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Lichens are well known for producing a great variety of secondary metabolites including polyketide 
chemicals. Polyketides are involved in stress responses such as drought, UV, microbial infection. 
Biosynthesis of polyketide chemicals are carried out by polyketide syntheses (PKS). Most of the lichens 
contain multiple copies of PKS genes and it is believed that each copy of the PKS gene is involved in 
biosyntheses of different polyketide chemicals. As it is regarded that each chemical has unique 
biological role in stress responses, it is important to study the evolution of the gene to understand its 
role in environmental adaptation of lichen species. In the current study, we amplified and sequenced 
KS domains of PKS genes from thirty two samples, which belonged to ten Cladonia species, collected 
from King George Island, Chile, and Svalbard.  

Sixty-two KS domain sequences were obtained by direct sequencing or cloning of 
the PCR amplicons. Phylogenetic analyses revealed that they belonged to non-
reducing PKS gene. They were subgrouped into twelve clades by the criterion of 
monophyly and 90% similarity cut off.  

▲Fig. 2. Fig. Phylogenetic tree using Maximum parsimony method of deduced amino acid. sequences of 60 
Clodonia PKS fragments and other known NR PKSs. Reducing PKS were used as the outgroup in the tree 
Branches conserved in Neighbor-joining and maximum parsimony were represented by thick lines. Percent 
bootstrap supports (>70%) were given at each node(NJ/MP).  
 

KG, King George Island, The Antarctic; SV, Svalbard, The Arctic; PA, Punta Arenas, Chile 
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1 PCH080112-40  

A 
C. gracilis 
complex  

KG  O        +    +  ＊         +  

2 ANT050824   KG       -  +  ＊ 

3 ANT050857  KG       -  +  ＊ 

4 HSG080124-15  PA       -  +  ＊ 

5 PCH080113-49  KG  O    -  ＊  ＊ 

6 ANT050964   KG       -  +  ＊ 

7 ANT050834   KG       -  +  ＊ 

8 ANT050816   KG              -     +  ＊                

9 PCH080123-55  B C. asahinae PA  O           ＊    +  ＊                

10 HL090807-14  

C 
C. pyxidata 

 complex  

SV  O           -     ＊ ＊                

11 HSG080123-31  PA  O    +  ＊ ＊ ＊ 

12 PCH080111-18  KG  O    -  +  ＊ ＊ 

13 ANT050825   KG       -  +  ＊ 

14 HL090809-14  SV  O           -     +  ＊ ＊    ＊       

15 HSG080115-10  D C. merochlorophaea  KG  O           ＊    ＊ ＊                

16 PCH080115-06  
E 

C. chlorophaea  
complex  

KG  O        ＊ -     +  ＊                

17 PCH080123-23  PA  O        ＊ +     +  ＊                

18 PCH080112-10  

F 
C. borealis 

complex  

KG              +     ＊ +                 

19 ANT050790   KG  O  ＊  +  ＊ ＊ ＊ 

20 ANT050869   KG       +  ＊ +  

21 ANT050965   KG       -  ＊ +  

22 HSG080110-51  KG       +  ＊ +  

23 PCH080111-15  KG       -  ＊ +  

24 ANT050855  KG       -  ＊ +  

25 PCH080123-48  PA  O  ＊       -     ＊ +           ＊ ＊  

26 HSG080123-08  G C. Polydata complex PA  O  ＊       +     +  ＊          ＊    

27 PCH080116-34  H C. carneola  KG              +     +  ＊                

28 PCH080123-26  I C. mitis  PA  O     ＊     +  ＊ +  ＊    ＊          

29 PCH080116-35  

J 
C. squamosa 

complex  

KG           +    +  ＊           

30 ANT050850   KG       +  +  ＊ 

31 PCH080123-62  PA  O    +  -  ＊ 

32 ANT050859   KG              -     -  +                 

▼Table 1. Occurrence of each clade of PKS genes 

We examined presence of two of the most frequently found clades (clade 6 and clade 
7) and one of the rare clades (clade 4) by specific amplification method. Clade 7 was 
detected from all of the samples, but clade 4 and clade 6 were detected only from 
fifteen and thirty samples, respectively. 

＊, PKS genes detected by sequencing; +, PKS genes detected by specific PCR detection; -, no amplification by 
specific PCR detection 

Clade Hypothesis
† 

P 
(Kishino-Hasegawa) 

 P 
(Templeton's)  

P 
(Winning-sites)  

Clade 6 
H1  0.1575 0.1573 0.2891 

H2  1.000 1.000 1.000 

Clade 7 
H3  <0.0001-0.0003* <0.0001-0.0001* <0.0001-0.0005* 

H4  0.0046-0.0209* 0.0047-0.0209* 0.0078-0.0386* 

▲Fig. 4. Comparison of tree topologies between PKS and rDNA trees. Trees were constructed by NJ method. 
Percent bootstrap supports (>50%) were given at each node (NJ/MP),<50% were asterisked and 70% were 
represented by thick lines.  

▼Table 2. Topology tests under varying constraints. Two hypothesis tests were conducted using Kishino - 
Hasegawa, Templeton  and Winning-site tests.  

†, H1, Phylogeny of PKS Clade 6 was compatible with rDNA dataset.; H2, Phylogeny of rDNA was compatible with 
PKS Clade 6 dataset.; H3, Phylogeny of PKS Clade 7 was compatible with rDNA dataset.; H4, Phylogeny of 
rDNA was compatible with PKS Clade 7 dataset. 

 

* The null hypothesis of no difference between the best trees and constraint trees were rejected (P<0.05).  

Comparison of PKS phylogeny and rDNA phylogeny revealed that clade 7 PKS genes 
evolved non-orthologously but we could not find concrete evidence to contradict 
orthologous evolution of clade 6 PKS genes. 
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(B) Clade 7 

HSG080123 08 C3 
PCH080123 48 C2 
ANT050790 C4 
Cladonia grayi ADM79459 

Evernia prunastri ABQ08170 
Coccotrema coccophorum AAY00053 

Ochrolechia parella AAY00069 
Pertusaria velata AAY00134 

Podospora anserina NR1&2 XP 001911464 
PCH080123 26 C1 

Aspergillus terreus NRI XP 001216121 
PCH080115 06 C2 

PCH080123 23 C1 
Nectria haematococca AAS48892 

Penicillium marneffei ADH01675 
HSG080115 10 C1 
HSG080115 10 C4 

PCH080123 55 C1 
PCH080123 55 C3 

Pertusaria erythrella AAY00087 
Pertusaria subventosa AAY00129 

Phaeosphaeria nodorum NRI XP 001798591 
Emericella nidulans YWA1 CAA46695 naphthopyrone 
Emericella nidulans wA 1905375A 

Gibberella zeae PKS12 AAU10633 aurofusarin 
Aspergillus parasiticus PksL1 NR1 Q12053 aflatoxin 

Emericella nidulans pksST NR1 AAA81586 sterigmatocystin 
Gibberella moniliformis pks4 NR1 AAR92211 bikaverin 

PCH080123 26 C2 
Aspergillus nidulans NR2 XP 657754 

Penicillium marneffei ADH01670 
fungal endophyte sp CR493 AAP79128 
Aspergillus fumigatus NR2 XP 751377 

Neosartorya fischeri NR2 XP 001266579 
Pyrenophora tritici repentis NR2 XP 001933041 

Aspergillus terreus XP 001217072 
Aspergillus terreus At5 NR2 BAB88752 

HL90807 14 C1 
HSG080123 31 C1 
HSG080110 51 
PCH080111 15 
PCH080112 10 

HSG080115 10 C3 
Cladonia grayi ADX36085 

ANT050855 
ANT050869 
ANT050965 
ANT050790 C3 
PCH080123 48 C4 

PCH080113 49 C2 
Collema flaccidum ABV71362 
Caloplaca albopruinosa ABV71370 

Umbilicaria torrefacta ACJ24814 
Pertusaria subverrucosa AAY00131 

Pertusaria leioplaca AAY00110 
Pertusaria amara AAY00077 

HSG080124 15 
PCH080115 06 C1 
ANT050964 
ANT050816 
ANT050824 
ANT050834 
ANT050857 
PCH080112 40 C1 
PCH080113 49 C1 
HSG080123 31 C2 
HL90807 14 C2 
HL90809 14 C3 
HSG080115 10 C2 
Cladonia foliacea ABV71350 
Cladonia grayi ADX36087 
PCH080116 35 
PCH080123 26 C3 
HSG080123 08 C2 

Cladonia macilenta AFB81352 
ANT050850 
ANT050859 
PCH080123 62 C1 
PCH080116 34 C1 
Cladonia cenotea ABV71351 
PCH080123 55 C2 

ANT050825 
PCH080111 18 C1 

PCH080111 18 C3 
ANT050790 C2 

PCH080115 06 C3 
PCH080123 23 C2 
Cladonia andesita ABV71360 

Evernia prunastri ABQ08169 
Pseudevernia furfuracea ABQ08175 
Usnea filipendula ABQ08180 

Coccotrema pocillarium AAY00059 
Xanthoria parietina ACL99721 

Physcia adscendens ACL99722 
HL90809 14 C2 
Glarea lozoyensis pks1 NR2 AAN59953 melanin 

Colletotrichum lagenarium PKS1 NR2 BAA18956 melanin 
Ophiostoma floccosum AF411603 melanin 

Ceratocystis resinifera PKS1 AAO60166 melanin 
Nodulisporium sp PKS1 NR2 AAD38786 melanin 

fungal endophyte sp CR97 AAP79129 
Botryotinia fuckeliana pks12 NR2 AAR90248 
Sclerotinia sclerotiorum NR2 XP 001586760 

Umbilicaria torrefacta ACJ24813 
Umbilicaria leprosa ABQ08178 

Umbilicaria crustulosa ABQ08176 
Umbilicaria proboscidea ABQ08179 

Monascus purpureus pks1 NR2 CAC94008 melanin 
Coccotrema maritimum AAY00055 
Pertusaria subverrucosa AAY00132 

Pertusaria graphica AAY00096 
Pertusaria oculata AAY00115 
Varicellaria rhodocarpa AAY00137 

Bipolaris oryzae PKS1 AB176546 melanin 
PCH080123 48 C3 
PCH080112 40 C2 

Exophiala lecanii corni PKS1 AAN75188 melanin 
Pertusaria corallophora AAY00082 
Pertusaria albescens AAY00071 

Peltigera membranacea AEE65372 
Lecanora muralis ACJ24817 

PCH080123 26 C4 
Cladonia deformis ABV71351 

HSG080123 08 C1 
PCH080123 48 C1 
ANT050790 C1 
Pseudevernia furfuracea ABQ08174 

HSG080123 31 C3 
PCH080111 18 C2 

HL90809 14 C1 
Cladonia grayi ADX36086 

Diploschistes scruposus ABQ08167 
Aspergillus terreus NR2 XP 001210231 

Botryotinia fuckeliana pks16 NR3 AAR90252 
Cochliobolus heterostrophus pks21 NR3 AAR90275 
Cochliobolus heterostrophus pks1 R1 AAB08104 
Aspergillus terreus R3 XP 001209753 

Aspergillus terreus LovB R2 AAD39830 
Gibberella moniliformis pks12 R4 AAR92219 
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▲Fig. 3. Trace back to the origin of Clade 4 in evolution of Cladonia spp.  

Reconstruction of character change revealed that current distribution of clade 4 
PKS genes can be explained by eight acquisition and loss events.  

▲Fig . 1. Cladonia samples used in this study. (A) C. gracilis complex; (B) C. carneola; (C),(D) C. borealis complex; (D) C. squamosa complex; (E) C. polykactyla; 
(F) C. mitis; (G),(H) C. chlorophaea complex; (H) C. squamosa complex 

(A) (B) (E) (C) (D) 

(F) (G) (J) (H) (I) 



▲Fig . 1. Cladonia samples used in this study. (A) C. gracilis complex; (B) C. carneola; (C),(D) C. borealis complex; (D) C. squamosa complex; (E) C. polykactyla; 
(F) C. mitis; (G),(H) C. chlorophaea complex; (H) C. squamosa complex 
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