefo re  be  in te resting  to  de term ine the relative frequency of the L. 

pinastri cryptic species in  Scotland, con tinen ta l E urope o r even w orld  w ide.

O ne unex p ec ted  find ing  in  the  w id e r ITS phylogenetic  analysis is th a t an 

isolate d e te rm in ed  as L. kumaunicum  M in ter & M.P. Sharm a (1982) w as 

inc luded  w ith in  the L. pinastri II clade. C ould  this m ean  tha t L. pinastri II is in 

fact L. kum aunicum ? The descrip tion  of this species is quite d ifferen t from  tha t 

of L. pinastri (M inter et al., 1978; M in ter and  Sharm a, 1982). W hen w et or dry, 

L. kumaunicum  h as  a to tally  black, e longated  rhom bic ascocarp w ith  a clear 

m argin . In  con trast L. pinastri has an  ascocarp w hich  is black in  the m idd le  

w ith  a grey  su rro u n d  an d  an  o u te r black line w h en  it is dry. From  M inter and  

Sharm a's d escrip tion  of the species it appears  th a t the fru iting  bodies of L. 

kumaunicum  co-occur w ith  an o th e r Lophodermium species w hich  resem bles L.
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pinastri m orpho log ica lly  (M inter an d  Sharm a, 1982). Since the p resen t 

analysis w as u n d ertak en , som e m ore  sequences of L. kumaunicum  fGU138702 

and FJ861981) have  becom e available in  G enebank. A lignm ent of these using  

B lastn gives a n u c leo tid e  sim ilarity  of 88% to L. pinastri II (AY1006491 and  L. 

kumaunicum (EU696777) as op p o sed  to  98% sim ilarity  betw een  L. pinastri II 

(AY1006491 an d  the  L. kumaunicum  isolate fEU696777 ) u sed  is this study. 

T herefore it is very  likely th a t in  the earlier w ork  L. pinastri II w as isolated  

and  sequenced  in s tead  of L. kumaunicum  and  the isolate (EU696777) is in fact 

L. pinastri II. This find ing  em phasises the need  for cau tion  in rely ing  on the 

taxonom ic in fo rm atio n  associated  w ith  fungal sequences deposited  in 

G enbank.

H av ing  u sed  d e ta iled  phy logenetic  and  p o p u la tio n  genetic analysis to 

delim it cryp tic  species in  L. pinastri, it is in form ative to determ ine w h eth er a 

barcod ing  ap p ro ac h  b ased  on  ITS sequence sim ilarity  could be u sed  to 

recognise these  cryp tic  species. The use  of less than  5% nucleo tide variation  

betw een  ITS sequences ap p ea rs  to  be a reasonable th resho ld  for identify ing 

and  de lim iting  species of Lophodermium. This w ou ld  allow  for varia tion  no t 

accounted  for b ecause  of the  sam pling  stra tegy  u sed  in  this study. H ow ever 

h igh  in traspecific  varia tio n  can exist w ith in  a species d ue  to p o o r lineage 

sorting  in  recen tly  d iverge  species, this m ay  be m is-in terp reted  as a signal of 

the p resence of cryp tic  species. Poor sam pling  of the reference taxon could 

also u n d eres tim a te  th e  an tic ipa ted  varia tion  am ong ind iv iduals  of the sam e 

species (M eyer & Paulay, 2005). F u rth er practical p rob lem s w ith  single locus 

barcod ing  are th a t th e  lack of species rep resen ta tion  and  the presence of
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m isiden tified  sequences in  G enbank  m eans th a t care and  com m on sense 

shou ld  be u sed  w h e n  m ak ing  a decision on the identification  of an  isolate 

based  on  D N A  b arco d in g  m ethods. The po ten tia l of the partia l ACTIN gene 

to act as an o th e r b a rco d in g  locus shou ld  be noted . 5% nucleo tide  variation  

th resho ld  ap p ea rs  to  be applicable  for the A CTIN gene to. H ow ever very  few 

ACTIN sequences are  p re sen t in  G enbank o r o ther databases m ak ing  its use 

restric ted  a t p resen t. U sing  m ore loci w ith  a g reater sam pling  schem e 

covering w id e r geog raph ica l area and  h ost w ou ld  enable a m ore accurate 

taxon de lim ita tio n  an d  m ay  h igh ligh t the true  reliability  of the m arkers used  

in  th is study.

W ith th e  aim  of id en tify ing  closely rela ted  sym patric  Lophodermium species 

an a lte rna tive  o p tio n  to  sequencing  m ay  be to use  species-specific p rim ers 

based  o n  b arco d in g  m ark e rs  such  as ITS to iden tify  the species. This 

ap p ro ach  has  a lread y  b een  follow ed in  an a ttem p t to d is tingu ish  L. 

seditiosum  an d  L. pinastri based  on  the  ITS locus (Stentrom  and  Ihrm ark,

2005). H ow ever the  L. pinastri p rim ers designed  for this assay are n o t ideal 

because they  fail to  am plify  L. pinastri lineages II and  III. This em phasises 

how  d iffe ren t these lineages are from  L. pinastri I, and  indicates the 

im portance of clarify ing the  taxonom y of the fungal g roup  being  stud ied  

before d esign ing  m olecu la r assays for the ir detection. A m ore trad itional 

m ethod  for iden tifica tion  of the  cryptic species on a large scale w ou ld  be to 

find reliable characters in  cu ltu re  th a t can be u sed  to d iscrim inate betw een 

cryptic species. This w ill be  a ttem p ted  in  the nex t chapter.
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A lth o u g h  all the  Lophodermium  species w hich  are associated w ith  the tw o 

need le  p ine  P. sylvestris a re  g ro u p ed  w ith in  one clade, one of these taxa, L. 

pinastri II, is also fo u n d  on  five need le  p ines (Table 1 and  F igure 8). A lthough  

host sam p ling  is lim ited  this suggests tha t Lophodermium species are m ostly  

host specific b u t w ith  som e low  levels of h ost sw itching occurring am ong 

p ine  hosts. H o st sw itch ing  is m o st likely to occur in  artificial s ituations such 

as in  a rbo re ta  w h ere  a varie ty  of exotic species are g row n together, or after 

in tro d u c tio n  of the  no rm al h o s t in to  areas contain ing  o ther ind igenous pine 

species a t h ig h  density. A n exam ple of this m ig h t be the in troduction  of P. 

sylvestris in to  N o rth  A m erica for the  p ro d u c tio n  of C hristm as trees.

From  the  phy logenetic  analyses th a t include only the isolates from  Scottish 

p ine p o p u la tio n s  it is d ifficu lt to infer the evolu tion  h isto ry  of the cryptic L. 

pinastri taxa because  of the  inconsistency of node  p lacem ents betw een  all 

species across the  tw o loci and  the  occurrence of po ly tom y (nodes w ith  m ore 

than  tw o  branches). It is un like ly  th a t the phenom enon  of po ly tom y is d ue  to 

a recen t rap id  specia tion  even t g iv ing  rise to m ultip le  b ranch ing  a t one 

particu la r node. This is because the  clades w ith in  the po ly tom y are b o th  w ell 

su p p o rted  and  co n g ru en t b e tw een  the ITS and  A ctin loci, ind icating  tha t 

lineages are w ell so rted  an d  n ew  m u ta tions have been  fixed betw een  taxa.

O ne o th e r p ro b lem  is the m ovem en t of the L. pinastri II clade from  w ith in  the 

nested  L. pinastri clade in  the  ITS and  com bined ITS/ACTIN tree (Figures 6 

and  7) to a p osition  in  an  in d e p en d en t clade in  the large ITS tree and  the 

ACTIN tree (F igures 5 and  8). The ITS phylogenetic tree w hich  includes
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database  sequences is b e tte r  resolved. H ow ever the posterio r p robab ility  for 

the clade w h ich  inc ludes all taxa infecting P. sylvestris is only  62%. This is 

likely to  be d u e  to the  difficu lty  of p lacing  L. pinastri II. It is possib le th a t if 

m ore Lophodermium  taxa w ere  sam pled  and  incorpora ted  in  this ph y lo g en y  

be tte r reso lu tio n  w o u ld  be ob ta in  and  L. pinastri II w ou ld  be  positioned  w ith  

m ore certainty.

O ne consisten t re su lt th a t em erges from  the phylogenetic  analyses is tha t in 

this p a rticu la r system  L. conigenum  and  L. seditiosum  w hich  tend  to fru it on 

b roken  b ran ch es  have d iversified  separately  from  the litter species. This 

w ou ld  su g g est th a t d ifferen t m odes of selection are im posed  on  these 

d ifferent g ro u p s  of species, and  the ecological niche of fru iting  m ay  p lay  an 

im p o rtan t ro le  in  th is selection. For instance the n u tr ien t availability  in  

n a tu ra lly  senesced  need les w ill be m uch  low er than  th a t in  p rem atu re ly  

killed need les. T here w ill be g rea ter selection for ability  to 're ta in  te rrito ry ' to 

exploit in  n a tu ra lly  senesced  needles. T here m ay  therefore be g reater 

selection for barrie rs  to keep  o u t com petitors, and  this m ay account for the 

g reater p ro d u c tio n  of zone lines show n  by  L. pinastri th an  in  L. conigenum 

and  L. seditiosum. A lth o u g h  these resu lts do n o t categorically  confirm  tha t 

endo p h y tes  are p recu rso r to p a thogens in  the evolu tion  of these organism s as 

suggested  by  O rtiz-G arcia  et al. (2003), this trend  is noticeable in  the large ITS 

tree w h ich  inc ludes G enbank  isolates (Figure 2.8).

Lophodermium  is a genus th a t is ub iqu itous  in  p ines needles. It includes an 

ever g row ing  n u m b e r of species w hich  have been  m orphologically  described
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(M inter et al., 1978; M in te r an d  Sharm a, 1982) and  in  w hich, as in this study, a 

m olecu lar ap p ro ach  has  been  com bined  w ith  a m orpholog ical approach  to 

recognise cryp tic  taxa (Sokolski et al., 2004; H o u  et al., 2009). This is add ing  to 

the u n d e rs ta n d in g  of the  d iversity  of fungal en dophy tes and  fungi in 

general. In  the  genus Lophodermium  sap rophy tes and  endophy tes w hich  often 

rep resen t d ifferen t stages of the ir life cycles dom inate  this d iversity  

com pared  to  p a th o g en s such  as L. seditiosum. In  o rd er to de term ine w hy  

these en d o p h y tes  are  so speciose and  successful, and  to u n d e rs tan d  their 

ecological role, m ore  in fo rm ation  is req u ired  on  the ir d is tribu tion  am ong 

Scots p in e  pop u la tio n s , the ir genetic d iversity  and  their p o p u la tio n  genetic 

structu re . These topics w ill be ad d ressed  in a la ter chap ter of this thesis.

Finally, th e  lack of com plete  congruence be tw een  the tw o loci could be 

exp lained  b y  ancestral p o ly m o rp h ism  for the A CTIN an d /o r h isto ry  of gene 

dup lica tio n  and  ex tinction  for ITS (A lvarez an d  W endal, 2003; M addison, 

1997; Pam ilo  an d  N ei, 1988). Im provem en t of this s tu d y  could be m ade by 

using  m an y  m ore  loci an d  a m ore th o ro u g h  sam pling  bo th  a t the species 

level as w ell as geograph ical in  o rd e r to look for the m ost correct phylogeny.
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Chapter 3: Cryptic Taxa Within 
Lophodermium pdetection, 

frequency, and growth rate

3.1 Introduction

E ndophy tes are o rgan ism s w h ich  live asym ptom atically  w ith in  p lan ts  for at 

least p a r t  of the ir life cycle (W ilson, 1995). E ndophytes are ub iqu itous to all 

p lan ts  an d  are p re sen t in  every  p la n t o rgan  (R odriguez et al., 2009; A rnold , 

2007). T hey com prise  a w id e  range  of taxa from  bacteria  to fungi.

F u rth erm o re  they  d isp lay  a w id e  spectrum  of in teractions w ith  the ir hosts 

w hich  can ran g e  from  la ten t pathogen ic ity  to strictly obligate sym biosis such 

as th a t seen in  the  w ell s tu d ie d  g ro u p  of grass endophy tes (Carroll, 1988).

W hile grass en d o p h y tes  show  m an y  m utualistic  in teractions w ith  the ir host, 

such as p ro tec tio n  of the  h o s t p la n t aga in st herb ivores and  enhancem en t of 

grow th , the  ecological ro les of o ther d istinct g roups of endophy tes are no t 

alw ays so clear (R odriguez et al., 2009). It has been suggested  th a t som e pine
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need le  en d o p h y tes  m ay  com pete w ith  rela ted  pa thogen  species and  p reven t 

invasion  of h o s t tissue  by  the pathogen . If this w ere true, then  there is the 

p o ten tia l for u se  of these endo p h y tes  in  the control of Lophodermium 

n eed lecast d isease  (M inter, 1981). O ther stud ies have p rov ided  evidence tha t 

the d iverse  com m u n ity  of endo p h y tes  of Theobroma cacao leaves helps to 

p ro tec t them  ag ain st Phytophthora species (A rnold  et a l, 2003). F urtherm ore 

there are a n u m b e r of exam ples w here  endophy tes have been show n to 

confer p ro tec tio n  ag a in st herb ivores (Carroll, 1988).

A m ajor challenge in  u n d e rs tan d in g  the function ing  and  ecological role of 

these com m unities  lies in  accurately  iden tify ing  the taxa involved and 

estim ating  the  d iversity  of these com m unities. O nly  w hen  this has been 

achieved  is it possib le  to  explore how  en dophy te  species relate to and  

in terac t w ith  p a th o g en s  and  hosts, an d  to u n d e rs tan d  how  these in teractions 

are affected by  env iro n m en ta l factors such  as clim ate.

The ascom ycete genus Lophodermium  (anam orph  Leptostroma) includes a large 

nu m b er of taxa th a t are ub iq u ito u s  endophy tes of p ine  (Flata & Futai, 1996). 

Lophodermium  also inc ludes one pa thogen ic  species, L. seditiosum, causing a 

p o te n t d isease w h ich  attacks vu lnerab le  young  seedlings (Skilling &

N icholls, 1975; D iw an i & M illar, 1987). The disease is characterised  by 

p rem a tu re  n eed le  loss w h ich  causes d ea th  and  g row th  reduction  of seedlings 

lead ing  to g rea t losses in  nurseries. O ne m ajor in terest in this system  com es 

from  the suggestion  th a t the en dophy tic  Lophodermium species could 

po ten tia lly  be u sed  to contro l needle-cast disease of one particu la r p ine
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species, Pinus sylvestris L.(M inter, 1981).

The n u m b e r of en d o p h y tic  Lophodermium species associated w ith  P. sylvestris 

h as b een  subject to rev ision  over the years. L. pinastri w as first th o u g h t to be 

the only  species associated  w ith  the p ro d u c tio n  of ascocarps on  P. sylvestris 

needles. It w as believed  th a t this w as a very  variable species w hich  could act 

as an  en d o p h y te , a sap ro p h y te  an d  a pathogen . It w as then  dem onstra ted  

th a t fo u r species of Lophodermium  w ere able to colonise needles of P. sylvestris 

and  th a t these w ere  ecologically  distinct. The first of these w as L. seditiosum  

w hich  w as sh o w n  to be  the  causal agen t of Lophodermium needle-cast disease 

(M inter et a l, 1978; D iw ani & M illar, 1987). The o ther tw o com m on 

Lophodermium  species associated  w ith  P. sylvestris need les w ere L. pinastri and  

L. conigenum  w h ich  can be  iso la ted  from  asym ptom atic  needles. The 

ascocarps of these th ree  taxa can be d istingu ished  on the basis of their 

m orphology. L. pinastri fru its  on  litter needles, w hile  bo th  L. conigenum  and  L. 

seditiosum  f ru it o n  need les from  dam aged  branches (M inter & M illar, 1980). A 

fo u rth  species, L. staleyi p rev iously  th o u g h t to be L. pini-excelsae, w as found  at 

low  frequency  on  litte r need les (M inter & Millar, 1980; M inter, 1981a).

In chap ter tw o  of th is thesis it w as dem onstra ted  th a t P. sylvestris litte r 

needles are the su b s tra tu m  for th ree  species of endophy tic  Lophodermium 

w hich  w ere  p rev io u sly  described  as the single taxon L. pinastri. These cryptic 

taxa, ten ta tively  n am ed  L. pinastri I, I .  pinastri II and  L. pinastri III w ere 

recognised  based  on  sequence varia tion  and  phylogenetic  analysis of tw o 

u n lin k ed  loci, as w ell as genom e w id e  analysis of AFLP m arkers. It is
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assu m ed  th a t each of these cryptic species is able to infect hea lthy  needles. 

Such an  assu m p tio n  is based  o n  the  w id esp read  ability  of taxa w ith in  

Lophodermium  for ad o p tin g  an  en dophy tic  lifestyle (H ata & Futai, 1995; 

D iw ani & M illar, 1987; K ow alski, 1982).

H av ing  clarified  the taxonom y of the en dophy tic  species of Lophodermium on 

P. sylvestris, th e re  is n o w  the o p p o rtu n ity  to investigate  the popu la tion  

bio logy  an d  genetics of Lophodermium  endo p h y tes  and  com pare them  to their 

re la ted  p a th o g en  species in  o rd e r to learn  abou t the factors influencing their 

ecology an d  evolu tion . To m ake use  of th is o p p o rtu n ity  it is crucial to have 

an  iden tifica tion  p ro ced u re  in  place th a t is capable of d is tingu ish ing  am ong 

species easily  an d  accurately. Species-specific p rim ers have p rev iously  been 

designed  to specifically  am plify  the  In terna l Transcribed Spacer (ITS) region 

of L. seditiosum  and  L. pinastri (S tenstrom  & Ihrm ark , 2003). H ow ever these 

p rim ers w ere  desig n ed  before the  d iscovery  of th ree cryptic species w ith in  L. 

pinastri. The first aim  of th is s tu d y  w as therefore to design  and  test species- 

specific p rim ers  for am plify ing  each of the cryptic L. pinastri.

A nother u se  for such  species-specific PCR assays is to su rvey  the d istribu tion  

of these cryp tic  species in  n a tu ra l popu la tio n s  of P. sylvestris. There is a lready  

som e in fo rm ation  on  the d is trib u tio n  of cryptic species from  an analysis of 

ITS sequences lodged  in  G enbank. Sequences now  recognisable as belonging  

to L. pinastri I h ave  been  d erived  from  isolates taken  from  P. sylvestris in 

G erm any. Sequences from  L. pinastri II have com e from  P. ponderosa in 

O regon  (USA). H ow ever there  is no  p rev ious G enbank record  of a sequence
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from  L. pinastri III. The resu lts  from  chap ter 2 d em onstra te  th a t all th ree 

species co-occur w ith in  the  sam e P. sylvestris native stand  a t G len Affric. 

H ow ever b ey o n d  th is w e have no  u n d e rs tan d in g  of the n a tu ra l d is tribu tion  

of these th ree  cryptic taxa. A second aim  of the w ork  rep o rted  here is 

therefore to d e te rm in e  the  d is trib u tio n  of the th ree cryptic taxa am ong three 

native P. sylvestris p o p u la tio n s  in  Scotland, as w ell as a p o p u la tio n  of this 

host in  France.

P rev ious w o rk  on  leaf en d o p h y tes  of evergreen  b ro ad  leaves and  conifers 

u sing  trad itio n a l cu ltu rin g  and  m orpholog ical recognition  techn iques have 

com pared  the  iso la tion  frequencies of taxa on native and  m anaged  host 

p o p u la tio n s  (Fisher et al., 1994) and  on differen t hosts (H ata & Futai, 1996). 

They have  also d o cu m en ted  changes in  the en d ophy te  com m unity  

com position  (C ollado et al., 1999) over the seasons and  on  needles of different 

age (Kowalski, 1982). Som e p ioneering  en dophy te  com m unity  ecology 

stud ies gave ev idence for the effect of env ironm enta l factors on infection 

rates (Petrini et al., 1982). H ow ever they  d id  n o t com pare en dophy te  

assem blage be tw een  the  sites investigated . Yet there is ev idence th a t 

env ironm en ta l d ifferences such  as clim ate and  m icro-clim ate can affect 

en d o p h y te  com m unities (Sieber et al., 1999; H iggins et al., 2007). In the w ork  

described  h ere  m olecu la r recognition  techniques w ere u sed  to survey 

varia tion  in  the  rela tive frequency  of the th ree cryptic Lophodermium 

endo p h y tes  w h ich  w e have detected . We ask w h eth er the ir frequency  differs 

am ong the  p o p u la tio n s  sam pled , an d  w h eth er the relative frequency of taxa 

varies am ong  years. This is a first step  in investigating  how  environm ental
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factors such  as the  density  of h o st trees, clim ate etc. m igh t affect the 

com position  of en d o p h y te  com m unities.

Because it is n o t a lw ays possib le  to have access to m olecular m ethods to 

iden tify  species an d  because of the  trad ition  of m orpho logy  based 

descrip tion  in  m yco logy  it is im p o rtan t to  determ ine w h eth er it is possib le to 

characterise  som e p h en o ty p e  differences betw een  the three cryptic L. pinastri 

species th a t have  been  detected . In o ther stud ies in  w hich  cryptic species 

have been  revea led  using  a m olecu lar approach , significant differences in 

cu ltu re  g ro w th  ra te  have  been  found  (Sam uel et a l, 2006; G run ig  & Sieber, 

2005). A  fu rth e r  objective of this s tu d y  is therefore to com pare the g row th  

rates of th e  th ree  cryptic species in  cu ltu re  to assess w h e th e r this can be used  

as a m eans for iden tify ing  cryptic species w ith o u t the need  for m olecular 

m ethods. Finally, in  the  orig inal descrip tion  of Lophodermium species 

inhab iting  p in e  needles, M in ter et al. (1978) m ade extensive use  of ascocarp 

m o rpho logy  an d  the  p resence of zone lines on needles. A final aim  of the 

w ork  w as therefo re  to see w h e th e r ascocarp m orpho logy  and  presence of 

zone lines differs am ong  the th ree cryptic species of L. pinastri.

To sum m arise, the  aim  of this chap ter w as to develop a fast and  accurate 

m ethod  to d is tin g u ish  each cryptic species of L. pinastri. The m ethod  

developed  consisted  of the  design  of species-specific p rim ers to be used  

directly  on  m ycelium  of young  iso la ted  ind iv iduals  from  needles. The design  

m ade u se  of a lignm en ts  p ro d u ced  for the  phylogenetic analysis of ITS 

sequences described  in  chap ter 2. By scoring large sam ples of isolates from
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four d ifferen t na tiv e  p in e  forests from  tw o countries, Scotland and  France, 

in fo rm ation  ab o u t the  spatia l d istrib u tio n  of the taxa w as determ ined . The 

da ta  w ere  u sed  to find  w h e th e r co-occurrence of the th ree L. pinastri species 

is the no rm . Iso late  collection over th ree  years for tw o of the Scottish 

p o p u la tio n s  also allow ed  an  assessm ent of dynam ic changes in relative 

frequency  of the species over tim e. E stim ations of g row th  ra te  in  cu ltu re  for 

each species w ere  achieved  by  random ly  selecting isolates of the th ree cryptic 

species p rev io u sly  iden tified  by  species-specific PCR from  the th ree  Scottish 

popu la tions. T hese w ere  g row n  u n d e r  controlled  conditions. Finally, 

a ttem p ts w ere  m ad e  to  detect differences am ong species in appearance of 

ascocarps and  b an d in g  on  h o st needles.
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3.2 Material and Methods

3.2.1 Field Collections

L. pinastri iso la tes w ere  collected from  litter need les u nderly ing  tw enty  

d ifferen t Scots p in e  trees in  each of th ree  native forests in  Scotland, Loch 

M aree, G len Affric, and  A bem ethy, and  one in  France, A rlanc (Table 3.1 and  

F igure 3.1).

Table 3.1: Sum m ary o f location and environm enta l conditions fo r each o f the  sites 
from  w hich isolates o f L. pinastri w ere obtained

Sites Latitude Longitude Annual Rain Fall Tem perature A ltitu d e

Loch Maree 57° 38' 55.84" N 5° 23' 13.48" W 1778-2032 mm 5 — 12°C 10-80 m
Glen Affric 57° 18' 46.23" N 4° 51' 6.23" W 1778 mm 5 — 12°C 180-450 m

Abernethy 57° 13' 33.68" N 3° 40' 32.21" W 762-889 mm 3 -  11°C 210-450 m

Arlanc 45° 24' 9.77" N 3° 41'43.58" E 275 mm 3 -  14°C 700-800 m
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Figure 3.1: Native Scots pine popula tions used fo r the  collections o f Lophodermium 
from  lit te r  needles
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All Scottish  sites are  rem n an ts  of the heav ily  fragm en ted  ancien t C aledonian  

forest w h ich  con tains trees of m ixed  age class (M ason et a l, 2004). The 

p o p u la tio n s  chosen  cover the  clim atic g rad ien t across Scotland. Loch M aree 

is located  to the  n o rth  w est of Scotland a t low  elevation  an d  close to  the sea. 

It has  the  h ig h est ra in fa ll levels of all fou r sites and  its soil is pea ty  and  poor 

in  n u trien ts . The s tan d  is characterised  by  m ostly  m a tu re  and  old, sparsely  

spaced  Scots p ines trees. G len Affric is located fu rth e r in land  a t h igher 

elevation  an d  has a low er rainfall. The stand  is den ser and  m ixed w ith  birch, 

Betula pubescens. A b ern e th y  is the easternm ost of the Scottish sites and  has a 

m uch  low er rain fall an d  m ore  con tinen ta l clim ate. The a ltitu d e  of the 

A bernethy  site is app rox im ate ly  200m. Its soil is a freely d ra in in g  n u trien t 

poo r h u m u s  iro n  p o d zo l (Steven & Carlisle, 1959).

The F rench  p o p u la tio n  from  the  w oods of A rlanc is located in  the 

m o u n ta in o u s  reg ion  of L ivradois a t over 700m altitude. It is a rem n an t of the 

ancien t M assif C en tra l Scots p ine  fo rest w h ich  is now  fragm en ted  and  u n d er 

com petition  from  species such  as D ouglas fir and  N orw ay  spruce. The soil is 

poo r an d  the clim ate is con tinen ta l w ith  the low est rainfall of all fou r sites 

(Table 3.1) (T hebaud, 1988).

In all th ree  Scottish popu la tions, need les w hich  h ad  fallen d u rin g  the 

p rev ious season  w ere  collected in  sp ring  of 2005 and  2008. F urther needle 

collections w ere  also  m ad e  from  Loch M aree and  G len Affric in  D ecem ber 

2008. N eed les from  A rlanc w ere  collected in  O ctober 2008.
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3.2.2 Isolation of L. pinastri from needles

Fifty to  200 ran d o m ly  chosen  need les p e r year and  collection site w ere 

surface s terilised  in  0.75% so d iu m  hypoch lo rite  for 10 m in  and  cu t in to  th ree 

or fou r 1 cm  sections. All sections from  each need le  w ere  p laced  in  the sam e 

Petri d ish  con ta in ing  2% ME A (M alt Extract Agar). These w ere incubated  at 

room  te m p era tu re  for app rox im ate ly  2-3 w eeks un til m ycelial g row th  typical 

of L. pinastri (M inter et a l, 1978) w as visible. O ne L. pinastri isolate p e r needle 

section w as selected based  on  m orpholog ical characteristics, sub -cu ltu red  

onto  2% M EA an d  incu b ated  for fou r w eeks a t room  tem peratu re .

3.2.3 Identification of L. pinastri species using species- 
specific PCR

ITS sequences w ere  ob ta in ed  from  each of the five Lophodermiitm species tha t 

h ad  b een  iden tified  from  need les of Scots p ine  in  Scotland in  an  earlier s tu d y  

(see ch ap te r 2). These species w ere  L. seditiosum, L. conigenum, L. pinastri I, L. 

pinastri II an d  L. pinastri III. M anual a lignm en t of these sequences perm itted  

selection of nucleo tide  sites for the  design  of species-specific p rim ers i.e. 

p rim ers th a t w o u ld  on ly  am plify  ITS from  the chosen species. This choice 

w as a id ed  by  the  ap p lica tion  of P rim er 3 h ttp ://frodo .w i.m it.edu /p rim er3 / 

(Rozen an d  Skaletsky, 1999). The choice of the p rim er site w as inform ed by 

the n u cleo tide  variab ility  across the five Lophodermium species and  the 

invariab ility  of sequences w ith in  each species. O ptim isation  of com binations 

of p rim ers  u s in g  p u re  D N A  of isolates rep resen ting  each cryptic species 

resu lted  in  the  choice of one set of p rim ers for un ique ly  iden tify ing  each
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species. The sequences of these p rim ers are given in  Table 3.2. Tests using  

D N A  d eriv ed  from  p u re  cu ltu res d em o n stra ted  th a t am plification of ITS 

sequences only  occurred  w h en  D N A  derived  from  p u re  cu ltu res of the 

ap p ro p ria te  species w as used .
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Table 3.2: Species-specific ITS p rim er pairs used to  distinguish L. pinastri cryptic 
species. TM is m e lting  tem pera ture .

P rim e r nam e species 5' to  3' O ligo TM %GC Fragment length
ITSLplF L pinastri 1 CCCTTGAATCATTGCCGTCTG 56 52

334bp
ITSLpIR L. pinastri 1 CCTTGTAAAAAAGGGGGTTG 53.4 51
ITSLpllF L. pinastri II CCTATTCTCACCCTTTGTC 51.7 50

394bp
ITSLpllR L. pinastri II CCTTGTAAAGTGGGGGTTG 50.2 53
ITSLplllF L pinastri III GATGTCGAGTACTATACAF 50 47

252bp
ITSLplllR L pinastri III GCATTACTGCGCTGAAGGTCGGGCTGTG 71 62

3.2.4 Assessment of frequency of L. pinastri taxa using 
colony PCR

The species-specific ITS p rim ers  developed  above for the th ree L. pinastri taxa 

w ere u sed  to d e te rm in e  the  taxonom ic id en tity  of the 471 L. pinastri isolates 

iso la ted  as described  from  the  Scottish an d  French popu la tions of Scots pine. 

In o rd e r to deal w ith  taxonom ic iden tification  of this large nu m b er of 

isolates, a rap id  colony PCR m ethod  w as developed. This m ade use  of the 

90°C PCR in itia tion  step  to b reak  cell w alls and  extract D N A  from  a sm all 

am o u n t of m ycelia from  colonies g row n  on  agar.

To conduct the colony PCR the  surface of the cu ltu re  w as scraped  w ith  a 

200pi m icro -p ipe tte  tip  (EasyLoad®  200, G reiner Bio-One G m bH ) and  the 

m ycelia transferred  to  50 p i of sterile d istilled  w ater. The m ix ture w as
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vortexed  v ig o ro u sly  for approx im ate ly  20 seconds un til the suspension  w as 

h o m ogeneous a n d  res id u es  of agar h ad  becom e detached  from  the 

m ycelium . A t th is stage the suspension  w as frozen  a t -20 °C for u p  to one 

m onth . Just before PCR, the m ycelial suspensions w ere thaw ed  and  vortexed  

for a second  tim e.

Iden tifica tion  of each  cryptic L. pinastri species w as based  on  the positive 

am plification  of th e  ITS reg ion  using  the th ree species specific p rim er pairs 

(Table 3.2). For each  isolate, 1 p i of each m ycelial suspension  w as ad d ed  to 

the th ree  PCR reac tions com prising  0.025 pi of BioTaq™ D N A  polym erase, lx  

N H 4 reac tion  buffer, 160 m M  of d i-nucleo tide mix and  0.2 pM  of each prim er. 

For the  reac tions am plify ing  L. pinastri I and  III, 2 m M  of MgC12 w as added , 

w hereas 3 m M  M gC l2 w as ad d ed  to the reaction am plify ing L. pinastri II. The 

to tal vo lum e w as 20 pi. PCR w as carried  ou t in  a G eneA m p PCR system  

9700. The the rm al p ro g ram  w as the sam e for all reactions and  w as as follows: 

an  in itia tion  a t 94 °C for 4 m in, 32 cycles of d en a tu ra tio n  a t 94 °C for 40 sec., 

annea ling  a t 60 °C for 40 sec., an  extension a t 72 °C and  a final extension a t 72 

°C for 10 m in.

For a n u m b e r of colonies tested  there  w as a lack of am plification w ith  all 

th ree  species specific p rim ers. For these isolates the ITS reg ion  w as am plified 

u sing  ITS p rim ers  ITS1F and  ITS4A (Table 2.2). Both s trands of the resu lting  

p ro d u c t w ere  sequenced  using  reagents from  the BigDye k it and  ru n  th rough  

an ABI3730 cap illa ry  sequencer a t G enePool (School of Biological Sciences, 

U niversity  of E d inburgh). The taxonom ic iden tity  of the isolate w as then
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d e te rm in ed  from  its sequence sim ilarity  to  k now n  ITS sequences HM060657 

from  L. pinastri I, sequence HM 060665 from  L. pinastri II and  sequence 

HM 060662 from  L. pinastri III.

3.2.5 Comparison of Species Frequencies among 
Populations and among Years

Species frequencies w ere  calcu la ted  by  d iv id ing  the n u m b er of isolates 

iden tified  as one species b y  the to tal n u m b er of isolates for each year and  

location. C h i-square  tests w ere  ap p lied  to test tw o nu ll hypotheses. The first 

is th a t in  any  g iven  y ear the  frequency  of the th ree L. pinastri species does no t 

d iffer significantly  am o n g st the p ine  popu la tions. The second is th a t w ith in  a 

site there  is no  varia tion  in  the  relative frequencies of the  th ree species am ong 

d ifferen t years.

3.2.6 Comparison of Growth Rate in culture among L. pinastri 
taxa and among Populations

A fter classification of the  Scottish L. pinastri isolates in to  cryptic species by 

species-specific colony PCR, random ly  chosen isolates taken  from  each of the 

th ree cryptic species from  each of the th ree  sites w ere u sed  to analyse 

varia tion  in  g ro w th  ra te  u n d e r  s tan d a rd  conditions on artificial m edia. The 

experim en t w as conducted  as a m ixed  m odel random ised  block design  w ith  

replication. Species and  site of orig in  w ere  fixed effects in  the m odel and  

isolates w ith in  species w as a ran d o m  factor. In  total, 120 isolates w ere used. 

These com prised  a to tal of 40 isolates of L. pinastri 1, 58 isolates of L. pinastri II
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and  18 iso la tes of L. pinastri III derived  from  the th ree Scottish popula tions. 

These iso la tes w ere  ran d o m ly  allocated in to  tw o g roups of 60 isolates (Table 

3.3). Each g ro u p  of 60 isolates w as u sed  to set u p  a rep licate g row th  rate  trial 

on  each of tw o  d ifferen t days. Each g roup  of 60 isolates inocu lated  on a 

p articu la r d ay  constitu ted  a separate  block. Each of the fou r blocks w as 

a rran g ed  on a d ifferen t shelf of the incubator.

Molecular Taxonomy and Population Genetic of Lophodermium on Pinus sylvestris in Scotland

Chapter 3:

110



Table 3.3: N um ber o f isolates o f each L. pinastri cryptic species from  each o f th ree 
Scottish popu la tions used in experim ent to  measure grow th  rate o f cultures. N= 
to ta l num ber o f isolates; n,, n„, n,„ = num ber o f isolates o f L. pinastri I, L. pinastri II 
and L. pinastri III respectively.
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Block 1 & 3
Population N n1 n11 n

in

Loch Maree 14 4 10 0
Glen Affric 22 6 9 7
Abernethy 22 10 10 2
N 58 20 29 9

Block 2 & 4
Population N n1 n11 nin
Loch Maree 14 4 10 0
Glen Affric 24 6 9 9
Abernethy 20 10 10 0
N 58 20 29 9

Total
Population N ",
Loch Maree 28 8 20 0
Glen Affric 46 12 18 16
Abernethy 42 20 20 2
N 116 40 58 18

To co nduct the g ro w th  ra te  m e a su re m e n t m ycelial p lugs w ere cu t from  the 

g row ing  m arg in s of cu ltu res of each isolate using  a sterile 5m m  d iam eter 

cork b o re r an d  transferred  on to  2% m alt agar in  a 90m m  Petri dish. Isolates 

w ere g ro w n  in  a con tro lled  en v iro n m en t w ith in  an  incubator set for day  

n ig h t cycles a t 20°C for 12H of ligh t an d  a t 15°C for 12H of dark . The colony 

rad iu s  w as m easu red  in  m m  from  the centre of the colony once a w eek. The 

rad ia l g ro w th  of the  colony be tw een  w eeks 2 and  4, w hich  co rresponded  to 

the active g ro w th  perio d  of the  colonies, w as u sed  as the m easu re  of g row th  

rate  in  the  analysis.
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The effects of the  factors Species, Site, Species x Site Interaction, Blocks and 

Isolates w ith in  species w ere  analysed  by  ap p ro p ria te  A nalysis of Variance 

u sing  R 2.8.0 (R D ev elopm en t Core Team 2008). A  posteriori Tukey tests w ere 

used  to  d e te rm in e  the  significance of differences in  m ean  g row th  rate  am ong 

isolates from  d iffe ren t species. The n a tu re  of the in teraction  betw een  Species 

and  Site w as exp lo red  u s in g  an  in teraction  plot.

3.2.7 Linking Ascocarp and colony morphotypes

A ttem p ts w ere  m a d e  to  recover viable spores from  ascocarps of L. pinastri 

and  to germ in a te  these spores to p roduce  colonies in  culture. H ow ever, 

a lth o u g h  it w as possib le  to  recover ascospores of L. pinastri from  ascocarps, 

there  w ere  p rob lem s w ith  successful germ ination  of ascospores. These 

d ifficulties h ad  p rev io u sly  been  no ted  by M inter (1977), D iw ani & Millar, 

(1987) and  O sorio  & S tephan  (1989). M inter (1977) encoun tered  low  and  slow  

germ ination  ra tes  of L. pinastri ascospores w hich  caused  contam ination  

p rob lem s b y  the  tim e the  germ ination  h ad  occurred. D iw ani & M illar (1987) 

observed  spore  d is in teg ra tio n  in  w ater. In a s tu d y  of ascospores germ ination  

in  the R hytism ataceae, O sorio  and  S tephan  (1989) observed  the exudation  of 

L. pinastri sp o re  content.

To overcom e these  p rob lem s and  p ro v id e  a link  betw een  ascocarp 

m orphology, cu ltu re  m o rpho logy  and  ITS sequence, an alternative approach  

based  on  M in te r (1977) w as used . N eedles bearing  L. pinastri ascocarps w ere 

p h o to g rap h e d  an d  surface sterilised. O ne of the ascocarps tha t h ad  been
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p h o to g rap h e d  w as cu t o u t and  p laced  on  a Petri d ish  contain ing  2% ME A. 

The Petri d ishes con ta in ing  the ascocarps w ere incubated  a t room  

te m p era tu re  for fou r w eeks. The m ycelia g row ing  from  the section of the 

need le  con ta in ing  th e  ascocarp  w as isolated. Species-specific colony PCR w as 

carried  o u t on  th is cu ltu re  as described  in  section 3.2.2. Isolations from  a total 

of 28 ascocarps w ith  L. pinastri m orpho logy  w ere a ttem p ted  from  needles 

fou n d  on  b ro k en  b ranches (trash), from  senescent needles rem ain ing  attach  

to low er b ran ch es w h ich  are dep riv ed  of ligh t (shoot tip) and  from  litter 

need les from  the  th ree  Scottish Scots p ine  p o p u la tions (Table 3.4).

Table 3.4: Num bers o f indiv idua l ascocarps o f L. pinastri from  trash, shoot tips and 
litte r in th ree  Scottish popula tions fo r which cu ltu ring  and genetic iden tifica tion  was 
a ttem pted . A to ta l o f 28 fru itin g  bodies were tried  but only 4 were successful.
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Population Trash Shoot Tips Litter

Loch Maree 4 2 2

Glen Affric 2 6 5

Abernethy 1 2 4
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3.3 Results

3.3.1 Reliability of species-specific colony PCR

C olony PCR u s in g  the  species-specific ITS p rim ers w as conducted  on the 471 

isolates of L. pinastri sensu lato from  the fou r popu la tions. Sixty tw o of these 

tested  positive  for L. pinastri I o n ly  247 tested  positive for L. pinastri II o n ly  

none te sted  positive  for L. pinastri III, and  124 d id  n o t show  any  am plification 

for any  of the  th ree  species-specific prim ers. For those giving no positive 

resu lts  w ith  an y  of the  species-specific prim ers, the ITS region  w as am plified  

u sin g  un iv e rsa l p rim ers  ITS1 an d  ITS4A.

Forty  tw o  of the  isolates th a t show ed  no  am plification w ith  species-specific 

p rim ers gave successful ITS am plification directly  from  colonies u s in g  the 

un iversa l ITS p rim ers. The am plified  D N A  w as then  sequenced for bo th  

s tran d s u s in g  the ABI3730 capillary  system . Isolates w ere then  iden tified  to 

L. pinastri taxon  on  the  criterion  of no  less than  95% iden tity  to a reference 

sequence of th e  re levan t taxon  using  G eneious Basic 5.0.2. The reference 

sequences w ere  d eriv ed  from  an  earlier phylogenetic  analysis described  in 

chap ter 2. The reference sequences w ere from  isolates rep resen ting  each of 

the cryptic species of L. pinastri from  the native p ine  forest of G len Affric.

F ifteen of the  non -am plify ing  isolates w ere identified  as L. pinastri III using  

the reference sequence H M 060662,12 w ere identified  as L. pinastri I u sing  the 

reference sequence H M 060657 ,11 w ere identified  as L. pinastri II u s in g  the
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reference sequence HM060665, and  4 of the sequences show ed  m ore than  

95% sim ilarity  to the L. conigenum  ITS sequence HM060648.

3.3.2 Species frequency in four native pine populations

The m o st com m only  iso la ted  species in  all the p ine  popu la tions w ere L. 

pinastri I an d  L. pinastri II (Table 3.5). L. pinastri II w as the m ost ab u n d an t in 

Scotland w h ereas  L. pinastri I ap p ea red  to be the d o m inan t species in  the p ine  

p o p u la tio n  located in  France. L. pinastri III w as n o t iso lated from  any of the 

200 need les collected from  the F rench p ine  p o p u la tio n  of A riane. It w as 

successfully  iso la ted  an d  iden tified  in  tw o o u t of th ree p ine  p o p u la tions in 

Scotland. A lth o u g h  L. pinastri III ten d ed  to be p resen t a t low  frequencies 

overall (< 2%), in  G len Affric its frequency  (up to 30%) w as n o t negligible and  

w as sim ilar to th a t of the m ore  a b u n d an t L. pinastri I (Table 3.5).

Table 3.5: Frequencies o f th ree  cryptic  species o f L. pinastri isolated from  needles 
collected in d iffe ren t years from  th ree  Scottish Scots pine populations. Identification 
o f species was based on species- specific ITS sequence; N = Total num ber o f L. 
pinastri isolates in sample.
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Year Population L. p inastri 1 L. p inastri II L. p inastri III N

2004 Loch Maree 0.00 1.00 0.00 35

2007 Loch Maree 0.40 0.60 0.00 10

2008 Loch Maree 0.06 0.94 0.00 82

2004 Glen Affric 0.20 0.52 0.28 25

2007 Glen Affric 0.09 0.82 0.09 34

2008 Glen Affric 0.31 0.39 0.30 23

2004 Abernethy 0.46 0.54 0.00 24

2007 Abernethy 0.35 0.64 0.01 124

2008 Arlanc 0.74 0.26 0.00 161
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Isolates w h ich  w ere  o b ta ined  in  sp ring  w ere from  needles th a t h ad  fallen in 

a u tu m n  of the  p rev io u s year, w hereas isolates ob ta ined  in  au tu m n  w ere from  

need les th a t h a d  fallen  in  th a t year. In the follow ing analyses, all isolates w ill 

be referred  to  b y  th e ir need le  fall year ra th e r th an  by  the ir collection year. L. 

pinastri I an d  III w ere  com bined  in  all these analysis because of the low  

n u m b ers  of L. pinastri III observed  in  certain  locations.

For the  Scottish  pop u la tio n s , differences in  species frequencies w ere first 

com pared  am ong  years (2004, 2007 and  2008). D ata from  each pine 

p o p u la tio n  w ere  tested  in d ep en d en tly  w ith  a chi-square test (Table 3.6a) The 

hypo thesis  th a t species frequencies d iffered betw een  sam ple location w ith in  

Scotland w as th en  tested  w ith  a chi-square test trea ting  each year 

in d e p en d en tly  (Table 3.6b).
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Table 3.6: Results o f chi-square tests used to  determ ine significance o f d ifference in 
frequency o f L pinastri cryp tic  species a.) between d iffe ren t years and b.) between 
popula tions w ith in  years. Data from  L. pinastri I and L. pinastri III were com bined in 
the  analysis; the  year represents the  needle fall year as opposed to  the  collection 
year.
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Population Year X 2 Df P Significance

Abernethy 2004/2007 0.4257 1 0.5141

Glen Affric 2004/2007/2008 16.9002 2 2.4e‘4 ***

Loch Maree 2004/2007/2008 19.2437 2 6.63e'5 ***

Year Populations X 2 Df P Significance

2004 Abernethy, Glen Affric, Loch Maree 22.6519 2 1.2e"5 ***

2007 Abernethy, Glen Affric, Loch Maree 8.4932 2 0.01431 *

2008 Arlanc (Fr), Glen Affric, Loch Maree 100.8992 2 <2.2e"16 ***

Signif. codes: Q  1 * * * 1 0.001 '**' 0.01 0.05 0 .1 "

R elative frequencies of the  L. pinastri species d iffered significantly  am ong 

years a t G len  A ffric an d  Loch M aree (PO.OOl in  b o th  cases) b u t no t at 

A b ern e th y  (P=0.51). For any  g iven year, relative species frequencies differed 

significantly  am ong  the th ree  Scottish popu la tio n s  (P<0.05). For the year 2007 

this d ifference w as less m arked . This is accounted  for by  the sim ilar species 

frequencies in  A berne thy  and  Loch M aree. A t Loch M aree and  A bernethy  L. 

pinastri II ten d ed  to be  the  p red o m in an t species, w ith  a significant 

rep resen ta tio n  of L. pinastri I. A t G len Affric there w as a good rep resen ta tion  

of all th ree  L. pinastri taxa.

3.3.3 Culture growth rate

P rio r to analysis the g ro w th  ra te  m easu rem en ts  w ere Log transfo rm ed  to
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ensu re  h o m o g en e ity  of variances, a necessary  condition  for app ly ing  the 

analysis of variance. The ANOVA table describes the effect of cryptic species 

id e n tity  the sam p le  location, and  the in teraction  of these tw o factors on the 

g ro w th  ra te  of the  colonies (Table 3.7). Both taxonom ic iden tity  and  location 

of sam p le  h ad  a sign ifican t effect on  the g row th  rate  of isolates (PO.OOl). 

T here w as also a sign ifican t in teraction  betw een  these tw o factors (PO.OOl). 

T here w as no  sign ifican t b lock effect, suggesting  th a t g row th  conditions in 

the incubato r w ere  very  u n ifo rm  (Table 3.7).

Table 3.7: ANOVA fo r g row th  rate o f L. pinastri isolates from  th ree  cryptic  species 
sampled from  th ree  popula tions o f Scots pine in Scotland. The significance o f the 
factors species, popu la tion  and the  in teraction between these tw o  factors is shown. 
* * *  pcO.OOl, n.s. non significant.
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Df Sum Sq Mean Sq F value Pr(>F) Significance
Species 2 48.436 24.2181 159.7166 < 2.2e16 ***

Population 2 2.515 1.2573 8.2918 0.0004344 ***

Block 3 0.789 0.2629 1.7336 0.1640732
Species:Population 3 4.082 1.3607 8.9740 2.191e-05 ***

Species:lsolates 107 72.456 0.6772 4.4658 1.812e'14 ***

Residuals 114 17.286 0.1516

The g ro w th  ra te  of each  L. pinastri cryptic species is illu stra ted  in  the box p lo t 

of the  Log G ro w th  ra te  m easu red  d u rin g  the active g row th  betw een  w eek 2 

and  4 (F igure 3.2). L. pinastri I show ed  the fastest g row th  w ith  an  average rate 

of 0.8 m m /d ay  (Table 3.8). It is fo llow ed by  L. pinastri II w ith  a m ean  g row th  

ra te  of 0.5m m /day. The slow est g ro w th  w as show n by L. pinastri III w ith  a 

m ean  g ro w th  ra te  of 0 .18m m /day (Table 3.8). Tukey m u ltip le  com parison  

tests ind ica ted  th a t for each species, g row th  rate  w as significantly  d ifferen t 

from  all o thers  (PO.OOl for all com binations) (Table 3.9). The g row th  rate  of 

an  isolate affected the  size of the m a tu re  colony as illu stra ted  in  F igure 3.3. L.
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pinastri I te n d ed  to  p ro d u ce  the  la rgest m a tu re  colonies, and  L. pinastri III the 

sm allest m a tu re  colonies after e igh t w eeks (Figure 3.3).
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Figure 3.2: W hisker and Boxplots show ing varia tion in colony grow th  rate fo r 
isolates o f th ree  cryp tic  species o f L. pinastri isolated from  th ree  popula tions o f 
Scots pine in Scotland. The em pty circle represents outliers; the  standard deviations 
are represented by the  whiskers and the  mean by the  th ick  horizontal lines.
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Table 3.8: M ean and standard e rro r fo r grow th rate (m m /day) o f each cryptic 
species o f L. pinastri found in the  contro lled  environm ent experim ent.
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Species M edian M ean Sdt dev
L  p in a s tr i 1 0.638 0.800 0.327
L  p in a s tr i II 0.317 0.500 0.236
L  p in a s tr i III 0.125 0.181 0.072

Figure 3.3: Eight week old colonies o f th ree  L. pinastri cryptic species. Each column 
contains tw o  isolates from  a single L. pinastri cryptic species. Replicate colonies o f 
the  same isolate are present on each plate. Columns from  le ft to  righ t are; L. 
pinastri I, L pinastri II, and L. pinastri III.

The g ro w th  ra te  of iso la tes also varied  significantly am ong p ine popu la tions 

(P<0.001) (Table 3.7). D espite this varia tion  am ong  popu la tions w ith in  

species, the overall d ifference betw een  the species w as still h ighly  significant.
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The varia tio n  am ong  sites for each species is illu stra ted  in  the in teraction  p lo t 

(F igure 3.4). L. pinastri I from  G len Affric, w h ich  is located betw een  the o ther 

tw o p in e  pop u la tio n s , g rew  slow er than  those from  Loch M aree in  the w est 

an d  A b ern e th y  in  the east. The L. pinastri II g row th  rates for the th ree p ine 

p o p u la tio n s  decreased  from  east to w est. In contrast, the L. pinastri III g row th  

ra te  w as g rea tes t for isolates from  G len Affric located in  the w est (Figure 3.4).
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Population

Figure 3.4: In teraction  p lo t show ing the  variation in grow th rate fo r th ree  cryptic 
species o f L. pinastri (L. pinastri I, L. pinastri II and L. pinastri III) taken from  th ree  
d iffe ren t Scots pine popula tions w ith in  Scotland (Abernethy, Glen A ffric  and Loch 

Maree.

122



3.3.4 Ascocarp morphology characters on needle

T w enty e ig h t L. pinastri-like ascocarps from  litter needles, shoo t tips and  

trash  need les of Loch M aree, G len Affric and  A bem ethy  w ere set u p  on 2% 

M alt ex tract ag ar after surface sterilisation  of the needle. O nly ascocarps 

derived  from  th e  litte r p ro d u ced  hyphae. A  to tal of fou r ascocarps form ed 

colonies iden tified  u sin g  species-specific colony PCR. Three of these w ere 

iden tified  as L. pinastri I. O ne w as from  G len Affric and  the o ther tw o w ere 

from  A bem ethy . The rem ain ing  isolate w as identified  as L. pinastri II and  w as 

from  A bem ethy .

The th ree  L. pinastri I isolates possessed  ascocarps w h ich  show ed  clear and  

full m arg in a l lines also k now n  as zone lines. These lines are considered  

characteristic  of L. pinastri (F igure 3.5 to 3.7). The isolate of L. pinastri II w as 

from  an  ascocarp  w h ich  h ad  som e zone lines a ro u n d  it. H ow ever these lines 

w ere  m u ch  fa in ter and  d id  n o t ap p ea r to p ro d u ce  a ring  a ro u n d  the need le  

(Figure 3.8). T hese are the only clear m orphological differences th a t could be 

d iscerned  b e tw een  the  ascocarps of the tw o cryptic taxa.
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Figure 3.5: L. pinastri I colony (isolate F R 90 .067 .il) and corresponding ascocarp 
from  which it was derived.

which it was derived.
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Figure 3.7: L. pinastri I colony (isolate FR90.72.04) from  Abernethy and 
corresponding ascocarp from  which it was derived.

Figure 3.8: L. pinastri II colony (isolate FR90.67.12) from  Abernethy and
corresponding ascocarp from which it was derived.
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3.4 Discussion

C h ap te r 2 of th is thesis gave evidence th a t P. sylvestris litter need les are host 

to th ree  Lophodermium  species, based  on genetic data, in  a t least one native 

p ine  p o p u la tio n  in  Scotland. W ith  the taxonom y of Lophodermium species 

associated  w ith  P. sylvestris defined, it is now  possible to beg in  investigating  

biological questions concern ing  the en d ophy te  species w ith  the u ltim ate  aim  

of u n d e rs ta n d in g  the  re la tionsh ip  betw een  the pa thogen  and  its related  

en d o phy tes, an d  the  in teractions th a t occur betw een  them .

To facilitate such  studies, it w as first essential to develop  a m ethod  w hich  

w ou ld  enab le  accurate  an d  reliable identification  of each of the th ree species. 

O th er au th o rs  h ave  u sed  species-specific PCR to identify  the pa thogen  

Lophodermium seditiosum  and  the en dophy te  L. pinastri d irectly  from  green 

needles. T heir objective w as early  detection  of the pa thogen  for the p u rpose  

of d isease  m an ag em e n t (S tenstrom  & Ihrm ark, 2003). O ur aim  w as to  identify  

each Lophodermium  species associated  w ith  P. sylvestris accurately  after 

iso la tion  and  cu ltu re  on  2% M alt Extract Agar. The existing p rim ers u sed  for 

the de tection  of L. pinastri from  green  needles had  been  designed  p rio r to the 

d iscovery  of cryptic species w ith in  the L. pinastri com plex. This is w h y  a new  

set of p rim ers  w h ich  iden tified  each cryptic species specifically w ere 

d esigned  based  on  the  alignm en ts of ribosom al D N A  from  the ITS region 

u sed  in  the  phy logenetic  analysis of chap ter 2.

In o rd e r to screen  isolates quickly  and  bypass lengthy  D N A  extractions,
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direc t PCR on m ycelium  su spension  (colony PCR) w as carried  out. The 

ou tcom e of species-specific colony PCR w as th a t litter need le  isolates could 

be so rted  reliab ly  in to  th ree  groups: L. pinastri I, L. pinastri II and  no  

am plification . The p rim er set w h ich  aim ed  to am plify  specifically L. pinastri 

III d id  n o t perfo rm  w ell w h en  u sed  on D N A  in crude m ycelial suspensions. 

F u rth e r w o rk  is req u ired  to  redesign  a su itab le  set of p rim ers for am plify ing  

L. pinastri III ITS sequences u sin g  crude D N A  extracts.

A lth o u g h  som e isolates rem ained  unknow n , the subsequen t sequencing  

u sin g  un iv e rsa l ITS1 and  ITS4A p erm itted  us to identify  fu rth er isolates as L. 

pinastri III, L. pinastri I, L. pinastri II and  even L. conigenum. This w as achieved 

by  co m parison  to reference sequences, and  identification w as based  on a 

c riterion  of 95% sequence sim ilarity. D irect detection in  the need le  w as no t 

the p u rp o se  of th is study. Such assays are requ ired  to detect low  quan tities of 

D N A  from  very  sm all am o u n ts  of m ycelium . This is m ore achievable using  

Real-Tim e PCR, also k n o w n  as quan tita tive  PCR.

Isolate iden tification  u sin g  species-specific PCR and  sequencing has enabled  

the investiga tion  of the d is trib u tio n  and  relative frequency of each cryptic 

species. It has  revealed  th a t it is m islead ing  to use records of sequences 

d ep o sited  in  G enbank  e ither to estim ate the geographic d istribu tion  of a 

species o r to m ake a ju d g e m en t on  the association of species w ith  particu la r 

hosts. If one fo llow ed the  gu idance of presence of sequences in  G enbank  to 

de te rm in e  the actual d is trib u tio n  of isolates identifiab le as L. pinastri II, then  

it shou ld  n o t have b een  fou n d  in  Europe.
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In  te rm s of Lophodermium  species d is tribu tion  am ong Scots p ine  popu la tions, 

G len Affric is the  on ly  na tive  p ine  forest w hich  has a significant presence of 

L. pinastri III. The de tection  of the species w as n o t a chance even t since its 

p resence  a t G len A ffric w as ev iden t in all th ree  years sam pled . In contrast, L. 

pinastri III w as n o t iso la ted  as frequen tly  or as consistently  in A bernethy  or 

Loch M aree an d  w as n o t iso la ted  a t all from  the 200 need les of the French 

po p u la tio n . O n the  o th e r h and , the significant presence of L. pinastri I and  L. 

pinastri II in  b o th  Scotland and  France dem onstra tes  th a t these tw o species 

often  co-occur w ith in  the  sam e h ost and  p ine  popula tions. M ore popu la tions 

w o u ld  n eed  to be  su rveyed  to d raw  general conclusions abou t the 

d is tr ib u tio n  of these species in  E urope o r e lsew here in  the range of Scots 

pine. T hese resu lts  reveal th a t restric ting  identification  to the level of the 

genus w h en  su rvey ing  the com m unities of endophy tes w ill lead to a severe 

u n d eres tim a tio n  of the  level of d iversity  of these en dophy te  com m unities.

In  te rm s of range  of h o s t species, isolates deposited  in  G enbank w hich  can 

now  be recogn ised  as belong ing  to L. pinastri II, have been  iso la ted  from  a 

d iversity  of Pinus hosts  w hich  can range from  tw o to  five-needle pines. It 

w o u ld  be in te res tin g  to  know  w h eth er th is is the case for the o ther tw o 

cryptic species. Since L. pinastri III appears  to be less ab u n d an t on P. sylvestris, 

it is conceivable th a t th is tree is of secondary  im portance as a h ost for L. 

pinastri III. This en d o p h y te  m ay be far m ore a b u n d an t on ano ther Pinus host 

species.

D ynam ic changes in  the  popu la tio n s  of these d ifferent en d o p h y te  species
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w ere  investiga ted  b y  estim ation  of the ir relative frequencies over a n u m b er 

of d ifferen t years of n eed le  fall. The significant difference in  frequency  of 

each  en d o p h y tic  Lophodermium  species betw een  years suggests the influence 

of en v iro n m en ta l factors, b o th  abiotic and  biotic, on  the endophytic , the 

sap rophy tic , o r b o th  stages of the ir life cycle. This is the first tim e tha t 

d ifferen t species from  the sam e genus have been  surveyed  from  one single 

h o s t species a t the  sam e site over d ifferen t years. O ther stud ies have 

p ro v id ed  ev idence for the  influence of canopy density  and  h u m id ity  on 

infection  ra tes of Lophodermium  (Petrini et a l, 1982). Lophodermium d ep en d s  

g reatly  on  h u m id ity  to allow  open ing  of ascocarps for release of spores. It is 

possib le  th a t som e species perfo rm  slightly  be tte r a t low er h u m id ity  levels 

(M inter & C annon, 1984). This m ay  be the case for L. pinastri I, w h ich  is seen 

to have  a h ighe r rela tive frequency  in  the French po p u la tio n  than  in  the 

Scottish sites.

It is possib le  th a t clim ate p lays a role in  the ability  of ind iv iduals  to establish  

an d  fru it w ith in  senescen t needles. It w as show n tha t only a few  genotypes 

rem ain ed  w ith in  one need le  a t the sap ro troph ic  stage of L. piceae com pared  to 

a h ig h  genotyp ic  d iversity  observed  am ong  isolates from  green  needles 

(M uller et ah, 2001). This ph en o m en o n  could  extend to species d iversity  

w ith in  the  L. pinastri com plex, and  lead to low er species d iversity  of fru iting  

ascocarps th an  of iso lates w ith in  green  needles.

A n o th er env ironm en ta l influence could  be  com petition  w ith  o ther species. 

N egative  correlation  in  frequency  betw een  L. pinastri and  Cyclaneusma minus,

Molecular Taxonomy and Population Genetic of Lophodermium on Pinus sylvestris in Scotland
Chapter 3:

129



b o th  as en d o p h y tes  an d  as sap ro p h y tes  in  P. sylvestris and  P. mu go, p rov ides 

ev idence th a t in ter-specific in teraction  affects species frequency  (G ourbiere et 

al., 2001; Seiber et al., 1999). It shou ld  be no ted  th a t identification  of L. pinastri 

in  b o th  s tu d ies  w as n o t b ased  on  genetic data. T hus it is unclear w hich  L. 

pinastri species w as scored  in  each study.

S tud ies on  Lophodermium  en d o p h y te  com m unities, such as those referred  to 

above, h ave  b een  based  on m orpholog ical identification  w hich  d id  no t 

recognise the  th ree  cryptic species of L. pinastri. Therefore, these stud ies w ill 

n eed  to  be  re -ev alu a ted  in  this light. In  the m ean  tim e it m ay  be possib le to 

u se  g ro w th  characters in  cu ltu re  to identify  the cryptic species w ith o u t the 

n eed  for m olecu la r assessm ents. For instance Sam uel et al. (2006) found  tha t 

g ro w th  ra te  in  cu ltu re  w as the b est m orphological character for 

d ifferen tia ting  species w ith in  the Trichoderma koningii aggregate, and  th a t this 

w as su p erio r to d ifferen tia tion  based  on con id iophore m orphology.

U sing  ran d o m ly  chosen  isolates w hich  w ere iden tified  using  species-specific 

colony PCR, it w as possib le  to com pare the g row th  ra te  am ong each of the 

cryptic species of L. pinastri. G row th  rate  of isolates from  d ifferen t locations 

w ith  d ifferen t env iro n m en ta l characteristics w as also com pared  in  o rd er to 

d em o n stra te  th a t d ifferences observed  betw een  taxa w ere n o t d u e  to  local 

p o p u la tio n  varia tion . G ro w th  rates betw een  the L. pinastri cryptic species 

w ere  h igh ly  sign ifican tly  different, backing u p  the genetic ev idence of 

chap ter 2 th a t these en tities rep resen t d ifferen t species. Large differences in 

cu ltu re  g ro w th  rate, th o u g h  n o t d irectly  re levan t to the perfo rm ance of the
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species in  na tu re , do  suggest th a t the th ree L. pinastri cryptic species w ill 

d iffer significantly  in  th e ir ecology. W ithin  each species cu ltu re  g row th  rates 

also varied  accord ing  to sam ple  location. This is a possible sign of local 

ad ap ta tio n  of each species. H ow ever this ad ap ta tio n  does no t override the 

d ifferences observed  be tw een  species. This contrasts w ith  the situa tion  for 

Trichoderma, in  w h ich  cryptic specia tion  occurred  as a consequence of spatial 

iso la tion  (Sam uel et al., 2006). Since there is som e evidence of local ad ap ta tio n  

w h ich  is tran sla ted  to d ifferences in  g row th  ra te  in  culture, it is p lausib le  to 

su g g est th a t g ro w th  ra te  m u s t be d ifferen t w ith in  the needle. It w ou ld  be 

difficu lt a t th is  stage to in fer w h e th e r this is an  ad ap ta tio n  of g row th  rate  in 

the  liv ing  need le  as opp o sed  to the sap ro troph ic  stage of the ir life-cycle or 

bo th . H o w ev er the  coexistence of the th ree species confirm s the ir po ten tia l to 

com pete  a t som e stage of the ir life-cycle.

C o-existence of these genetically  d istinct species w ith in  the sam e p o p u la tions 

an d  find ings of significantly  d ifferen t g ro w th  rates in d ep en d en t of 

geograph ical location suggests th a t evolu tion  of these species m ay n o t have 

been  th ro u g h  geograph ical separation . O ther factors of speciation m ay have 

been  invo lved  in  b rin g in g  ab o u t rep roductive  isolation in  sym patry. Such 

factors could  be d ifferen t tim ing  of fructification a lready  observed  betw een  

som e of these species (M inter and  M illar, 1980). H ost preference m ay  also 

have p lay ed  a role. In  this context it w ill be im p o rtan t to learn  m ore abou t the 

h o st specificity  of all the L. pinastri cryptic species.

Molecular Taxonomy and Population Genetic of Lophodermium on Pinus sylvestris in Scotland
Chapter 3:

U sing  the m e th o d  described  by  M in ter (1977), to link cu ltu re  m orpho logy  of



L. pinastri to  ascocarp  m orphology, it w as possib le to dem on stra te  the 

p o ten tia l u se  of the  character zone line to d ifferentiate L. pinastri I and  L. 

pinastri II. H ow ever a m u ch  la rger sam ple w ou ld  be requ ired  for m ore 

certa in ty  an d  statistical assu rance of this result. A b igger sam ple size m ay 

also enab le  u s  to iden tify  o ther m eaningfu l ascocarp characters.

W hile co m p arin g  specim ens u sed  in  this s tu d y  to the collection deposited  by  

D av id  M in te r in  RBGE as w ell as to illu stra tions from  his p u b lish ed  w ork 

(M inter, 1981a), it has becom e ap p a re n t th a t L. pinastri I m ay  co rrespond  to L. 

pinastri an d  th a t L. pinastri II m ay co rrespond  to L. staleyi. The la tte r occurs on 

need les a ttached  to  b ranches of tw o need le  p ines w hich  are dep riv ed  of light 

as w ell as o n  the  litter. L. staleyi form s sm aller ascocarp than  L. pinastri and  

lack d efined  b lack  zone lines. It is d ifferen t from  L. pini-excelsae in  term s of its 

fine ascocarp  p e rim ete r line.

The m o st likely reason  for the lack of L. pinastri III iso lates recovered  in  this 

m a n n er from  ascocarps could  be du e  to the low  frequency of this species and  

the  sm all sam ple  size. H ow ever it is also possible th a t this species fru its a t a 

d ifferen t tim e of the  year. F u rther characterisa tion  of this species is requ ired .

A n a tte m p t to use  m olecu la r m ethods to find  the iden tity  of L. pinastri III by 

m a tch ing  its ITS sequence w ith  th a t of G enBank records w as unsuccessful. In 

the course of th is w ork  it becam e clear th a t som e sequences deposited  in 

G enbank  h ad  b een  incorrectly  identified . Thus, BLAST analysis of the  ITS 

sequence of en try  EU520183, w hich  is labelled as L. pini-excelsae, show ed  tha t
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it h ad  98% id en tity  to a Stagonospora species and  to strains of various 

en v iro n m en ta l en d o p h y tes  as w ell as 91% sim ilarity  to Phaeosphaeria 

nodorum. B oth Stagonospora and  Phaeosphaeria are genera in the fam ily 

P leosporaceae w h ereas  Lophodermium  is a genus in  the fam ily R hytism atacea. 

The o th e r tw o records for L. pini-excelsae, FJ861987 and  FJ861988, are 98 to 

100% iden tica l to  L. macci sequences deposited  as reference sequences based  

on  b o th  m orpho log ica l and  D N A  analysis (Sokolski et al., 2004). These 

sequences are  only  91% identical to L. pinastri III ITS sequences. This 

ind icates th a t a t p re sen t there are no  reliable ITS o r o ther sequences in 

G enbank  from  the  en tity  n am ed  L. pini-excelsae. It is therefore no t possible to 

d e te rm in e  w h e th e r this is synonym ous w ith  any of the cryptic taxa th a t w e 

have iden tified  w ith in  L. pinastri. These resu lts h igh ligh t the im portance of 

en su rin g  th a t fungal records in  the G enbank database  are from  p roperly  

verified  specim ens so th a t in  the  fu tu re  it w ill be possible to link  genetic da ta  

to m orpho log ica l characters a lready  u sed  to iden tify  and  nam e fungal 

species.
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Molecular Taxonomy and Population Genetic of Lophodermlum on Pinus sylvestris In Scotland
Chapter 4:

Chapter 4: Breeding System & Population 
Structure of Lophodermium  on Pinus  

sylvestris

4.1 Introduction

A very  h ig h  p ro p o rtio n  of fungal species have life cycles w hich  inc lude 

in tim ate  in teractions w ith  p lan ts. A rguab ly  the m ost n u m ero u s of these 

fungal g ro u p s w h ich  in terac t w ith  p lan ts are the endophytes. E ndophy tes are 

defined  as o rgan ism s w h ich  live asym ptom atically  w ith in  p lan ts  fo r a t least 

p a r t  of the ir life cycle (W ilson, 1995). E ndophytes are ub iqu itous to all p lan ts 

and  are p re sen t in  every  p la n t o rgan  (R odriguez et ah, 2009; A rnold , 2007). It 

has been  es tim ated  th a t every  p la n t species is associated w ith  it a t least six 

fungal species, m an y  of w h ich  are endophy tes tha t are yet to be described . A 

h igh  p ro p o rtio n  of these fungal endophy tic  species reside in  the p h y lu m  

A scom ycota.

For sim plification  fun g a l endophy tes can be d iv ided  in to  tw o b ro ad  classes
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based  o n  th e ir deg ree  of colonisation of host tissue. The first g ro u p  colonises 

h o s t tissues system ically  an d  is often vertically  transm itted . Typical exam ples 

are the  grass-infecting  C laviceps. Evolution in  such  endophy tes is typically  

to w ard s  m u tualism , an d  there  is good ev idence for fungal p ro d u c tio n  of 

co m p o u n d s  such  as alkalo ids w hich  p rov ide  p lan ts  w ith  p ro tec tion  against 

herb ivores (C lay & Schardl, 2002; Schardl et a l, 2004).

In  contrast, the  second g ro u p  of endophy tes show  lim ited colonisation of 

aerial h o st tissues and  are typically  ho rizon ta lly  transm itted  (R odriguez et a l, 

2009). T hey  are u b iq u ito u s  and  are rep resen ted  in  m ost ascom ycete phy la  

(A rnold, 2007; H igg ins et a l, 2007). Species d iversity  w ith in  the ir h o s t is often 

u n d eres tim a ted , especially  in  leaves o r needles of trees as exem plified in 

chap ter 2 of th is thesis. M oreover, the h o s t specificity of these en d ophy te  taxa 

can be  variab le  (A rnold, 2007).

The lifestyles of th is second g ro u p  of horizon tally  transm itted  endophy tes 

vary  across a w id e  spectum . A t one extrem e are species th a t rem ain  

asym ptom atic  w ith in  h o s t tissues un til these senesce naturally , a t w hich  

p o in t co lon isation  of tissues and  fru iting  occurs. These taxa m ay be regarded  

as m u tu a lis ts  because  there  is som e evidence th a t they  benefit their host 

d u rin g  th e ir en d o p h y tic  stages. For instance, A rno ld  et al. (2003) 

d em o n stra ted  the im portance  of the d iverse com m unity  of endophy tes in 

Theobroma cacao leaves for the p ro tec tion  against Phytophthora species. M iller 

et a l  (2002) d em o n stra ted  th a t rugu losin  p ro d u c tio n  by  endophy tes in  spruce 

need les p ro tec ted  the h o s t against a b u d  w orm  pest.
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A t the  o th e r ex trem e are species th a t are capable of acting as p rim ary  

parasites, b u t m ay  also behave  as endophy tes and  rem ain  asym ptom atic  in 

h o s t tissues in  the  absence of h o s t stress. W hen host tissues becom e stressed  

these  en d o p h y tes  colonise stressed  tissues, acting as p rim ary  p a thogens and  

fru iting  on  tissue th a t they  have been  actively involved in  killing. In the 

m id d le  of th is spec tru m  lie endophy tes w hich  rem ain  asym ptom atic  in  host 

tissue un less  it is k illed  prem aturely . P rem atu re  dea th  of tissue is the trigger 

for tissue co lonisation  an d  fru iting  by  this th ird  g roup  of horizon ta lly  

tran sm itted  en d o phy tes.

W here en d o p h y tes  a d o p t d ifferen t life styles, this is likely to have 

consequences for m an y  o ther aspects of their p opu la tion  biology. For 

instance, if en d o p h y tes  evolve to occupy a m ore restric ted  niche, this w ill 

have consequences b o th  for their ability  to find o ther ind iv iduals  w ith  w hich  

to m ate, and  for the  size an d  degree of fragm en tation  of the ir popu la tions. 

E ndophy tes occupy ing  stressed  or p rem atu re ly  killed h ost tissue are likely to 

occupy  a m ore  res tric ted  n iche than  those fru iting  on  na tu ra lly  senescing 

h o st tissue. T hey m ay  have difficulty  in  find ing  m ating  partners, and  the 

evo lu tion  of self-fertilisation m ay  therefore be favoured  in  this g roup.

This g ro u p  of en d o p h y tes  is also expected to have p o p u la tions tha t are bo th  

low er in  size an d  m ore  fragm en ted  than  those occupying na tu ra lly  senescing 

h o s t tissue. If th is is the  case it w ill be ev iden t in  the genetic s tru c tu re  of the ir 

p o p u la tions. Sm aller, m ore  fragm en ted  popu la tions are m ore affected by 

genetic d rift th an  larger, m ore  con tinuous popula tions. T hus endophy tes
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occupy ing  restric ted  niches shou ld  show  greater genetic m arker 

d ifferen tia tion  am ong  sites than  endophy tes occupying  large h ost niches. We 

there fo re  p red ic t increased  selfing and  greater p o p u la tio n  genetic s truc tu re  

in  en d o p h y tes  th a t are facultative parasites, or fru it on  stressed  tissue, th an  in 

en d o p h y tes  th a t fru it on  na tu ra lly  senesced host tissue.

In  o rd e r  to  te st these p red ic tions w e ideally  need  a system  in w hich  w e have 

a closely re la ted  g ro u p  of en d o p h y te  species w hich  show  the full spec trum  of 

lifestyles from  p arasite  to  m utualist. If the p red ic ted  differences in  m ating  

system s an d  genetic s tru c tu re  are found  am ong these species then  it is 

reasonab le  to ascribe these differences to the d ifferen t lifestyles th a t they 

possess, because  they  o therw ise  are very  sim ilar in  the ir biological and  

ecological characteristics.

A system  w h ich  is w ell qualified  for such investigation  is the Lophodermium 

com plex  of species w h ich  colonises Scots p ine needles. As w e know  it, the 

ascom ycete genus Lophodermium  (anam orph  Leptostroma) includes a large 

n u m b e r of taxa th a t are ub iqu itous  endophy tes of p ine  (H ata & Futai, 1996). 

Lophodermium  also inc ludes an  econom ically  im p o rtan t pathogen , L. 

seditiosum. It induces significant loss in  Scots p ine  nurseries  w ith  p rem a tu re  

need le-cast in  y o u n g  seedlings, and  g row th  reduction  follow ed by  death  

(Skilling & N icholls, 1975; D iw ani & M illar, 1987).

It is n o w  recogn ised  th a t five Lophodermium species are able to colonise P. 

sylvestris from  native  forests (C hapter 2 and  3). Three en dophy te  species, L.
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pinastri sensu lato fru it on  litter need les th a t have senesced naturally . The 

en d o p h y te  L. conigenum  fru its on  need les found  on dam aged  branches. The 

final species L. seditiosum  is a p rim ary  pa thogen  b u t can also overlap  in  its 

fru itin g  n iche w ith  L. conigenum  an d  fru it on p rem atu re ly  killed needles. For 

s im plicity  L. seditiosum  w ill be  referred  to as a pa thogen  and  the  o ther taxa as 

en d o p h y tes  in  the  stric t sense of the  term , ie an organism  w hich  does n o t 

induce  diseases.

This com para tive  investigation  of the m ating  system  and  p o p u la tio n  genetic 

s tru c tu re  of p a th o g en  and  endophy tes of P. sylvestris w ill focus on one 

en d o p h y te  from  litte r need les L. pinastri II, and  bo th  species fru iting  on 

b ro k en  b ranches, L. seditiosum  an d  L. conigenum. The choice of u sin g  L. 

pinastri II is based  on  an  assessm en t of the relative frequencies of the three 

cryptic L. pinastri taxa in  Scotland and  France th a t has been  described  in 

ch ap te r 3.

This chap ter w ill therefore a ttem p t to com pare the m ating  system , genetic 

d iversity  and  p o p u la tio n  stru c tu re  of these th ree genetically related , 

sym patric  b u t d is tinc t species of Lophodermium w hich  com prise tw o 

en d o p h y tes  and  a pathogen . P revious popu la tion  genetics stud ies of 

p a th o g en s have h e lp ed  to in form  us abou t evolu tion  in  species and  the risks 

of a species becom ing  m ore v iru len t. This has been  an im p o rtan t tool in  

ep idem io logy  (M cD onald  et al., 1989; A bang et a l, 2006; l ia y d e n  & H ow lett, 

2005; H ay d en  et al., 2007; Z h an  et al., 2005; S tukenbrok  et al., 2006; Z hang  et 

al., 2009; Z h o u  et al., 2006; Lee et al., 2007; Paavlainen et al., 2001; Perez et al.,
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2010; B urgess et al., 2004; H am elin  et al., 1998). Popu lation  genetics of 

in d iv id u a l en d o p h y tes  has also been  investigated  (A hlholm  et al., 2002; Kray 

2008; M uller, 2007; M cC utcheon & Carroll, 1994; Sulivan & Faeth, 2004; Wali 

et al., 2007; Z h an g  et al., 2010). H ow ever, none of these stud ies p ro v id e  a 

com para tive  analysis of m ating  system s and  genetic s tru c tu re  in  a system  

w h ich  in c ludes b o th  p a thogen  an d  endophy tes com ing from  the sam e sites 

an d  p re sen t on  the  sam e host.

In  o rd e r to  carry  o u t these stud ies it is necessary  to develop  an  ap p ro p ria te  

set of p o ly m o rp h ic  genetic m arkers. M any p o p u la tio n  genetic s tud ies use  co­

d o m in an t m ark e rs  such  as m icrosatellites also k now n  as SSR (Simple 

Sequence R epeats) m arkers (Zane et al., 2002). M icrosatellite m arkers are very 

u sefu l since they  are ab u n d a n t in  m ost genom es and  very  po lym orph ic  d ue  

to v aria tion  in  the  n u m b er of repeats. Each m icrosatellite locus can be 

am plified  w ith  the  assistance of p rim ers w hich  are designed  on  its flanking 

reg ions. H o w ev er m icrosatellite  m arkers can be d ifficult to ob ta in  in  fungi 

d u e  to  the ir sm aller genom es and  an d  the low er q uan tity  of SSRs p resen t 

(Santana et al., 2009; D utech  et al., 2007).

W ith the  d ifficulties in  ob ta in ing  such m arkers in  Lophodermium species it 

w as d ec ided  to  u se  a fingerp rin ting  m ethod , inter-SSR m arkers, to assess the 

m a tin g  system  an d  genetic s truc tu re  of all th ree Lophodermium species using  

d a ta  from  Scottish  and  French popu la tions of Scots pine. ISSRs, also know n 

as m icrosatellite  p rim ed  PCR an d  RAMS (R andom ally A m plified  

M icrosatellites), have been  u sed  in  A scom ycetes since the  m id  1990's
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(H an tu lla  et al., 1996) and  w ere  first described  by Z ietkiew icz et al. (1994). 

ISSR analysis u tilises p rim ers  w h ich  include a m icrosatellite and  a 

deg en era te  anchor region. This allow s am plification of regions betw een  

m icrosatellites. U nlike RAPDs this m ethod  does n o t rely on  low  annealing  

te m p era tu re  to  p ro d u ce  po lym orph ism . Instead, po lym orph ism  of these 

m ark e rs  is the re su lt of p resence o r absence of m icrosatellites and  leng th  

v aria tion  (Wolfe e t al 1998).

ISSR (Inter-SSR) m ark e rs  are d o m in an t and  bi-allelic and  com bine the h igh  

p o ly m o rp h ism  of m icrosatellite  and  the sim plicity  of RAPDs (R andom ly 

A m plified  P o lym orph ism  D NA). Since Lophodermium species are h ap lo id  like 

m o st ascom ycete fungi, u s in g  a d o m in an t m arke r does n o t rem ove valuable  

in fo rm ation  on  he terozygosity  w h ich  w ou ld  be im p o rtan t in  d ip lo id  

o rgan ism s. ISSRs have been  successfully  u sed  to estim ate the reduction  of 

geno type  d iversity  be tw een  L. piceae w ith in  green  needles and  as a 

sap ro p h y te  from  litte r need les (M uller et al., 2001). ISSRs have also been  u sed  

to estim ate  p o p u la tio n  s tru c tu re  in  Botrytis cinerea w hich  is a soft fru it 

p a th o g en  an d  Gremmeniella abietna, a p ine  p a thogen  (Ma & M ichailides, 2005; 

H am elin  et al., 1999).

In  o rd e r to assess the  m a ting  system , n a tu ra lly  p rod u ced  fam ilies of isolates 

taken  from  single ascocarps have been  scored for the ir ISSR ban d in g  pattern . 

If the  taxon  is hom othallic  and  self-fertilising, all ind iv iduals  derived  from  a 

single ascocarp  w ill be  iden tical in  ISSR pattern . If the species is hetero thallic  

and  ou tcrossing , the fam ilies from  a single ascocarp are expected to segregate
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for a t least one of the  po lym orph ic  ISSR alleles. M ating  system  has been 

assessed  in  tw o na tiv e  p ine  popu la tions for each of the species for w h ich  

p ro g en y  arrays cou ld  be obta ined

For assessm en t of genetic structure , the ISSR b an d in g  p a tte rn s  of in d iv iduals  

sam p led  from  th ree  native  Scots p ine p o p u la tions in  Scotland have been 

scored, to g e th er w ith  a single po p u la tio n  of L. pinastri II sam pled  from  

France. F requencies of the  bands, here in terp re ted  as the p ro d u c ts  of single 

loci, have  b een  estim ated . From  these da ta  estim ates of genetic d iversity  for 

ISSR loci, and  genetic d ifferentiation  am ong popu la tions have been 

calculated .
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4.2 Material and Methods

4.2.1 Field Collections

Isolates w ere  ob ta ined  from  b o th  litter and  trash  (broken branches) needles. 

L itter need les w ere  collected from  below  tw enty  d ifferent Scots p ine  trees in 

each of th ree  na tive  forests in  Scotland, Loch M aree, G len Affric, and  

A bernethy, and  one in  France, A rlanc (Table 3.1 and  F igure 3.1). Trash 

need les w ere  collected from  five b roken  branches in  each of th ree native 

forests in  Scotland.

All Scottish  sites are rem nan ts  of the heav ily  fragm ented  ancient C aledonian  

fo rest w h ich  contains trees of m ixed age class (M ason et al. 2004). The 

p o p u la tio n s  chosen cover the  clim atic g rad ien t across Scotland. Loch M aree 

is located  to  the n o rth  w est of Scotland a t low  elevation and  close to the sea.

It has  the h ig h est rainfall levels of all fou r sites and  its soil is pea ty  and  poo r 

in  nu trien ts . The stand  is characterised  by m ostly  m a tu re  and  old, sparsely  

spaced  Scots p ines trees. G len Affric is located fu rth er in land  a t h igher 

e levation  an d  has  a low er rainfall. The stand  is den ser and  m ixed w ith  birch, 

Betula pubescens. A b em eth y  is the easternm ost of the Scottish sites an d  has a 

m u ch  low er rainfa ll and  m ore  continenta l clim ate. The a ltitude of the 

A b erne thy  site is approx im ate ly  200m. Its soil is a freely d ra in ing  n u tr ien t 

p o o r h u m u s  iron  p o d zo l (Steven & C arlisle 1959).

The F rench  p o p u la tio n  from  the w oods of A rlanc is located in  the 

m o u n ta in o u s  reg ion  of L ivradois a t over 700m altitude. It is a rem n an t of the
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ancien t M assif C en tra l Scots p ine forest w hich  is now  fragm en ted  and  u n d e r 

com petition  from  species such as D ouglas fir and  N orw ay  spruce. The soil is 

p o o r an d  the  clim ate is con tinen ta l w ith  the low est rainfall of all fou r sites 

(T hebaud, 1988).
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4.2.2 Fungal isolation

4.2.2.1 Mating system  estimation

A scopore iso la tion  w as perfo rm ed  for the s tu d y  of the m ating  system . 

A ttem p ts  w ere  m ad e  to recover viable spores from  ascocarps of L. pinastri 

an d  to g erm inate  these spores to p ro d u ce  colonies in  culture. H ow ever, 

a lth o u g h  it w as possib le  to recover ascospores of L. pinastri from  ascocarps, 

there  w ere  p rob lem s w ith  successful germ ination  of ascospores. These 

d ifficulties h a d  p rev iously  been  no ted  by M inter (1977), D iw ani & M illar, 

(1987) an d  O sorio  & S tephan  (1989). M inter (1977) encoun tered  low  and  slow  

g erm ination  ra te  of L. pinastri w hich  caused con tam ination  p rob lem s by  the 

tim e the  germ in a tio n  h a d  occurred. D iw ani & M illar (1987) observed  spore 

d is in teg ra tio n  in  w ater. In the s tu d y  of ascospore germ ination  in  the 

R h y tism a taceae , O sorio  and  S tephan  (1989) observed the exudation  of L. 

pinastri spo re  content. In  con trast to the s ituation  in  L. pinastri, recovery of 

viab le ascospores from  single ascocarps w as possib le for b o th  L. conigenum  

and  L. seditiosum.

M ature  ascocarps from  trash  needles, recognised as L. conigenum  and  L.
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seditiosum  b ased  on  descrip tions in  M inter et al. (1978), w ere soaked  in  w ater 

u n til ascocarps opened . Each ascocarp w as cu t o u t and  p laced  on  pe tro leum  

jelly in  the  m id d le  of a Petri d ish  lid held  over 2% m alt extract agar an d  left 

over n ig h t a t room  te m p era tu re  in  o rd er for the ascospores to be  ejected onto  

the  m ed ia  an d  to germ inate . The surface of the m ed ia  w as then  exam ined  

u s in g  a d issecting  m icroscope. Sharp tu n g sten  needles w ere  u sed  to isolate 

th ree3  to 9 single ascospores siblings from  7 to 13 paren ta l ascocarps for each 

of th e  tw o  Lophodermium  species from  tw o P. sylvestris popu la tions, Loch 

M aree an d  A b em eth y  (Table 4.1).

Table 4.1: Isolate numbers fo r each population, each isolation method (needle 
surface sterilisation and spore isolation) and each species used in the population 
genetic assay.

Molecular Taxonomy and Population Genetic of Lophodermium on Pinus sylvestris in Scotland
Chapter 4:

sp e c ie s Loch M a re e G len  A ffr ic A b e rn e th y A ria n e

e S u rfa c e  

P° re  s te r i l is e d
T o ta l

,  S u rfa ce  
s P ° re  .  T  J s te r il is e d

T o ta l
.  S u rface  

F’° re  s te r il is e d
T o ta l

r  S u rfa ce  

P° re  s te r i l is e d
T o ta l

L seditiosum 21  14 35 0  22 22 15  16 31 0  0 0

L conigenum 8 20 28 0  31 31 15  14 29 0  0 0

L pinastri II 0  27 27 0  34 34 0  34 34 0  34 34

4.2.2.2 Genetic D iversity and Population Structure

Fifty to  200 ran d o m ly  chosen needles from  the litter and  trash  p e r collection 

site w ere  surface sterilised  in  0.75% sod ium  hypochlorite  for 10 m in  an d  cut 

in to  th ree  o r fou r 1 cm  sections. All sections from  each need le  w ere p laced  in 

the  sam e Petri d ish  con tain ing  2% ME A (M alt Extract A gar). These w ere 

in cu b a ted  a t room  tem p era tu re  for approx im ate ly  2-3 w eeks u n til m ycelial 

g ro w th  typ ical of L. pinastri, L. conigenum  and  L. seditiosum (M inter et al., 

1978) w as visible. O ne isolate per need le  section w as selected based  on
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m orpho log ical characteristics, sub -cu ltu red  onto  2% M EA and  incubated  for 

fo u r w eeks a t room  tem pera tu re .
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4.2.3 Isolate identification

P rim ers u sed  to  iden tify  specifically isolates of each species are given in  table 

4.2. D esign  of species-specific p rim ers am plify ing  L. conigenum  ITS follow ed 

the  sam e p ro ced u re  as in  chap ter 3. Identification  of L. pinastri II u sed  the 

sam e p rim er set as in  ch ap te r 3. L. seditiosum  w as identified  u sin g  species 

specific p rim ers  desig n ed  b y  S tenstrom  and  Ih rm ark  (2005). In o rd e r to deal 

w ith  taxonom ic iden tifica tion  of a large n u m b er of isolates, the sam e colony 

PCR m e th o d  as in  chap ter 3 w as app lied  w ith  the exception of the 

m ag n esiu m  ch loride concen tration  and  annealing  tem p era tu re  in  the PCR 

specific for L. seditiosum  an d  L. conigenum. A sum m ary  of these conditions is 

d e ta iled  in  table 4.3.

Table 4.2: Species-specific ITS primers used for the identification o f each species o f 
Lophodermium  used fo r the study o f the ir population genetics; primer description 
includes the species they specifically identify, the ir melting temperature (Tm) and 
the ir GC content (GC%).

Primer name species 5' to 3’ Oligo TM GC% Authors

ITSLpllF L pinastri II C C T A T T C T C A C C C T T T G T C 51.7 50
ITSLpllR L pinastri II C C T T G T A A A G T G G G G G T T G 50.2 53
ITSLC4F L conigenum A T G C C T T C G G G C T C T G rrC T T C 63.7 55
ITSLclR L conigenum G T T G T A T G A C G G C G C T T G C 62.7 58
L s l l L. seditiosum C A C C C T T T G T T T A C C A C A C T C A 60.1 45 Stenstrom and Ihrmark, 2005

Lsl2 L. seditiosum C G G C A C C T G C T G T C C T T C 60.8 67 Stenstrom and Ihrmark, 2005
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Table 4.3: PCR conditions differing for each species-specific PCR assay using BioTaq 
reagents (Bioline, London UK).
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PCR MgCI2 (mM) Annealing (°C)
L p inastri II 3 60
L conigenum 1.5 57
L seditiosum 2 64

4.2.4 DNA extraction

R andom ly  chosen  isolates of each species w ere g row n  in  2% M alt Extract 

A g ar for th ree  w eeks a t room  tem pera tu re . O ne cm 2 of m ycelium  w as 

sc rap ed  from  the su rface of the cu ltu re  w ith  a clean, sterilised razo r blade. 

The m ycelium  w as transferred  in to  a 2.0mL screw  cap tube for use w ith  bead  

m ill FastP rep®  In s tru m en t (Q biogene, M ontreal, C anada) to w hich  w as 

a d d e d  a ceram ic b ead  and  sand. The m ix w as then  processed  for 20 second at 

4m /s. The m ix w as th en  ad d ed  to 400pl 65°C w arm  C ety ltrim ethyl 

A m m o n iu m  B rom ide CTAB (Sigm a-A ldrish, St Louis, USA). The D N A  w as 

ex tracted  u sin g  an  a d ap ted  m e thod  of the CTAB D N A  M in ip rep  for P lan t 

D N A  Iso lation  (Clarke, 2009). C en trifugation  after each extraction steps w as 

co n d u c ted  for a t least 3m in a t m ax im um  speed  u n til each phases w ere 

p ro p e rly  separa ted . If the  pheno l or chloroform  extraction p ro d u ced  a large 

a m o u n t of p rec ip ita te  it w as som etim es necessary  to  centrifuge a second tim e 

in  o rd e r  to recover m ore  aqueous phase. The rem ain ing  p a r t of the pro tocol 

fo llow ed th a t of C larke (2009).

D N A  w as quan tified  by  m easu ring  the spec tropho tom etry  read ing  of 2p l of 

D N A  ex tract u s in g  N an oD rop  1000 spectropho tom eter (W ilm ington, USA). 

D ilu tions to  ob ta in  a D N A  concentration  of 50 to  lOOng/pl w ere p rep a red  in
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s tan d a rd  s tren g th  TE buffer.

4.2.5 Inter-SSR development and application

4.2.5.1 Am plification of Bands

Five ISSR p rim ers  w ere  chosen o u t of 24 initially  in c luded  in tria l ru n s  (Table 

4.4). The choice w as first b ased  on the positive am plification of ISSR using  

iso la tes of L. conigenum  an d  L. seditiosum. R eproducib ility  and  p o lym orph ism  

w ere  fu rth e r tested  w ith  sibling spore isolates of L. conigenum. D ifficulties 

w ith  op tim isa tio n  of the PCR w ere overcom e w ith  the u se  of a to u ch d o w n  

th e rm al cycle p ro g ram  (table 4.5) using  a D N A  engine system  D yad and  

PTC-200 s ta tions (Bio-Rad, H ertfo rdsh ire  UK). In to u ch d o w n  PCR there  is a 

decrease in  the  annea ling  tem p era tu re  every  cycle. O nce the p rim ers anneal 

specifically  a t the o p tim u m  tem p era tu re  there is enough  tem plate  of the  PCR 

p ro d u c t to  com pete w ith  less specific p rim ing  locations and  allow  specific 

am plification  a t low er tem pera tu re . Therefore this m ethod  increases yield 

an d  rep ro d u c ib ility  of p ro d u c ts  from  difficult p rim ers. In the case w here  

p rim ers  d id  n o t perfo rm  w ell w ith  the s tan d ard  T ouchdow n 62 p rog ram , the 

G rad  58 p ro g ram  w as im p lem en ted  and  tested. The reaction m ix in c luded  

be tw een  0.05 to 0.1 p g  of D N A  in  25pl to tal volum e. The GoTaq G reen 

po lym erase  Kit (Prom ega, M ad ison  USA) w as u sed  for this assay. The final 

concen tra tion  of MgC12 w as 1.5mM, 160mM  of each dN TPs, 0.025U/pl of 

GoTaq po lym erase  an d  0.2pM  of the ISSR prim er.
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Table 4.4: InterSSR primers used fo r the genotyping o f Lophodermium  species; 
Description includes the ir melting temperature (Tm), the thermal cycle programme 
used, the fluorescent labels for automation using capillary sequencing system 
ABI3730; Primers included a degenerated anchor region at the 5' end.

Primer Sequence TM Program Label Authors
issrCCA 5'D D BCCACCACCACCACCA 59°C Touchdown 62 6FAM Ha ntul a et al., 1997; Mul 1 er et al., 2001
issrCGA 51D H B CG ACG ACG ACG ACG A 59°C Touchdown 62 not used in automated assays
issrGT 5'YHYGTGTGTGTGTGTGTG 55°C GRAD 58 NED
issrAG 5'H BHAGAGAGAGAGAGAG 51°C GRAD 58 VIC Chadha and Gopalakrishna, 2007
issrAC 5'DBDACA CACACA CACAC 51°C GRAD 58 PET

Table 4.5: InterSSR touchdown therm al cycle programmes used to produce ISSR 
genotypes; The first therm al cycle "Touchdown 62" starts annealing at 62°C in the 
first cycle, the follow ing annealing temperature is decreased by 0.5°C in every cycle 
until it reaches the 26th cycle. It was used w ith the primer issrCCA and issrCGA; The 
therm al cycle programme Grad 58 is a variation o f touchdown which is often 
preferred fo r primers o f lower melting temperature, this programme was used w ith 
the primers issrGT, issrAG and issrAC.

Step Temperature Time cyde

l 9 5 °C 1 5 m in

2 9 5 °C 3 0 s e c

3 6 2 °C 4 5 s e c -0 .5 d e g /c y c le

4 7 2 °C 2 m in S te p  2  x2 7

5 9 5 °C 3 0 s e c

6 5 2 °C 4 5 s e c

7 7 2 °C 2 m in S te p  5 x 1 2

8 7 2 °C 1 0 m in

T o u c h d o w n  6 2

Step Temperature Time cyde

l 9 5 °C 5 m in

2 9 5 °C I m in

3 5 8 °C Imin

4 7 2 °C I m in S te p  2  x5

5 9 4 °C 3 0 s  e c

6 5 5 °C 1 min

7 7 0 °C I m in S te p  5  x5

8 9 3 °C 3 0 s e c

9 5 0 °C 1 min

1 0 7 0 °C I m in S te p  8  x l5

11 9 3 °C 3 0 s e c

12 4 7 °C 1 min

13 7 0 °C I m in S te p  1 1 x 1 5

1 4 7 2 °C 1 0 m in
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4.2.5.2 Scoring ISSR Bands

Mating system estimation

In  the  first assay  w h ich  com pared  genotypes of d ifferen t sets of siblings from  

Loch M aree an d  A b em eth y  (Figure 4.1), PCR p ro d u c ts  w ere  separa ted  on  a 

gel system . T he gel u sed  w as a m ix of po lym er 0.4% A garose and  0.4% 

Synergel in  lx  TBE (10.8g/l TRIS, 5.5g/l Boric Acid, 0.2mM  EDTA). D N A  

b an d s  w ere  allow ed  to  m ig ra te  for 45 m in  a t 120V on  an A pollo™  23/14 cm 

system  (CLP G enesee Scientific, San D iego USA). B ands w ere v isualised  by 

ad d in g  12pl of Safeview  fluoresecen t dye (NBS Biologicals Ltd., H u n tin g d o n  

UK) in to  120ml lx  TBE. A p ic tu re  of the electrophoretic b an d in g  p a tte rn s  w as 

taken  u n d e r  th e  UV ligh t of an  A lphalm ager gel im aging  system  (A lpha 

Inno tech  Cell Bioscience, Santa C lara C anada) a t 320 p m  w aveleng th  (Figure 

4.1). R ep roducib ility  of the  assay  w as evaluated  by  repea ting  a t least tw o 

PCRs for each  species from  b o th  location sam pled . B ands w ere  scored as 

p resence  o r absence of b an d s  for each specific size. A m ontage of d ig ital 

im ages w ere  u sed  on to  w h ich  gu id ing  lines w ere d raw n  in  O pen  Office Calc 

sp read sh ee t (h ttp ://w w w .0p e n 0ffice.0rg /h ttp ://w w w .0p e n 0ffice.0rg / b 

V ariation in  m ig ra tio n  across the  gel w as taken  in to  considera tion  w h en  

trac ing  the  g u id in g  lines. Scored b an d s  w ere reco rded  in  the sam e 

sp readsheet.

Genetic diversity and genetic structure

In  the  second  set of assays w h ich  involved  genotyp ing  isolates of u n k n o w n
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re la tedness, each of the fou r ISSR p rim ers w as labelled w ith  a d ifferen t 

fluo rescen t label (Table 4.5). This enabled  au tom ated  scoring of b an d  size 

u sin g  the  cap illa ry  sequencer ABI3730 from  G enePool (School of Biological 

Sciences, U n iversity  of E d inburgh). Since each PCR p ro d u c t from  a particu la r 

ISSR p rim er w as iden tifiab le  w ith  a u n ique  fluorescent dye, it w as possib le to 

m u ltip lex  all the PCR p ro d u c ts  before read ing  by  the  sequencer. PCR 

p ro d u c ts  w ere  d ilu ted  fifty tim es and  com bined in  sterile d istilled  w ater. O ne 

m icro litre  of the  d ilu ted  m ultip lexed  PCR p ro d u c t w as ad d ed  to 9pi of the 

size s ta n d a rd  G eneScan™  1200 Liz™ (A pplied  Biosystem , C arlsbad  USA) 

an d  bu ffe r w h ich  w as p rep a red  as 5 pi of the size s tan d ard  in  1ml of Hi-Di™  

F orm am ide  (A pp lied  B iosystem , C arlsbad  USA) p e r read ing  plate.

C ap illa ry  sequencing  au tom ation  of ISSR genotypes p ro d u ced  a read ing  of 

peaks of d ifferen t sizes w h ich  w as analysed  using  G eneM apper 3.7 (A pplied  

B iosystem , C arlsbad  USA). Size s tan d ard s  w ere m anually  checked and  

corrected  w h ere  incorrect size w as assigned. The m e thod  for scoring the 

p resence o r absence of peaks m ad e  use of panel m an ag em en t w here  each of 

the  fo u r labeled  PCR p ro d u c ts  co rresponded  to one m arker. This allow ed 

p o sition ing  of b ins w ith in  w h ich  peaks w ere scored. Peaks of sizes below  

50bp an d  above 1200bp w ere  n o t scored. A llocation of b ins w as conducted  

afte r com bin ing  all sam ples from  one species and  one p rim er together. O nly 

those  reg ions w h ich  w ere  easy to score w ere used . Regions w h ich  show ed 

too m u ch  overlap  be tw een  peaks w ere om itted  from  scoring. If several peaks 

w ere  system atica lly  close toge ther only the ta llest peak  w ou ld  be scored 

w ith in  one sam ple.
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4.2.5.3 Genetic Ana lys is  of ISSR data

The first e stim ation  of genetic varia tion  w ith in  each p o p u la tio n  w as based  on 

the  average percen tage po lym orph ism . This w as calculated  in O penO ffice 

Calc as the  n u m b e r of loci w h ich  h ad  b o th  alleles (p resen t and  absent) in  one 

p o p u la tio n  over the to tal n u m b er of loci.

T he genetic d iversity  H  and  m easures of p o p u la tio n  s truc tu re  G ST and  Theta 

w ere  p e rfo rm ed  usin g  the  softw are FSTAT 2.9.3.2 (G oudet, 1995; G oudet, 

2002). FSTAT w as o rig inally  designed  to be u sed  w ith  co-dom inan t m arkers 

such  as m icrosatellites in  d ip lo id  organism s. Since this s tu d y  uses d o m in an t 

m ark e rs  in  h ap lo id  o rgan ism s/ the in p u t table n eeded  som e m odification. 

T here w ere  only  tw o alleles for each loci (presence o r absence). Each loci w as 

g iven  a u n iq u e  nam e based  on  the p rim er w h ich  genera ted  the p eak  and  its 

size. The p resence of the p eak  w as given the nu m b er 1 and  the absence w as 

g iven  the  n u m b e r 2. P resence 1 o r absence 2 w as dup lica ted  as 11 o r 22 so 

th a t m ark e r dom inance and  hap lo id y  is transcribed  as hom ozygosity  in  the 

in p u t form at. In  a first instance allele frequencies, n u m b er of alleles and  

genetic d iversities w ere  com puted  as w ell as estim ation  of p o p u la tio n  

s truc tu re . The m ean  genetic d iversity  p e r p o p u la tio n  w as calculated  in  

O penO ffice Calc u sin g  the  o u p u t da ta  from  FSTAT. E stim ation of genetic 

s tru c tu re  be tw een  p o p u la tio n s  w ere estim ated  u sing  N ei's F statistics as well 

as W eir an d  C ockerm an 'F  statistics (Nei, 1977; W eir and  C ockerm an, 1984). 

Finally, Fst p e r  p a ir  of sam ples w as com puted  in  o rd er to investigate the 

p a tte rn  of genetic d ifferen tia tion  am ong the  popula tions.
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4.3 Results

4.3.1 Application of Inter-SSR analysis to the study of 
genetic variation in Lophodermium  species

4.3.1.1 Reproducibility

R eproducib ility  of the  ISSR assay scored on a gel system  w as de te rm in ed  

from  a to ta l of five L. conigenum  and  th ree  L. seditiosum  single spore  isolates 

for w h ich  rep ea t PCRs w ere  conducted . In the case of L. seditiosum, repeats 

w ere  lo ad ed  aw ay  from  each o ther on  the gel. The PCR rep roducib ility  itself 

w as very  good  as sh o w n  in F igure 4.1., w ith  all rep ea t isolates show ing  

iden tica l sets of b an d s  on  the gel. The only  inconsistency likely to arise in the 

scoring  is for b an d s  of sm aller size located a t the far end  of the  gel w hich  

does n o t receive as m u ch  UV light.

4.3.1.2 Band scoring on agarose

A garose  based  g en o ty p in g  for the s tu d y  of the m ating  system  of L. 

conigenum  u sed  tw o  p rim ers  (issrCCA and  issrCGA). These p ro d u ced  a to tal 

of 24 scorable po ly m o rp h ic  ban d s w h en  ru n  o u t on  agarose. Five p rim ers 

w ere  u sed  for the  analysis of the L. seditiosum m ating  system  (issrCCA, 

issrC G A , issrA C, issrA G  and  issrGT ). W ith this increase in  the n u m b er of 

p rim ers  u sed , the  n u m b e r of po lym orph ic  b an d s  scored on  agarose w as 

increased  to  54.
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4.3.1.3 Automated band scoring

U sing  au to m ate d  b an d  scoring on  the ABI3730 sequencer w ith  four 

fluo rescen t labelled  p rim ers on  isolates of u n k n o w n  re la tedness the total 

n u m b e r of scorable b an d s  w as 200 for L. pinastri II, 174 for L. conigenum  and  

80 for L. seditiosum. O ver all th ree  species the to tal n u m b er of b an d s  scored 

w as 409 (Table 4.6). This n u m b er is a conservative estim ate based  on  the 

assu m p tio n  th a t peaks of the sam e size co rrespond  to the sam e locus across 

species. H ow ever, if th is assu m p tio n  w as relaxed only  45 loci w ou ld  be 

a d d e d  to th is to tal. The p rim er w h ich  p ro d u ced  the m ost scorable ban d s 

(155) w as issrA G  w h ich  is an  AG m icrosatellite p rim er (Table 4.6).

Table 4.6: Number o f Loci per PCR and species; the tota l number o f loci across 
species (Nloci) is a conservative tota l since it assumes tha t the same peak size across 
all species corresponds to  the same locus.

Molecular Taxonomy and Population Genetic of Lophodermium on Pinus sylvestris in Scotland
Chapter 4:

Primer Nloci L. p in a s tri II L  conigenum L. seditiosum

i s s rCCA 100 43 41 30
i s s rAG 155 72 58 42
is s rA C 105 57 48 8

is s rG T 49 28 27 0
Tota 1 409 200 174 80

4.3.2 Mating system analysis

4.3.2.1 L. conigenum

A scospore iso la tions from  L. conigenum  ascocarps y ie lded  14 fam ilies from  

A bernethy  an d  8 fam ilies from  Loch M aree (Tables 4.7 and  4.8). The average 

n u m b er of in d iv id u a ls  p e r fam ily  w as 3.28 (range 2-6) a t A b em eth y  and  5.5

154



(range 4-8) a t Loch M aree. Ind iv iduals  w ere scored for presence/absence of 

b an d s  a t 2 4 ISSR loci. A t A bernethy, 20 of these loci w ere polym orphic, 

w h ereas  a t Loch M aree only  14 show ed  po lym orphism .

In  h ap lo id  ascom ycete fungi, self-fertilisation leads to the p ro d u c tio n  of 

genetically  identica l offspring  from  a single ascocarp. The p resence of genetic 

varia tio n  w ith in  a fam ily indicates th a t ou tcrossing  m u st have taken  place. A t 

A b ern e th y  12 of the 14 fam ilies show ed  segregation  for a t least one of the 

ISSR loci, w h ereas  a t Loch M aree all 8 fam ilies show ed  varia tion  for a t least 

one ISSR locus.

4.3.2.2 L. seditiosum

Seven fam ilies of L. seditiosum  w ere isolated  from  A bem ethy  and  8 from  Loch 

M aree (Tables 4.9 and  4.10). M ean fam ily size w as 6.14 (range 4-9) a t 

A b ern e th y  and  5.38 (range 3-7) a t Loch M aree. Ind iv iduals  w ere  scored for 

varia tio n  a t 54 po lym orph ic  loci. A t A bem ethy  46 of these loci w ere 

po lym orph ic , w hereas a t Loch M aree po lym orph ism  w as p resen t a t 42 ISSR 

loci. A t b o th  A b em eth y  an d  Loch M aree every fam ily show ed segregation  for 

a t least one of the  ISSR loci scored.
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4.3.3 Genetic diversity of three Lophodermium  
species

The com plete  d a ta  on  ISSR allele frequencies for L. pinastri II, L. conigenum  

and  L. seditiosum  a t A bernethy, G len Affric and  Loch M a re e , an d  for L. 

pinastri II a t A rlanc are show n  in  Table 4.11. A llele frequencies w ere  often  less 

th an  0.2 or m ore  th an  0.8, especially  for L. pinastri II and  L. conigenum. 

P o lym orph ism  an d  the  m ean  gene d iversity  over loci p e r p o p u la tio n  are 

g iven  in  Table 4.12. Both m easures of genetic d iversity  are in  concordance 

w ith  one another. The m o st genetically  d iverse species is the  p a th o g en  L. 

seditiosum. L. seditiosum  show s an average of 54% po ly m o rp h ism  com pared  

w ith  49.5% an d  39.5% for L. conigenum  and  L. pinastri II, respectively. L. 

seditiosum  is also the  m o st genetically  d iverse according  to its gene d iversity  

w h ich  is 0.11 as o p p o sed  to 0.07 and  0.04 for L. conigenum  and  L. pinastri II, 

respectively. Both m easu res also ind icated  th a t the  am o u n t of genetic 

d iversity  does n o t d iffer g reatly  be tw een  popu la tions.
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Table 4.11: Allele frequencies for each species of the bi-allelic markers ISSR; Only 
the frequency of the allele represented as presence of an ISSR peak is given; 
Frequency of absence of an ISSR peak would be the allele frequency subtracted 
from 1; Not all loci are represented for L. pinastri II and L. conigenum; occurrence of 
missing loci is represented
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L. p in as tri li Populations
Loci Abernethy N= 33 Glen Affric N=31 Loch Maree N=23 Arlanc N= 32
AG1020 0.000 0.000 0.043 0.000
AG1026 0.000 0.000 0.000 0.031
AG1034 0.030 0.000 0.000 0.000
AG1035 0.030 0.000 0.000 0.000
AG1038 0.000 0.032 0.000 0.063
AG1041 0.000 0.000 0.043 0.031
AG1044 0.000 0.000 0.043 0.000
AG1048 0.030 0.000 0.000 0.000
AG1050 0.000 0.000 0.000 0.031
AG1052 0.030 0.000 0.000 0.000
GT297 0.030 0.000 0.000 0.000
GT326 0.000 0.000 0.043 0.000
GT342 0.030 0.000 0.000 0.000
GT358 0.000 0.000 0.000 0.031
GT370 0.030 0.000 0.000 0.000

GT809 0.000 0.032 0.000 0.031
GT814 0.000 0.000 0.000 0.031
GT866 0.030 0.000 0.043 0.000
AC262 0.091 0.097 0.043 0.063
AC301 0.030 0.000 0.000 0.000
AC307 0.000 0.032 0.000 0.031
AC310 0.030 0.032 0.000 0.031
AC316 0.000 0.000 0.000 0.031
AC325 0.000 0.000 0.043 0.000

AC368 0.030 0.000 0.000 0.000

AC401 0.000 0.000 0.000 0.031

AC405 0.030 0.000 0.000 0.000

AC451 0.000 0.065 0.000 0.000

AC457 0.000 0.065 0.000 0.000

AC463 0.000 0.065 0.000 0.000

AC514 0.000 0.065 0.000 0.031

AC529 0.000 0.000 0.000 0.031

AC543 0.000 0.000 0.043 0.000

AC545 0.030 0.065 0.000 0.000

AC556 0.061 0.000 0.043 0.031

AC583 0.030 0.000 0.000 0.063

AC1121 0.030 0.032 0.000 0.031

AC1134 0.121 0.032 0.130 0.031

AC1145 0.061 0.032 0.217 0.063
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L. pinastri II Populations
Loci Abernethy N= 33 Glen AffricN=31 Loch M aree N=23 Arlanc N= 32
CCA315 0.091 0.065 0.043 0.125
CCA342 0.000 0.000 0.000 0.063
CCA346 0.152 0.065 0.130 0.125
CCA443 0.000 0.065 0.000 0.000
CCA458 0.030 0.032 0.130 0.063
CCA540 0.061 0.032 0.000 0.000
CCA573 0.000 0.000 0.043 0.031
CCA617 0.000 0.000 0.087 0.031
CCA623 0.000 0.000 0.043 0.031
CCA624 0.061 0.000 0.087 0.000
CCA625 0.030 0.000 0.000 0.031
CCA627 0.000 0.000 0.000 0.031

CCA917 0.000 0.000 0.000 0.031
CCA953 0.030 0.065 0.000 0.000
CCA955 0.000 0.000 0.043 0.000
CCA958 0.061 0.000 0.043 0.000
CCA1109 0.030 0.065 0.043 0.000
CCA1110 0.061 0.097 0.043 0.125
CCA1110 0.030 0.032 0.000 0.063
CCA1111 0.030 0.032 0.043 0.031
CCA1112 0.030 0.032 0.000 0.094
CCA1114 0.030 0.032 0.000 0.031
CCA1115 0.000 0.032 0.000 0.000
AG230 0.030 0.000 0.087 0.000
AG233 0.000 0.000 0.000 0.063
AG238 0.030 0.032 0.000 0.000
AG244 0.030 0.000 0.000 0.000
AG251 0.000 0.032 0.000 0.000
AG252 0.000 0.000 0.043 0.000
AG262 0.091 0.032 0.043 0.031
AG270 0.030 0.000 0.000 0.000
AG277 0.030 0.000 0.043 0.031

AG297 0.030 0.000 0.000 0.031

AG299 0.030 0.000 0.000 0.000

AG301 0.030 0.000 0.043 0.000

AG304 0.000 0.000 0.000 0.063

AG309 0.000 0.000 0.000 0.063
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L. conigenum Populations 1. seditiosum Populations

Loti Abernethy N=27 Glen Affric N=29 Loch Maree N=23 Lod Abernethy N=23 Glen Affric N=19 Loch Maree N=30

CCA288 0 .0 0 0 0 .034 0.043 CCA302 0 .7 3 9 0.684 0.767

CCA397 0 .0 3 7 0 .0 0 0 0.000 CCA308 0 .0 4 3 0.000 0 .0 0 0

CCA415 0 .0 0 0 0 .0 0 0 0.043 CCA385 0.913 0 .842 0.733

CCA427 0 .0 0 0 0 .0 3 4 0.043 CCA388 0.261 0.421 0 .1 0 0

CCA443 0 .0 3 7 0 .0 0 0 0.000 CCA402 0 .0 0 0 0 .0 0 0 0 .0 6 7

CCA459 0 .0 0 0 0 .0 3 4 0.043 CCA404 0 .0 0 0 0 .0 0 0 0 .0 6 7

CCA479 0 .0 3 7 0 .0 3 4 0.043 CCA415 0 .0 0 0 0.053 0 .1 0 0

CCA482 0 .0 0 0 0 .103 0.043 CCA423 0.043 0.211 0 .1 0 0

CCA487 0 .0 0 0 0 .0 0 0 0.043 CCA427 0 .0 8 7 0 .0 0 0 0.033

CCA490 0 .0 3 7 0 .0 0 0 0 .000 CCA441 0 .0 4 3 0 .0 0 0 0 .0 0 0

CCA549 0 .0 0 0 0 .0 0 0 0.043 CCA443 0.043 0 .0 0 0 0 .0 0 0

CCA708 0 .0 0 0 0 .0 3 4 0 .000 CCA451 0 .0 0 0 0 .0 0 0 0 .033

CCA459 0 .0 0 0 0.053 0 .0 0 0

CCA809 0 .0 0 0 0.103 0.000 CCA461 0 .0 0 0 0.053 0 .0 0 0

CCA818 0 .111 0 .0 0 0 0.000 CCA482 0 .0 0 0 0 .0 0 0 0 .033

CCA823 0 .1 4 8 0 .0 0 0 0.000 CCA528 0.783 0.579 0 .6 0 0

CCA854 0 .037 0 .1 0 3 0.000 CCA529 0 .1 7 4 0 .1 5 8 0 .2 0 0

CCA865 0 .0 0 0 0 .0 0 0 0.043 CCA531 0 .0 0 0 0 .1 5 8 0 .1 6 7

CCA960 0 .0 0 0 0 .0 3 4 0.000 CCA532 0 .0 0 0 0.053 0 .0 6 7

CCA962 0 .0 0 0 0.138 0.130 CCA534 0 .0 0 0 0.053 0 .0 0 0

CCA964 0 .0 0 0 0.069 0.000 CCA574 0.043 0.263 0 .3 0 0

CCA972 0 .0 0 0 0.069 0.000 CCA575 0 .0 0 0 0.000 0.033

CCA100 0.074 0 .0 0 0 0.043 CCA606 0 .0 0 0 0 .0 0 0 0 .033

CCA111 0 .3 3 3 0 .2 7 6 0.304 CCA730 0 .0 0 0 0 .0 0 0 0 .033

AG235 0 .0 0 0 0 .0 0 0 0.043 CCA752 0 .0 0 0 0.053 0 .0 0 0

AG237 0 .0 0 0 0 .0 3 4 0.043 CCA781 0.043 0.053 0 .1 0 0

AG252 0 .0 0 0 0 .1 0 3 0.000 CCA784 0.087 0 .0 0 0 0 .0 0 0

AG254 0 .0 3 7 0.103 0.000 CCA854 0 .0 8 7 0.053 0 .1 6 7

AG283 0 .0 3 7 0 .0 0 0 0.043 CCA860 0.043 0.053 0 .1 0 0

AG301 0 .0 3 7 0 .0 0 0 0.043 CCA865 0.435 0.211 0 .2 6 7

AG308 0 .0 7 4 0 .0 0 0 0.043 AG288 0.043 0 .0 0 0 0 .0 0 0

AG337 0 .0 0 0 0 .0 0 0 0.043 AG290 0 .0 4 3 0 .0 0 0 0 .0 0 0

AG358 0 .0 3 7 0 .0 0 0 0.043 AG317 0 .0 0 0 0 .0 0 0 0 .033

AG367 0 .0 0 0 0 .0 0 0 0.043 AG321 0 .0 4 3 0 .0 0 0 0 .0 0 0

AG371 0 .0 0 0 0 .0 0 0 0.043 AG411 0 .0 0 0 0 .0 0 0 0.033

AG382 0 .0 0 0 0.034 0.000 AG433 0 .043 0 .000 0 .0 0 0

AG460 0 .0 0 0 0 .0 0 0 0.043 AG438 0 .043 0 .000 0 .0 0 0

AG469 0 .0 0 0 0 .0 3 4 0.000 AG489 0 .0 0 0 0 .0 0 0 0 .0 3 3

AG527 0 .043 0 .0 0 0 0 .0 0 0
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L. conigenum Populations L. seditiosum Populations

Lod AbernethyN=27 Glen Affric N=29 Loch Maree N=23 Loci Abernethy N=23 Glen Affric N=19 Lodi Maree N=30

AG1344 0.000 0 .0 0 0 0 .087 AG528 0 .0 4 3 0.000 0 .0 0 0

AG1345 0.037 0.138 0.043 AG530 0 .0 8 7 0.000 0 .0 3 3

AG1347 0.185 0.069 0 .043 AG531 0 .0 4 3 0.053 0 .1 0 0

AG1349 0.074 0.172 0 .087 AG532 0 .0 0 0 0.053 0 .0 3 3

AG1350 0.000 0 .0 3 4 0 .0 0 0 AG533 0.043 0.105 0 .0 6 7

AG1351 0.000 0 .0 3 4 0 .087 AG534 0.043 0.105 0 .0 0 0

AG1353 0.000 0 .0 3 4 0 .0 0 0 AG543 0 .0 0 0 0 .0 0 0 0.033

GT313 0.000 0 .0 3 4 0 .043 AG545 0 .0 0 0 0 .0 0 0 0.033

GT318 0 .0 0 0 0 .0 6 9 0.043 AG661 0 .0 0 0 0.053 0 .0 0 0

GT321 0.074 0.103 0.087 AG665 0 .0 0 0 0.053 0 .0 0 0

GT322 0.037 0.069 0 .000 AG672 0 .0 8 7 0.000 0 .0 0 0

GT370 0.000 0 .0 0 0 0.043 AG675 0 .0 8 7 0.000 0 .0 0 0

GT386 0.000 0 .0 0 0 0.043 AG678 0 .0 0 0 0.000 0 .0 3 3

GT402 0.000 0.103 0 .0 0 0 AG681 0 .0 0 0 0.000 0 .0 3 3

GT403 0.000 0.103 0 .0 0 0 AG683 0 .0 0 0 0.000 0 .0 3 3

AG773 0.043 0 .0 0 0 0 .0 0 0

GT585 0 .0 0 0 0 .0 3 4 0 .0 0 0 AG776 0.043 0 .0 0 0 0 .033

GT589 0.037 0 .0 0 0 0.000 AG779 0 .0 0 0 0 .0 0 0 0 .033

GT593 0.037 0 .0 0 0 0.000 AG836 0.043 0 .0 0 0 0 .0 3 3

GT686 0.000 0.034 0.043 AG840 0 .0 8 7 0 .0 0 0 0 .0 3 3

GT692 0.000 0.034 0.043 AG845 0.043 0 .0 0 0 0 .0 0 0

GT758 0.000 0 .0 0 0 0.043 AG852 0 .0 0 0 0 .0 0 0 0 .0 3 3

GT762 0.074 0 .0 3 4 0.043 AG854 0.043 0 .0 0 0 0 .0 0 0

GT769 0.074 0 .0 3 4 0.043 AG857 0 .0 0 0 0.000 0 .0 3 3

GT1073 0.037 0 .0 0 0 0.043 AG859 0 .0 4 3 0.000 0 .0 0 0

GT1080 0.037 0 ,0 0 0 0 .0 0 0 AG952 0 .0 0 0 0.000 0 .0 3 3

AC303 0.000 0 .034 0 .0 0 0 AG960 0.087 0.000 0 .0 0 0

AC307 0.000 0 .034 0.043 AG962 0 .0 0 0 0.053 0 .0 0 0

AC313 0.000 0 .034 0.043 AG973 0.043 0.000 0 .0 0 0

AC319 0.037 0 .069 0.043 AG993 0 .0 0 0 0.000 0 .0 3 3

AC321 0.111 0 .103 0.087 AG1008 0.043 0.000 0 .0 0 0

AC323 0.000 0 .0 0 0 0.043 AG1013 0 .0 0 0 0.053 0 .0 0 0

AC327 0.000 0 .0 3 4 0.000 AG1062 0 .0 8 7 0.105 0 .0 0 0

AC329 0.037 0 .0 0 0 0 .0 0 0 AC303 0 .0 0 0 0.000 0 .0 6 7

AC346 0.148 0 .0 6 9 0 .1 3 0 AC304 0.522 0.316 0 .2 6 7

AC361 0.037 0 .0 0 0 0 .0 0 0 AC305 0 .8 7 0 0.895 0 .7 3 3

AC363 0.148 0 .0 3 4 0.217 AC306 0 .3 4 8 0.684 0 .5 3 3

AC309 0 .0 0 0 0.000 0 .0 6 7

AC1020 0 .074 0.000 0 .0 0 0 AC310 0 .5 2 2 0.316 0 .2 6 7

AC1031 0 .074 0 .0 0 0 0.000 AC312 0 .8 7 0 0.895 0 .7 3 3

AC1084 0 .037 0 .0 0 0 0.174 AC313 0 .348 0.684 0 .5 3 3
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4.3.4 Population structure of three Lophodermium  
species

P o p u la tio n  d ifferen tiation , w h ich  defines h o w  m u ch  one p o p u la tio n  shares 

alleles w ith  another, w as m e asu red  b y  estim ating  Fst, the am o u n t of 

in b reed in g  d u e  to  p o p u la tio n  subd iv ision , u s in g  tw o  estim ators: Gst, w h ich  

is N ei's es tim ato r of Fst an d  m easu res the  p ro p o rtio n  of gene d iversity  found  

be tw een  p o p u la tio n s  and  theta, w h ich  is W eir & C ockerham 's (1984) 

es tim ato r of Fst an d  m easu res  the s tan d a rd ise d  variance in  allele frequency  

am ong  p o p u la tio n s . Both statistics gave ev idence of sign ificant (P<0.05) b u t 

low  genetic s tru c tu re  for L. conigenum  (0= 0.028) and  L. seditiosum  (0= 0.020) 

am ong  the  th ree  p o p u la tio n s  in  Scotland (Table 4.12). F low ever there  w as no 

ev idence of sign ificant genetic s tru c tu re  am ong  Scottish p o p u la tio n s  of L. 

pinastri II, an d  th is lack of s tru c tu re  w as also fo u n d  w h en  the  F rench 

p o p u la tio n  from  A rlanc w as a d d e d  to the  analysis (Table 4.12).
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Table 4.12: Mean Gene diversity and population differentiation for each species; Hs 
= within population mean gene diversity; Ht' = unbiased total gene diversity; Gst' = 
Nei's estimator of Fst; Theta = Weir & Cockerham's estimator of Fst.

Species Hs Ht' Gst' 0 95% confidence interval

inc Arlanc exc Arlanc inc Arlanc exc Arlanc inc Arlanc exc Arlanc inc Arlanc exc Arlanc inc Arlanc exc Arlanc

L. pinastri II 0.039 0.038 0.039 0.038 0.001 0.001 0.000 0.001 -0.004-0.006 -0.005-0.008

L. conigenum NA 0.066 NA 0.068 NA 0.027 NA 0.028 NA 0.014-0.044

L. seditiosum NA 0.105 NA 0.108 NA 0.021 NA 0.020 NA 0.006-0.032
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Table 4.13: Pairwise comparison of Fst; a.)L pinastri II; b.) L. conigenum; c.) L. 
seditlosum
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L. p in a s tr i II Abernethy Glen affric Loch Maree Arlane (FR)

Abernethy 0.0000

Glen Affric 0.0021 0.0000

Loch Maree -0.0053 0.0079 0.0000

Ariane (FR) -0.0003 -0.0009 0.0010 0.0000

L. con igenum Abernethy Glen affric Loch Maree

Abe methy 0.0000

Glen Affric 0.0440 0.0000

Loch Maree 0.0064 0.0267 0.0000

L. sed itiosum Abernethy Glen affric Loch Maree

Abernethy 0.0000

Glen Affrlc 0.0333 0.0000

Loch Maree 0.0294 -0 .0020 0.0000

The reason  for the  L. seditiosum  p o p u la tio n  s tru c tu re  is clearly  h ig h lig h ted  in  

the p a ir  w ise  com parison  of Fst in  Table 4.13. This ind icates th a t it is the 

p o p u la tio n  located  in  A b em eth y  w h ich  is the m o st genetica lly  d ifferen t from  

the  o th e r tw o  Scottish  p o p u la tio n s  located  to the w est. Loch M aree an d  G len 

Affric, w h ich  d o  n o t show  sign ifican t d ifferen tiation , are located  closer to 

each o th e r (F igure 3.1). This p a tte rn  does n o t occur for the en d o p h y tic  

species L. conigenum  w h ere  the  m ost genetically  d iv e rg en t p o p u la tio n  is th a t 

from  G len Affric (Table 4.13).
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4.4 Discussion

The first re su lt to com e from  this s tu d y  is th a t b o th  the en d o p h y te  L. 

conigenum  an d  the  p a th o g en  L. seditiosum  fav o u r ou tc ro ssing  over selfing. 

These resu lts  w o u ld  suggest th a t b o th  species are he tero thallic  in  n a tu ra l 

p o p u la tio n s . The second conclusion  th a t w e can  d raw  is th a t the re  is low  b u t 

sign ifican t genetic s tru c tu rin g  of p o p u la tio n s  in  L. conigenum  and  L. 

seditiosum, b u t  n o  significant genetic s tru c tu rin g  in  the en d o p h y te  L. pinastri 

II. T hus p o p u la tio n  genetic s tru c tu rin g  does n o t d iffer accord ing  to the 

lifestyle of the  species (parasite  o r endophy te). H ow ever the  re su lt is 

consisten t w ith , b u t does n o t prove, a co heren t m odel w h ere  fru iting  h ab ita t 

is the  d e te rm in in g  factor w h ich  affects s tru c tu rin g  of p o p u la tio n s  of these 

ascom ycete fungi. To d em o n stra te  a ro b u st re la tionsh ip  be tw een  fru iting  

h ab it and  p o p u la tio n  struc tu re , com parab le  d a ta  w o u ld  h ave  to be  ga th ered  

from  a n u m b e r of in d e p e n d e n t lineages. N everthe less these  resu lts  p ro v id e  

an  advance in  o u r k n ow ledge  to w h ich  fu rth e r resu lts  can be ad d ed . In  th is 

case g rea ter genetic s tru c tu re  is fou n d  for the  taxa w hose  fru iting  h ab ita t is 

m ore  restric ted  (stressed  or p rem a tu re ly  k illed  needles) th a n  for th e  taxon 

w h ich  fru its  on the  m uch  m ore  ex tensive h ab ita t p ro v id ed  b y  n a tu ra lly  

senescing  needles.

It has  p rev io u sly  b een  observed  th a t cu ltu re  m o rp h o lo g y  w ith in  p rogen ies 

from  single ascocarps of L. seditiosum  an d  L. conigenum  d iffered  on  2% M alt 

E xtract agar (M inter & M illar, 1980b). This is com patib le  w ith  b o th  species 

being  p rim arily  outcrossing . R esults of ISSR g eno typ ing  rep o rted  here  reflect
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these find ings. The o rig ina l p red ic tion  th a t self-fertilisation m ay  evolve in 

these  taxa w as n o t u p h e ld . This suggests th a t desp ite  the  lim ited  ab ility  of 

con id iospores (m ale gam etes) to d isperse, this does n o t p rev en t ou tc ro ssing  

occurring . C on id io spo re  d ispersa l is m o st likely restric ted  to w a te r film s on 

single needles. The im plication  is th a t w h en  need les are  stressed , m u ltip le  

in d iv id u a ls  of L. seditiosum  o r L. conigenum  are able to form  pycn id ia  on  the 

needle, an d  cross fertilisa tion  is possible.

Because of the  constra in t of dealing  w ith  sm all fam ily  sizes, it w as n o t 

possib le  to  rigo rously  te st the  1:1 seg regation  ra tio  of ISSR baxrds expected  in  

fam ilies of ou tc ro ssing  species. H ow ever agarose scoring  of p resence/absence 

of ISSR b ands, th o u g h  rela tively  insensitive, w as a very  ad eq u a te  m e th o d  for 

d em o n stra tin g  seg regation  of m arkers  an d  d e te rm in in g  the  m a tin g  system  of 

L. conigenum  an d  L. seditiosum  w ith  a h ig h  deg ree  of assurance.

The d e te rm in a tio n  of the ir m a ting  system  as ou tc rossing  w as b ased  on the 

seg regation  of a t least one ISSR b an d  w ith in  the p ro g en y  of each ascocarp. 

The challenge faced w ith  the sm all fam ily  size of n o  m ore th a n  e ig h t an d  as 

few  as tw o sib ling  spo res isolates p e r fam ily  w as rectified  w ith  the  use  of a 

large a rray  of ISSR m arkers. Their app lica tion  gave rise to m u ltip le  

po ly m o rp h ic  m arkers  w h ich  increased  the  chances of observ ing  segregation . 

For instance, the  im p lem en ta tio n  of PCR w ith  five ISSR p rim ers  genera ting  

54 po ly m o rp h ic  b an d s  p e rm itted  the  observation  th a t all L. seditiosum  

fam ilies show ed  segregation . H ow ever for L. conigenum  the  24 po ly m o rp h ic  

b an d s  scored  w ere  n o t sufficien t to show  segregation  in  tw o o u t of e igh t
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fam ilies from  A bernethy. It is un likely  th a t the  lack of seg regation  of m arkers  

w as d u e  to  expression  of hom othallism . A s w ell as h av in g  low er n u m b ers  of 

po ly m o rp h ic  ban d s, it w as m ore  d ifficu lt to  ob ta in  la rge  fam ily  sizes in 

A b ern e th y  w h ich  h a d  the low est n u m b ers  of p ro g en y  p e r  fam ilies (tw o to 

six).

D ifferen t app ro ach es  to infer the  m a ting  system  of ascom ycete fung i have 

been  u sed  over the  years. These inc lude  in vitro p ro d u c tio n  of sexual fu iting  

b od ies (apothecia, perithecia , ascocarps) and  m ark e r seg regation  am ong  the 

offsp ring  of fru itin g  bodies. O b tain ing  ascocarps of the  Lophodermium  species 

s tu d ie d  h ere  in vitro h as  p ro v ed  d ifficu lt in  the  p a s t (M inter, 1977) and  

there fo re  th is m e th o d  w as n o t a ttem p ted . S tud y in g  genetic  seg regation  in  

p ro g en y  from  n a tu ra lly  p ro d u ced  ascocarps overcom es th is prob lem . 

D ifficulties w ith  iso la ting  large fam ilies of o ffspring  from  single ascocarps 

rem ain . H ow ever th is s tu d y  show s the p o ten tia l of ISSR m arkers  to assess 

m a tin g  system  even  w h en  the fam ily  size from  single ascocarps is sm all.

T here are still m ore  challenges to be overcom e to m easu re  the  b reed in g  

system  in  L. pinastri sensu lato. A  m e th o d  w h ich  does n o t rely  on  spore 

iso la tion  shou ld  be  p re fe rred  since single spore  iso la tion  has  p ro v ed  

unsuccessfu l w ith  m an y  au th o rs  (M inter, 1977; D iw ani & M illar, 1987; O sorio  

& S tephan  1989). E ven b e tte r know ledge  ab o u t the  b io logy  and  ecology of 

these  cryptic species w o u ld  n o t necessarily  increase chances of ob ta in ing  

viable and  germ in a tin g  ascospores. Experience show s th a t the m a tu rity  tim e 

is crucial w h e n  recovering  viable spores from  ascocarps. H ow ever, even after
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successfu lly  screening  for m a tu re  fru itin g  bod ies th a t w ere  able to  release 

spores, it w as d iscovered  th a t these w o u ld  still n o t necessarily  germ inate . To 

overcom e these p rob lem s one ap p ro ach  b y  w h ich  m a ting  system  could  be 

in ferred  w o u ld  be to d esign  p rim ers  w h ich  w o u ld  d e te rm in e  w h a t m a tin g  

types are p re se n t in  a p o p u la tio n . P resence of ascocarps in  th e  absence of one 

m a tin g  type  w o u ld  su ggest th a t the  species is self-com patib le and  therefo re  

hom othallic . O n  the  o th e r h a n d  p resence  of the sexual stage in  p o p u la tio n s  

w h ere  b o th  alleles a t the m a tin g  type  locus, desig n a ted  MAT1 an d  MAT2, 

w ere  p resen t, b u t absence of ascocarps w h ere  only  one m a tin g  ty p e  w as 

p resen t, w o u ld  clearly  su ggest th a t the species is hetero thallic . This m ethod  

has  b een  u sed  to d em o n stra te  th a t the need le  b lig h t p a th o g en s  Dothistroma 

septosporum  an d  D. pini are he tero thallic  (G roenew ald  et ah, 2007). A lth o u g h  

o th e r factors could  be  causing  the  absence of sexual fru iting  bodies, this 

m e th o d  w o u ld  be p a rticu la rly  usefu l in  find ing  o u t the  m a ting  system  of L. 

pinastri sensu lato since Lophodermium  relies on  the sexual stage for 

com pleting  its life cycle.

R esults of com parative  p o p u la tio n  d ifferen tia tion  revealed  th a t taxa of 

en d ophy tes, w hose  p o p u la tio n  size is in ferred  to  be sm aller regard less  of 

th e ir v iru lence, have g rea ter p o p u la tio n  d ifferen tia tion  an d  are therefore 

m ore  sensitive to fo rest fragm en ta tion  w h ich  w o u ld  restric t the ir gene flow. 

T hese resu lts  w ere  in ferred  from  estim ations of genetic d iversity  based  on 

allele frequencies of bi-allelic m ultilocus ISSR m arkers. P resence o r absence 

of peaks w as scored  from  PCR reactions w h ich  u sed  fluo rescen t labelled  

m icrosatellite  p rim ers. This enab led  accurate  estim ation  of allele frequencies
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a t a la rge  n u m b e r of loci p ro v id in g  the  d a ta  n eed ed  for genetic s tru c tu re  

calculations.

D ifferences be tw een  species in  term s of the ir p o p u la tio n  genetic s tru c tu re  

ap p ea rs  to  be linked  to  the ir fru iting  hab ita t, ie litte r n eed les  v e rsu s  b roken  

b ranches, w ith  s tru c tu rin g  occurring  for species fru itin g  on  th e  latter. As w ell 

as be in g  a severe p a th o g en  w h ich  fru its  on  need les th a t it p rem a tu re ly  kills 

u p o n  infection, L. seditiosum  (like L. conigenum ) fru its  on  n eed les  w h ich  have 

b een  k illed  by  o th e r m eans such  as b ad  w ea th e r cond itions o r b reak ag e  of 

b ranches (M inter & M illar, 1980a; D iw ani & M illar, 1987). O n  th e  o th e r h an d  

L. pinastri sensu lato, w h ich  inc ludes L. pinastri II, fru its  on  litte r need le  

(M inter & M illar, 1980a, C h ap te r 2 an d  3 of th is Thesis). Both p o p u la tio n s  of 

L. seditiosum  an d  those of L. conigenum  h ad  low  y e t s ign ifican t genetic 

d iffe ren tia tion  (P<0.05) be tw een  p o p u la tio n s  in  Scotland. H o w ev er no 

sign ifican t level of genetic s tru c tu re  w as observed  be tw een  p o p u la tio n s  of 

the litte r n eed le  species L. pinastri II even  be tw een  p o p u la tio n s  located  in 

Scotland  an d  in  France. S im ilar resu lts  w ere  fo u n d  for an o th e r Lophodermium  

litte r species. M uller et al. (2007) fo u n d  n o  genetic d ifferen tia tion  be tw een  

E u ro p ean  p o p u la tio n s  of L. picea w ith  all the  varia tion  existing  w ith in  

p o p u la tio n s . These resu lts  are equ iva len t to an  Fst value of zero . A lthough  

these  resu lts  are supportive , fu rth e r ev idence w o u ld  have to be ga thered  

from  phy logenetica lly  in d e p en d en t lineages to ro bustly  d em o n stra te  a link 

be tw een  fru itin g  h ab ita t and  p o p u la tio n  genetic structu re .

Several factors could  account for p o p u la tio n  d ifferen tiation . Since w e have
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sh o w n  th a t b o th  L. seditiosum  and  L. conigenum  are b o th  hetero thallic , the 

effect of hom othallism  com bined  w ith  lack of gene flow  sh o u ld  be 

d isreg ard ed . T herefore sm all p o p u la tio n  size w ith  restric ted  gene flow  is the 

m o st likely cause of genetic d ifferen tiation . C om paratively , the  ab u n d an ce  of 

su b stra tu m  req u ired  for L. pinastri II to  fru it, ie litte r needles, is a lo t la rger 

th a n  the b ro k en  b ranches n eed ed  for L. seditiosum  an d  L. conigenum  to 

com plete  the ir life cycles. In  effect, the  lack of su b stra tu m  reduces the ir 

p o p u la tio n  sizes. Both species h ad  sim ilar genetic s tru c tu re  levels a lth o u g h  

the en d o p h y te  L. conigenum  h ad  a sligh tly  h ig h e r T heta value  of 0.028 as 

o p p o sed  to  0.020 for L. seditiosum. S im ilar levels of d ifferen tia tion  w ere  

o bserved  for an o th e r P. sylvestris p a thogen , Crumenulopsis sororia, from  five 

na tive  p ine  forests in  Scotland  (Ennos & Swalles, 1991). P op u la tio n  sizes of 

th is p a th o g en  w ere  even sm aller th a n  for Lophodermium  species.

In o rd e r for p o p u la tio n  genetic d ifferen tia tion  to  occur for selectively n eu tra l 

m ark e rs  such  as those u sed  here, restric ted  gene flow  be tw een  p o p u la tio n s  is 

need ed . The ex ten t of fungal gene flow  in  n a tu ra l en v ironm en ts  d ep en d s  on 

the  efficiency of spo re  d ispersal. Two spo re  types are p ro d u ced  by  

Lophodermium, con id iospores and  ascospores. C on id iospores of Leptostroma 

(Lophodermium  anam orph ) are n o t th o u g h t to  be invo lved  in  asexual 

rep ro d u c tio n  b u t as sp erm atia  invo lved  in  sexual rep ro d u c tio n  (Jones, 1935). 

C on id iospores u su a lly  travel in  d ro p le ts  of w a te r  an d  are n o t u su a lly  

d isp e rsed  very  far, p robab ly  only  to  o th e r geno types on  the sam e needle. 

T herefore the  m ain  d ispersa l agen t w o u ld  be  the ascospores w h ich  are 

v io len tly  released  in to  the  air. H ow ever, the  d istances trave lled  by  these
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ascospores is n o t k n o w n  th o u g h  it w as suggested  th a t spo res trave lled  sh o rt 

d istances d e p e n d in g  on  w in d  velocity (M inter & C annon, 1984; Lanier, 1969).

The C aledon ian  fo rest from  w h ich  the  Scottish p o p u la tio n s  w ere  sam p led  

w as once a m ore  co n tinuous fo rest b u t is n o w  heav ily  fragm en ted . Forest 

frag m en ta tio n  has b een  show n  to affect the en d o p h y tic  m ycobio ta  

(Saikkonen, 2007) such  th a t fo rest fragm en ts do  n o t necessarily  con ta in  all 

the  species fo u n d  in  a la rge  con tinuous forest. In d eed  M in te r (1980a) 

rep o rted  an  iso la ted  p o p u la tio n  of Scots p ine  on  R hum  w h ich  one of the  

Lophodermium  species, L. conigenum, w as absent, im p ly in g  restric ted  

in te rp o p u la tio n  ascospore d ispersa l for this species. O ne could  expect sim ilar 

effects w ith in  the  o th e r Lophodermium  species w ith  sim ilar spores an d  m eans 

of spore  ejection from  ascocarps. T hus th is restric ted  gene flow  via 

ascospores coup led  w ith  relatively  sm all p o p u la tio n  size cou ld  accoun t for 

the  p o p u la tio n  s tru c tu rin g  fou n d  in  L. seditiosum  an d  L. conigenum  occupy ing  

na tive  Scots p in e  p o p u la tio n s  in  Scotland.
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Chapter 5: General Discussion

5.1 Taxonomy

In th is thesis the  use  of m olecu la r taxonom y, su p p o rte d  by  an  assessm en t of 

m orpho log ica l characters of isolates in  cu lture, has  enab led  us to  reveal the 

p resence  of m ore  Lophodermium  species colonising  P. sylvestris n eed les th a n  

have  p rev io u sly  been  suspected . The ability  to  de lim it species accurately  has 

m ean t th a t it has b een  possib le to  investigate  aspects of the p o p u la tio n  

genetics of taxa from  n a tu ra l p o p u la tio n s  in  Scotland, and  to  d e term in e  

w h e th e r  there  are d ifferences in  the ir p o p u la tio n  b io logy  associated  w ith  

d ifferen t en d o p h y te  lifestyles. A lth o u g h  a ttem p ts  h ave  b een  m ad e  to relate 

these  species to  those  a lready  described , u s in g  b o th  phy logenetic  and  

m orpho log ical approaches, m u ch  w ork  rem ains to  clarify these  m atters.

H ib b e tt (2010) has co n tended  th a t according  to  the cu rren t code of 

nom encla tu re , cryptic species, for w h ich  characterisa tion  is based  only  on  

m olecu la r taxonom y, can n o t be form ally  nam ed . H e has  h igh lig h ted  th a t the
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inc reasing  n u m b ers  of cryp tic  species w h ich  canno t be n am ed  is n o t 

conducive  to efficient and  essen tial com m unication . H e p ro p o ses  a system  

w h ich  w o u ld  allow  a cryptic species to be n am ed  based  on  m o lecu la r d a ta  

only. If it is su b seq u en tly  p ro v en  th a t the species in  questio n  has  a lready  

been  described  u s in g  trad itio n a l m ethods, th en  the o rig inal nam e w o u ld  

p revail an d  rep lace the  cryptic species nam e. O ne po ten tia l d raw  back  to  th is 

ap p ro ac h  is the  accum ula tion  of synonym s. H ow ever H ib b e tt (2010) 

estim ated  th a t th is p ro b lem  w o u ld  n o t be  serious.

In  th is case, it is qu ite  p lau sib le  th a t one of the  cryptic species of L. pinastri 

has been  described  before. O n  the ev idence th a t gathered , a new  h y po thesis  

m ay  be th a t L. pinastri I is synonym ous w ith  L. pinastri, th a t L. pinastri II 

co rresp o n d s to L. staleyi w h ich  w as described  by  M in ter (1981a), and  th a t L. 

pinastri III m ay  be  a n ew  species.

This h y p o th esis  is based  on  th e  lim ited  in fo rm ation  w e h ave  from  iso la tions 

from  fru itin g  b o d ies (chap ter 3), the fact th a t the fru itin g  bod ies of L. pinastri 

I, w h ich  w ere  m a tu re  in  the  m o n th s  of M ay an d  June, w ere  system atically  

associated  w ith  defined  zone lines, and  th a t this cryptic taxon is one of the 

m o st freq u en t species iso la ted  in  b o th  Scotland and  France.

R egard ing  the  cryp tic  species L. pinastri II, confirm ation  th a t th is co rresponds 

to L. staylei w o u ld  req u ire  D N A  sequence analysis of specim ens collected and  

verified  as L. staylei by  D av id  M inter. The m o st d ifficu lt task  n o w  req u ired  is 

to iden tify  L. pinastri III in  the  field. O verall, L. pinastri III has been  less
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freq u en tly  iso la ted  from  need les th a n  the o th e r tw o species in  th is stud ies. 

This cou ld  be  d u e  to  its slow er g ro w th  ra te  in  cu ltu re  w h ich  m eans it is liable 

to  be ing  ov erg ro w n  by  faster g row ing  taxa. A lte rn a tiv e ly  the  low  iso la tion  

frequency  of this species m ay  tru ly  reflect its ab u n d an ce  w ith in  n a tu ra l 

p o p u la tio n s .

These find ings an d  the ir lim itations stress an  im p o rtan t p o in t w h ich  has 

p rev io u sly  b een  m ad e  reg a rd in g  th e  taxonom y of Lophodermium  an d  o ther 

Rhytismatales species. This is the  necessity  of in teg ra tin g  the ecological and  

bio logical characters, along  w ith  h o s t specific ity  in to  the  d escrip tions of taxa 

in  o rd e r  to  define species accurately  (M inter & M illar, 1980a; O rtiz-G arcia  et. 

at., 2003, L an tz et al., 2010).

In  th e  lig h t of these resu lts  on the  taxonom y of Lophodermium  species 

in h ab itin g  P. sylvestris litte r needles, p rev io u s w ork  focussing  on L. pinastri 

m ay  need  to  be reassessed  (G oubiere & D ebouze, 2003; H irose  & O sono 

2006). F u rth e r m orpho log ical characterisa tion  of fru itin g  bod ies on  need les 

w o u ld  h e lp  in  re-evaluating  these stud ies. In p rev io u s w ork , the  p resence of 

b lack  zone lines has b een  u sed  as p ro o f of co lon isation  by  L. pinastri. The 

zone  line character m ay  in d eed  d iscrim inate  be tw een  the  cryptic species 

w ith in  L. pinastri sensu lato. H ow ever, m ore w o rk  on  th is m a tte r is crucially  

needed .

A d eta iled  descrip tion  of the  zone line, ra th e r th a n  p resence or absence of a 

zone line, m ay  be requ ired . If the isolate of L. pinastri II from  w h ich  the
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p h o to g rap h e d  fru iting  b o d y  (Figure 3.10) w as taken  is rep resen ta tive  of this 

species reg ard in g  zone lines, then  a descrip tion  of this type  of zone line 

w o u ld  be  "fa in t g rey  zone lines w hich  form  open  rings". This w o u ld  he lp  to 

d is tin g u ish  the  taxon from  L. pinastri I w here  the descrip tion  of zone lines 

w o u ld  be "black zone lines w hich  form  a full ring".

O th er aspects of the ir b iology and  ecology w hich  m ay be usefu l to 

characterise  species w ith in  the L. pinastri com plex w ou ld  be the tim ing  of 

fru iting . Indeed , this character has p rev iously  been  u sed  to dem on stra te  th a t 

th ree  to  fou r species ra th e r th an  one is able to colonise P. sylvestris (M inter et 

a l, 1978). It is im p o rtan t to no te th a t if Lophodermium species fru it a t d ifferen t 

tim es in the year, then  this lim its or p reven ts gene flow  betw een  them . 

Indeed , a change in  fru iting  tim e m ay have been  one of the first steps 

triggering  the  evo lu tion  of the cryptic species w ith in  L. pinastri. Securing 

kn ow ledge  of the tim ing  of fru iting  of the cryptic species w ou ld  g reatly  

im prove  efficiency in  w ork ing  w ith  this system . This is especially  tru e  w h en  

a ttem p tin g  to ob ta in  isolates derived  from  ascospores, since this relies on 

hav ing  ascocarps of the righ t m aturity.

5.2 Phylogeny and Evolution

A la rger taxonom ic sam pling  w ou ld  be requ ired  in  o rd er to be tte r locate the 

position  of L. pinastri II in  rela tion  to o ther Lophodermium species in  the 

phylogeny, and  to  avoid the occurrence of unreso lved  nodes form ing a
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polytom y. Taxon sam pling  shou ld  take in to  considera tion  the ph y lo g en y  of 

R hytism ataceae. This is especially im p o rtan t because recen t phy logenetic  

w o rk  in  this g ro u p  has h igh ligh ted  the need  to revise the genus 

Lophodermium. Lophodermium form s po lyphy le tic  clades (Lantz et. al., 2010), 

on ly  one of w h ich  includes p ine  sym bionts toge ther w ith  Lophodermium 

species associated  w ith  Juniper.

The ph y lo g en y  confirm ed th a t w h en  defin ing  species w ith in  th is p a rticu la r 

g roup , the ecology of fru iting  h ab ita t is a very  usefu l criterion  to use  as 

sug g ested  b y  M in ter & M illar (1980a). H ow ever m ore in fo rm ation  w o u ld  be 

n eed ed  to estab lish  the sequence of events lead ing  to  d iverged  species on 

d ifferen t fru iting  habitats. A w ork ing  hypo thesis  is th a t in  Lophodermium  on 

p ine  d ivergence first occurred  from  an ancestral species, w h ich  w o u ld  have 

fru ited  on  n a tu ra lly  senescing needles, to form  a clade of species fru itin g  on 

b ro k en  branches, fo llow ed by fu rth er d ivergence to form  a species w h ich  is 

able to  in d u ce  p rem a tu re  need le  cast in  vu lnerab le  trees. To test this, a da ted  

tree based  on  d a ta  from  m ore loci w ou ld  be needed .

A lth o u g h  O rtiz-G arcia et al. (2003) m ad e  a s ta rt in  estab lish ing  the  h ost 

specificity  of Lophodermium from  pines, fu rth e r clarification is req u ired  using  

a la rg e r sam p ling  of taxa w ith  respect to b o th  h o st an d  sym bionts. Such a 

s tu d y  also need s  to be conducted  over a g rea ter geograph ical d istribu tion . 

This w o u ld  enable us to investigate w h eth er all species have the sam e level 

of h o s t specificity, an d  w h eth er som e species are evolving m ore  closely w ith  

the ir hosts th a n  others. This w ou ld  be especially  in teresting  since the 

p re lim in ary  d a ta  suggest th a t L. pinastri II has a w id e r host range th an  the
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o th e r cryptic L. pinastri taxa, being  associated  w ith  b o th  sub-genera  of Pinus, 

Pinus an d  Strobus (F igure 2.8).

5.3 Population Biology and Ecology

O ne im plic it a ssu m p tio n  of this thesis w as th a t all species of Lophodermium  

w ere  able to infect g reen  need les of Scots p ine  as endophy tes. This is no t 

necessarily  the  case. A lth o u g h  m o st Lophodermium species are endophy tes, 

the recently  described  litter sap ro p h y te  L. macci has n o t b een  recovered  from  

green  need les (Sokolski et al., 2004). In o rd e r to de te rm in e  w h e th e r a 

p articu la r species is in  fact endophytic , a species-specific Real-Tim e PCR 

assay  needs to be developed  to detect the p resence of each species in  the 

needles. This w o u ld  avoid  the possib le  neglect of taxa w h ich  m ay  be p re sen t 

in  low  quan tities  w ith in  needles. Such an assay  w o u ld  also be beneficial for 

eva lua ting  the  relative ab u n d an ce  of each species in a sing le g reen  needle, 

an d  avo id ing  the b ias th a t occurs as a resu lt of p referen tia l iso la tion  of taxa 

th a t g row  faster in  culture.

Such an  assay  w o u ld  enable u s  to  know  w h e th e r species co-occur w ith in  a 

single need le  and  w h ich  species tend  to dom in a te  a t d ifferen t stages of the 

needle 's life. P rev ious s tud ies w h ich  investigated  these questions relied  on 

iso la tion  in to  cu lture . This could  b ias the resu lts  because of the  ability  of 

certain  species to o u tg ro w  others in  cu ltu re  (Kowalski, 1982). The Real-Tim e 

PCR assay  w o u ld  fu rth erm o re  allow  for testing  the hypo thesis  th a t re la tive 

g ro w th  ra te  in  cu ltu re  co rresponds to relative g ro w th  and  infection  ra te  in
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the  needle . F u rth e r com parative  analyses invo lv ing  en d o p h y tes  fru iting  on 

the  litte r an d  those fru iting  on  needles from  b roken  b ranches could  be m ade.

A n o th er aspect of p o p u la tio n  b io logy research  w h ich  requ ires  ex p an d in g  is 

on  the  d is tr ib u tio n  of L. pinastri sensu lato and  the in d iv id u a l cryptic species 

th a t it contains. In  this s tu d y  w e have concen tra ted  on  a geograph ically  

o u tly ing  p o p u la tio n  of Scots p ine  in  Scotland w hich  has a postg lacial h is to ry  

an d  o rig in  d is tinc t from  th a t of Scots p ine  elsew here. It w ill be im p o rtan t to 

ex tend  th is s tu d y  to cover the  m uch  m ore  extensive n a tu ra l h o s t range  and  

d e te rm in e  w h e th e r the sam e taxa of Lophod.erm.ium are p resen t, an d  show  the 

sam e deg ree  of variab ility  and  m olecu lar d istinction.

5.4 Population Genetics

In  th is s tu d y  w e fou n d  th a t there  w as in ter-reg ional genetic d ifferen tia tion  of 

L. conigenum  and  L. seditiosum  popu la tions. H ow ever no  genetic 

d ifferen tia tion  w as found  am ong  p o p u la tio n s  of the litte r fru iting  L. pinastri 

II, even  over na tional scales. This leads to fu rth e r questions reg ard in g  b o th  

the  fine an d  large scale p o p u la tio n  genetics of these and  o th e r Lophodermium  

species. T hus it w ou ld  be in teresting  to know  w h e th e r the p o p u la tio n s  of 

o th e r L. pinastri species are genetically  u n d iffe ren tia ted  as w e fo u n d  for L. 

pinastri II. In term s of the taxa th a t do  show  genetic d ifferen tiation , 

kn o w led g e  of fine scale genetic s tru c tu re  m ay  shed  ligh t on the ir p o p u la tio n  

biology. Looking a t genetic d ifferen tia tion  be tw een  trees, o r be tw een  

in d iv id u a l b ro k en  branches, w o u ld  allow  u s  to m ake inferences ab o u t the
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ex ten t of gene flow  w ith in  a single p inew ood .

O ne of the  o rig inal m otivations for this s tu d y  w as to  investigate  M in ter's  

suggestion  th a t the en d o p h y tic  Lophodermium  taxa m ay  p ro tec t Scots p ine  

trees ag ain st a ttack  by  L. seditiosum  (M inter 1981b). If th is hyp o th esis  w as 

true, vu lne rab ility  of Scots p ine  to L. seditiosum  w o u ld  be  g rea te r w h ere  the 

en d o p h y tic  species w ere  absent. This is m ost likely w h ere  the h o s t species 

has been  recently  in troduced . For instance, p lan ta tio n s  of Scots p in e  on  

R h u m  lacked L. conigenum , and  need les on  b roken  b ranches w ere  colonised 

exclusively  by  L. seditiosum  (M inter 1980a).

In o rd e r  to  be tte r u n d e rs ta n d  the  ep idem io logy  of L. seditiosum  and  the 

p o ten tia l for en d o p h y tes  to p ro tec t aga in st need le  cast disease, it w o u ld  be 

h e lp fu l to  investigate  the d is trib u tio n  and  genetic d iversity  of the en d o p h y tic  

Lophodermium  species in  the na tive  and  in tro d u ced  ranges of Scots pine. This 

could  inc lude  a s tu d y  of the genetic d iversity  and  d ifferen tia tion  of all 

Lophodermium  species of Scots p ine  w ith in  its native  ranges in  E u rope  as w ell 

as those  in tro d u ced  in  N o rth  A m erica in  o rd er to u n d e rs ta n d  possib le  

restric tions to en d o p h y te  m ig ra tion  and  colonisation. This w o u ld  p ro v id e  a 

b e tte r  u n d e rs ta n d in g  of the  risks invo lved  w ith  tran sfe rrin g  Scots p ine  

ou ts ide  its native  ranges in  te rm s of loss of en d o p h y tes  an d  po ten tia l increase 

in  vu lne rab ility  to ou tb reaks of L. seditiosum  and  o th e r need le  pa thogens.

5.5 Conclusion

In  recen t decades su p p o rt for taxonom ic research  has  been  h a rd  to obtain,
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an d  its relevance in  m o d e m  bio logy  has been  questioned . The first lesson 

le a rn t from  th is thesis is th a t w e are cu rren tly  ig n o ran t of the  scale of fungal 

b io d iv e rs ity  an d  the  only  w ay  to rectify  this is th ro u g h  de ta iled  taxonom ic 

stud ies. The second  lesson  to be learned  is th a t taxonom y is an  essential 

fo u n d a tio n  for conducting  evo lu tionary  an d  ecological genetics s tud ies. O nly  

w h en  the  taxonom y is in  place can w e iden tify  the  species th a t w e w ish  to 

s tu d y  an d  only  u n d e r  these circum stances is it possib le  to m ake p rog ress in 

these  fields.
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Appendix 1: Glossary

A

N am e of the fungus in its im perfect (asexual stage).

Enclosure of asci into organised sexual fru iting  body. There 
are four types of ascocarps depend ing  on their shape 
(cleistothecia, perithecia, ascostrom ata, apothecia)

Cells w hich are precursor to  Asci.

Two of the m ajor phyla w ithin the fungal kingdom . Each 
are d ifferentiated by the type of rep roducing  structure  
ascus and  basidia from w hich sexual spores are form ed. 
A som ycetes includes yeasts used  in m any food processes 
such as b read  m aking, m oulds, som e m acrofungi such as 
m orel and  truffle and it includes m any p lan t pathogens. 
Basidiom ycetes are well know n for producing  m acro fungal 
structures (toadstool m ushroom s), they also include p lan t 
pathogen  such as rusts and  sm uts.

Spores p roduced  after the sexual recom bination and  
m eiosis of Ascom ycete fungi. They are form ed w ith in  asci 
w hich are often g rouped  in the  hym enium  of an  ascocarp.

(Plural: Asci) Cell w hich bear on average eight ascospores.

C ultures w hich are entirely free of o ther contam inating  
organism s.

D

D iploxylon  Pinus subgenus w hich included pines of tw o needles per
fascicle.

Anamorph

Ascocarp

Ascogenous cell

Ascom ycetes/

Basidiom ycetes

Ascospores

Ascus

Axenic
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H

H aploxylon  

H eterothallic 

H om othallic

I

Imperfect stage Asexual stage du ring  w hich spores know n as conidia are
form ed som etim es in a fru iting  body  called pycnidia. This 
stage is associated w ith  the anam orph  nam e of the fungus.

P

Perfect stage Sexual stage d u ring  w hich recom bination leads to the
production  of sexual spores (ascospores) and fruiting body 
(ascocarp). This stage is associated w ith  the teleom orph 
nam e

s
Spermatia Spores w hich are able to fertilise specialised hyphae.

T

Trichogynes Specialised hyphea capable of fusing w hich sperm atia.

P inus subgenus w hich included pines of 3 to 5 needles per 
fascicle.

Fungi w ith  tw o m ating types w hich reproduce  by 
outcrossing.

Fungi w ith  one m ating  type w hich reproduce  by self­
fertilisation.
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