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The genetic basis of symbiosis in lichen Usnea hakonensis
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Summary (Abstract) of doctoral thesis contents

Symbiosis has been involved in many evolutionary innovations in the history of life, and
considered as one of the most important interactions between organisms. Lichens are symbiotic
associations of fungi, alga, and bacteria. As symbiotic entities, they are adapted to diverse
environments, often where water supply is transient and nutrients are scarce. They are able to
inhabit extreme environments such as polar regions, deserts, and high altitudes. The principle of
lichens is symbiotic interaction between a fungus, the mycobiont, and a photosynthetic partner,
the photobiont. Symbiotic associations between mycobionts and photobionts induce dramatic
shifts in morphology and metabolism of both symbionts. The most prominent is morphogenesis
of symbiosis-specific structures (thalli), some of which are the most complex vegetative
structures in the fungal kingdom. Inside a thallus, the photobiont benefits by protection from
environmental stresses, while the mycobiont benefits by photosynthetic products supplied by the
photobiont. However, genetic bases of symbiotic interactions between mycobionts and
photobionts have not been revealed.

When | started the doctoral course, or even nowadays, characterization of genetic mechanisms
in lichen symbiosis is a challenging topic with only few previous studies. Although
high-throughput sequencing techniques have enabled to investigate genomes and transcriptomes
of non-model organisms, those techniques have not been applied to investigate interaction
between the mycobiont and the photobiont in lichens.

In this thesis, | examined genetic mechanisms that regulate symbiotic interaction between a
lichen-forming fungus and its photosynthetic partner by using Usnea hakonensis-Trebouxia sp.
system. The symbiotic association of U. hakonensis and Trebouxia sp. can be resynthesized in
vitro from isolated cultures of the fungus and the alga. To identify differentially expressed genes
between the symbiotic and non-symbiotic states of this lichen, | compared transcriptomes of
resynthesized thalli and isolated cultures of the mycobiont/photobiont by using high-throughput
RNA sequencing technique (RNA-seq). For the accurate comparison, | first sequenced and
annotated the genomes of U. hakonensis and Trebouxia sp, which were both unavailable.

In Chapter 2, | performed whole genome sequencing of the photobiont Trebouxia sp. The
predicted size of the algal genome is 69 Mb, which is comparable to other Trebouxia algae.
Unexpectedly, the result implied association of a novel Alphaproteobacterium, Sphingomonas sp.
‘TZW2008" with the alga. This bacterium had not been visually identified during the 8 years of
culturing in laboratory conditions, but fluorescence in situ hybridization confirmed the
localization of bacterial cells on algal cells. Growth of the bacterium was synchronized with that
of the alga, and its dependency on algal photosynthetic products was identified. Although the
result of this study presented bacterial benefit from the symbiotic interaction with the alga in
terms of carbon source, algal benefit from the interaction remained unclear. However, closely
related bacteria were also detected in U. hakonensis thalli collected in the field, indicated that

this bacterium might also be the essential participant of the symbiosis in this species.
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In Chapter 3, the genome of the mycobiont, U. hakonensis was determined. The fungal genome
was annotated by using RNA-seq reads derived from the transcriptome of the isolated fungal
strain. The genome was found to be compact, showing close proximity of genes. When
conventional genome annotation methods were used, few reads derived from read-through
MRNAs connected neighbouring genes, resulted in misannotation. Therefore, | developed a
pipeline which includes extra steps to eliminate reads with intergenic sequences. The genes in
the annotated genome were classified into gene families according to sequence similarity. The
size of the gene families was then compared among fungi with different lifestyles
(lichen-forming, free-living, and parasitic fungi). The result indicated that some of the
transporter gene families were contracted in the lichen-forming and the parasitic fungi, whereas
three gene families were only identified in the lichen-forming fungi and predicted to be
lichen-specific. The common genomic features identified in the lichen-forming fungi may reflect
long-term symbiotic association with algae.

In Chapter 4, | examined differential gene expression between the symbiotic and non-symbiotic
states of the U. hakonensis-Trebouxia sp. system. The sequenced genomes of the mycobiont and
the photobiont, separately discussed in Chapter 2 and 3, were re-annotated using RNA-seq reads
derived from transcriptomes of resynthesized thalli and isolated cultures. Re-annotation provided
new genes, some of which may represent symbiosis-specific gene expression. More than half of
the identified differentially expressed genes had no similar sequences in the NCBI database,
raising possibility that the lichen obtained novel genes for symbiosis. On the other hand, the
differentially expressed genes common to other organisms were indicated to play important roles
in symbiosis. As expected, transfer of photosynthetic products from the photobiont to the
mycobiont was indicated from the up-regulated expression of fungal sugar transporter genes.
Moreover, transfer of nutrients, such as nitrogen, phosphorus, and carbon dioxide, from the
mycobiont to the photobiont was also indicated. In the U. hakonensis-Trebouxia sp. system, it
appears that bidirectional transfer of nutrients is the principle that sustains the symbiotic
association. However, many of the differentially expressed genes still need to be examined for
their functional roles in symbiosis.

In this thesis, | identified a set of genes that change expression upon in vitro symbiosis of
lichen U. hakonensis. Functions of the genes up-regulated in the symbiotic state were predicted
in terms of symbiotic interaction between the mycobiont and the photobiont. In the process, the
genomes of the U. hakonensis and Trebouxia sp. were sequenced and annotated. A novel
lichen-associated bacterium was detected and its roles in symbiotic association were predicted.
Further investigation on expression of the identified genes in natural symbiotic states of U.
hakonensis would lead us to a deeper understanding of genetic mechanisms underlying lichen

symbiosis.



(A= 3)
(Separate Form 3)

Wi CFEAMROEE
Summary of the results of the doctoral thesis screening

HEECREDLZOVE ST /N2 7Y T7OHEEERTH 2K lichen™ & Hh 4K 1k
thallus & WO RFHRLWIELXTER T 2. BARATCHAEKRE L THAEL MFORE % /8 7
KEE . BOEMHA BN 2 MBIERTCLES LAV amEE o, e v Emil
ZEMAT 2Dl > THRBERGFOMEBTH 2. 20TH /N 2H VA4 A €& HH
Usnea hakonensis & 34 4 2 4¢3 Trebouxia sp. # AR+ 2 2 & iR A
LU 72 fibril & RPN 24K E RS 2 RAMLS K TV 2,

FOE) ORI EBEOEA S H AN, NI A VA A DK Y Usnea hakonensis
TbH b

COEIEBEFRON, HEHFE AR TCHKIC ST 2B 05 FRE. R BEHNE
BEMHAT 2 LH2HNE, "TAV—T v by =2 T4 =& 37/ LENB &V b
FYRI YT LA EATO. NI AV A L DBART & KB DM EE I RN L
Too KX OHF T > L ELMBITE S CHRERDLEDTH %,

D B AdRO DNAZHw., XAETI3REDOT / s eiTofz. T DR, HEOD
69Mbp D27 / LADEIFLEEEWsh T 2EE . ZUREREKTE 2L
3.6Mbp ® DNA A& &N 22 & 2L fo. Bz TOMAMEMES & U 16sRNA #H{z T D
B RGN 5 2 D 3.56Mbp @ DNA # Sphingomonas & HIFAIHME K TH 3 2 &
W in situ NA TV XA X —32 3> (FISH) & & 2T 2 O HIEAH A &k O 41 i
KHMCEZHEAET L MBEBEOMITcch s —HOEYOMMBHEA R 2 2 &
SHILRHIEMBEPHKRETORB TR L L. REMITCEVEARRADO NI 250
FA X GO ARIEMENALEFE T2 E2RL. "I 2 HF VA A viE W Usnea
hakonensis. %k Trebouxia sp.. HIEAE Sphingomonas sp.®D =FE DO ILFEKT H 3
e ERL I

2) K& EARH KD DNA 8 & F RNA # H . W8 Usnea hakonensis ® %7 / LfENTH &
NS> A2 07 b—LB 2470, 412Mbp O RS / LDFIFERB LSV ZDY /A
o 13,695 (HOEMETFHEGEsH s hC L. MMOMKIEE L CTHEATBHELR L
2AEWEMRAEZ R THEHEOY /oL, HKEE L THAETIHEOY / A2 = FHH
DLEBEEZTRCEBT 2ELZTAFEND 2 CEBMNCHEETZ2 L. 2L THRET
OYEEE (FIZE. PEOW%E) CHMb2 ez s N2 ZHEBLETHRCET 285 TFHD
Bl EEEWHesMI L, 612, COMRBRECBENTY /4 LOBIETHEIEEL &0
MBERCRHTE 2 L OMMFIELHRL TV 3,

3) NAXHFIAA BT fibril & FHMEAL 22 IR T 28R T & H R RO
Usnea hakonensis 8 & U4t Trebouxia sp. CHI ¢ 2 Bz TOHRHEE 4 LKL . L4
RN D 2 Vi 2 OBROILAERMEFCHFE T 2R TERREL L. MET /LB
% 19,041 A OBz THEE . £ BT /4B w T 10,328 A0z THEE (KO HR %
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HbtAE 24,023 HOEETFHE) #WHerc L LT, BHET ATAHOESZ T, &
FARTE T 412 O EE T HERBEREA AL T3t sgR/ L. ZOHTHIEC
BOTH (REXED . EEMEY. V v BRUEGVWEDREDOEIXCE O 21 REMED &
ZEETFORIEANPEC TCWBE I 2Rl "IAY VA HLICBT ZHEED ) TREE
EPonE T2l DREL —BHEEANL 2,

HEERLCE NI A VAT DODOTOZLOHHRORERLTHEINLTEY., /2%
OHFTHNIAHVAACHAMKETCORED N THBOTIRICE © THRIELTRME O —
DEALEBETCOMAEBEZWMEL CWa, Chsldt (%) MXCHEIZLOT
b B,

ANHRERETE. "I AV AH 2l B8 2HEDOEMEMERBCHEL . &% Trebouxia
sp.& HIEAN B Sphingomonas sp. D LR DM . WH Usnea hakonensis *° &t i
Trebouxia sp.® 7 / Lt HAERBFEHEETROEBLZTFHEBEEOLEKEZECZODWT., 215
DHROEGER & LE s HERLONBTCIE > THRELEL., . "I 2 L4 4 v p=F
MoOEYOREhRTHZIEEWHsMI LA, IR =—FOEMDY / LDEK % AN
LSBOMADFRES XA 3FMEREBEL LAFdiffienr,. HELBZISLTY
Zlg bk 28 LETCREL TL 5,

HE M T Bl ME» s EMMMANECHE T 2FE80OEMP I 4> M2 bl
ECHELL, CnE CHBEEMALPFEMCHALEITO —EDORRE LT T2 A4 L
EZOBHEOEmSIERT LD EALINT, ATMACEDVWLSBOI 54 20HRDIERE
Vo lifrshn .

ECBEL T, MEEAFHEEE L LR ERSCZHSATYL B A, HEHR
MW ELTCHECHE»I»A T ZH, SHCAMAERSCBT ZHIEIC L 3 HEL - HERLE
O FreBRTwzEHBasnr.

PLE. HEEH SR A ARNER KL ER AR ORER - (%) &L CoZEMf%
L TEY, FNBFEHCHIEL W EHBSN 2.



