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Abstract
Light is an indispensable environmental factor for fungi, it also modulates the many
biological processes. Termite-associated fungi Termitomyces may be a special case, it
is light-shielded in most time of its lifecycle. In this project, I used the DNA sequences
of three light involved proteins White Collar-1, photolyase, ferrochelatase of the
Termitomyces strains and tested whether the genes encoding these proteins are
pseudogenes. The result of sequences analysis reveals that the genes of White Collar1 and ferrochelatase do not show any pieces of evidence of pseudogenes whereas the
gene of photolyase has become pseudogene in Termitomyces strain Od159 and T108.
Subsequently, a photoreactivation test was applied to examine whether photolyase
has original UV-B lesions repair function. The outcome shows the fact that photolyase
has lost its original function in Termitomyces strain Od159.
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Introduction
Termitomyces is a genus of fungi which are symbiotic with termites. In 1799, a German
scientist discovered the internal structure of the termite nest (König, 1779). The
structure called fungus comb is where the mycelium of Termitomyces grows. Along
with their development, some white nodules (mycotetes) are produced. In 1906,
Petch demonstrated the relationship between the fungus and termites then
illustrated that fungi of Termitomyces are cultivated by termites inside their nests
(Petch, 1906). There is not any evidence that Termitomyces species can live without
termites, once they are removed, their growth is quickly exceeded by other fungi (Licht
et al., 2005).

Termitomyces or “termitophilic” fungi
Fungi of the genus Termitomyces are Basidiomycete from the order Agaricales, the
Tricholomataceae family, and the Termitomyceteae tribe. There are approximately 40
described species in Termitomyces (Rouland-Lefèvre et al., 2006). The taxonomy of
Termitomyces is decided by fruit structure yet some of them do not fruit. Due to this,
it is hard to classify them. However, the commonality of Termitomyces is that
Termitomyces only live in obligate symbiosis with termites belonging to the subfamily
Macrotermitinae.

Macrotermitinae or “fungus-growing” termites
Macrotermitinae is a subfamily of Termitidae, which is known as “higher termites” and
occupies 70% of termites’ species so far. They are distributed only across Africa and
Asia due to the tropical climate. As for the taxonomy, Macrotermitinae contains 11
genera and around 330 species (Rouland-Lefèvre et al., 2006). There is no strong
specificity between fungal symbionts and termite hosts. For this reason, the species of
termite hosts can be replaced frequently, and one species of termites may have
different Termitomyces symbionts (Aanen et al., 2002).

Fungus-termites symbiosis
The symbiosis appears to have originated in Africa (Aanen et al., 2002). Termitomyces
provides nutrients for the termites by degrading branches, leaves, etc. Meanwhile,
termites construct and maintain fungus comb providing a temperature and humidity
regulated habitat for the fungus. The fungus comb is constructed with fresh fecal
materials added continually, it is dynamic and consumed by termites over time (Wood
& Thomas, 1989). All species of Termitomyces rely on the termites. In return, fungusfarming termites cannot live without Termitomyces and the symbiosis was only found

between termites and Termitomyces (Sands, 1956; Rouland-Lefèvre, 2000).

Fig 1. Macrotermes natalensis colony and fungal comb, the white nodules are
produced by Termitomyces (Kim et al., 2014)

Light sensing in fungi
Light is an indispensable environmental factor for organisms, not only as energy source
absorbed by plants through photosynthesis but also as a source of information based
on properties of the light, such as intensity, duration, etc (Casas-Flores & HerreraEstrella, 2016). As for fungi, most of them can sense and utilize sunlight to regulate
biological processes, for instance, morphogenesis, synthesis of pigments, sexual
development, germination, growth and secondary metabolism, etc (Casas-Flores &
Herrera-Estrella, 2016; Fischer et al., 2016). The large variety of phenomena
responding to light illustrate that illumination could reprogram the genetics machinery
of fungi, which means that many genes in plenty of fungi are differentially regulated
by light according to the genome-wide expression (Ruger-Herreros et al., 2011; Wu et
al., 2014).
Light receptors in fungi are proteins. Most fungi can sense sunlight through
photoreceptors, even fungi growing in a subterranean environment have functional
photoreceptors, for instance, the black truffle Tuber melanosporum is an underground
species which has functional photoreceptors (Gerace et al., 2017).

Fig 2. Photoreceptors of fungi and domains in each photoreceptor (Fischer et al., 2016).

White Collar-1
There are several photoreceptors in fungi, the most studied one is White Collar-1 (WC1) protein, an important component of blue light photoreceptors (blr1). The WC-1
protein has two PAS (Per Arnt Sim) domains involved in protein-protein interactions
and a chromophore binding domain LOV (light, oxygen, voltage) domain, which is
highly conserved and directly involved in light-sensing. In addition to these domains,
WC1 also contains a Zn finger, a putative transcriptional activation domain, a nuclear
localization signal (Ballario et al., 1996). Regarding the function, WC-1 and another
photoreceptor White Collar-2 constitute a White Collar Complex working as a
transcriptional factor and regulating the expression of many genes (Smith et al., 2010).
After receiving blue light, the FAD chromophore of photoreceptor WC-1 triggers the
formation of a flavin-cysteinyl adduct at a cysteine of LOV domain, meanwhile, WC-1
is activated through the formation of flavin-thiol adduct (Corrochano, 2007; Schleicher
et al., 2004). According to the research of Salomon, the cysteine residue has already
been discovered in the LOV domain of plant photoreceptor. It is named Cys39, which
is named by the location in the whole 110 amino acid stretch of the LOV domain. It is
also belonging to the motif GRNCRFLQG (Salomon et al., 2000). This cysteine residue
is necessary for photoreception since WC-1 would lose the light-dependent gene
activation when lacking the conserved cysteine residue, which means the LOV domain
plays the main role during the photoreception (Cheng et al., 2003).

Photolyase
Photolyase is a dual function protein which could repair UV-B lesions as well as
perceive blue light (350-450nm) (Sancar, 2003). There are two types of photolyases.
The first is CPD photolyase, which specifically repairs Cyclobutane pyrimidine dimers

(CPDs) (Sancar et al., 1984). The second photolyase is named (6–4) photolyase, which
is responsible for repairing 6,4-Pyrimidine-pyrimidones and 6,4 photoproducts (Todo
et al., 1993). All photolyases contain two bound chromophore cofactors, the first
cofactor is always FAD no matter what type of photolyase is while the second cofactor
is either MTHF or 8-HDF.
Considering the light-perception function, photolyase is a light-dependent
photoreactivation enzyme where the second cofactor absorbs photon from UV or blue
light and provide excitation energy for the DNA repair (Sancar, 2003).
Regarding the DNA repair function, the process of reversing the DNA damage is called
photoreactivation. Functional photolyase would repair UV-B lesions, the production of
pyrimidine dimers in DNA induced by UV-B, and thus increases UV tolerance. So, the
loss of photolyase would lead to a higher mutation rate which has a deleterious effect
on organisms during evolution. Apart from light-dependent DNA repair, there is also a
general, dark repair system named “excision repair”. According to the literature,
functional photolyases would increase the survival rate compared to mutant strains
lacking photolyases even though they are not exposed to the UV light (Yamamoto et
al., 1983). This phenomenon is because excision repair is stimulated by photolyases
(Sancar et al., 1984).
In addition, photolyase expression is regulated by WC-1 due to Brych’s research. In this
research, mutants that do not have wc-1 gene are less tolerant to the UV exposure
since the expression of photolyase is influenced, so functional photolyase also proves
effective expression of wc-1 gene indirectly (Brych et al., 2016).

Ferrochelatase
Ferrochelatase is encoded by a light-regulated gene HEM15 and produced responding
to sunlight to decrease the highly phototoxic porphyrin molecules. Ferrochelatase is
rather conserved from bacteria to fungi, even and human (Idnurm & Heitman, 2010).
The experiment of Idnurm and Heitman revealed that normally the transcript level of
this gene is higher in response to light than dark. However, a higher transcript level in
light would not appear when White collar genes are lost (Idnurm & Heitman, 2010).
Thence, expression of ferrochelatase is also dependent on White Collar Complex,
ferrochelatase is also a protein that could be treated as a marker to test the
photoinduction.

Pseudogene
The concept "pseudogene" was first proposed by Jacq when an untranscribed DNA
sequence was found which was a homolog to the 5S DNA in the Xenopus laevis (Jacq
et al., 1977). A pseudogene is the remnant of the protein-encoding genes which loses
its protein-coding function through evolution. Nowadays, pseudogenes are classified
into unitary pseudogenes, duplicated pseudogenes, and processed pseudogenes,
unitary pseudogenes and duplicated pseudogenes are also generally called

unprocessed pseudogene owing to the formation mechanism (Li et al., 2013). There
are 2 ways for identifying the pseudogene. The first way is to calculate the dN/dS ratio,
which is the criterion of differentiating neutral evolution, purifying selection and
positive selection (Li et al., 1981). This method is based on the principle that
pseudogenes are not under selection. The second method is sequencing and
comparing samples with its functional paralogue sequence (Li et al., 2013). For
instance, unitary pseudogenes do not have any functional counterparts. They are
generated by disruptive mutations occurring in functional genes and prevent them
from being successfully transcribed or translated. Thus, the unitary pseudogenes may
not transcribe or the cDNA of them might have stop codons. On the other hand,
processed pseudogenes should normally be intron-less and with polyadenylation
sequences, and duplicated pseudogenes should have paralogous genes within the
same genome as well as disruptive mutations in another duplication. Meanwhile,
functional paralogue sequences would not have these problems. When comparing
sample sequences and functional paralogue sequences, it is easy to find the
pseudogenes.
Based on the background researches, most of the lifecycle of Termitomyces is in the
termite mound, which means in the underground, so that it is difficult for
Termitomyces to contact with sunlight. To the evolutionary concern, the light
perception genes might lose their functions during the long-time evolution because
they are not required when lacking sunlight and become pseudogenes eventually.
Moreover, most of the fungi which lost photoreceptors are obligate with their closely
associated hosts, Termitomyces also meet the commonality since it is termiteassociated fungus (Idnurm et al., 2010). The project aims to research whether these
genes have become pseudogenes and these gene encoding proteins have original light
perception functions in Termitomyces.

Material and Method

1. Fungal strains
Strains for DNA analysis:
An assembled genome from EnsemblFungi (African species):
Termitomyces sp. J132 (GCA_001263195)
Six assembled genomes from NCBI (Asian species):
Termitomyces sp. JCM 13351
Termitomyces sp. MG145
Termitomyces sp. MG16
Termitomyces heimii
Termitomyces sp. MG148
Termitomyces eurrhizus
Strains from Wageningen University Genetics group:
Od159, 804, 803, T73SSCA, Mi1001C, T67A, 802, 807, T84, T86, T81, T95, T108, T110

Strains for phenotyping:
mn190, T110, Od159, T32, T123, mn132

Strains for gene expression analysis:
Od159, Od1011, T110, T32

Strains for photoreactivation-test:
Od159, T10, mn190

2. PCR amplification
Oligonucleotide primer design is the primary step for PCR amplification. However, I did
not have genomes of my strains. The genomes available were one African strain
Termitomyces sp. J132 with annotations and six Asian strains without any annotations
from the database. To position the genes in the strains without annotations, I used the
Africa strain’s gene sequence to BLAST against the six Asian strains separately, then
find the target gene DNA sequences of these six strains. Since the oligonucleotide
primer should work for multiple strains, I aligned the seven sequences I got from
previous steps and found conserved sites which were designed into primers. These
conserved sites are more probable to appear in my materials and lead to successful
amplifications.

Gene
wc-1

Primer
wc-F

Oligonucleotide Sequence
5’-CCGTGGAYATGACNTGCTCK-3’

Size
813bp

Melt temperature
55℃

wc-1

Phr

Phr

HEM15

94℃
4min

wc-R
wc(2nd)-F
wc(2nd)-R

5’-GACGTAGAGRAAKGCRCCTT-3’
5’-ATYRTCCTCGGVCCCGTGGA-3’ 447bp
5’TCDGTGAGATCSACYTGRAARCC3’
pho-F
5’1260bp
CACAAYAAGTGCATCGTGRAGCC3’
pho-R
5’TRCTCGCRCTCCATTGCCAGCCT3’
pho(2nd)5’1096bp
F
AGCAATGGCAAARCACSCRAGAG3’
pho(2nd)5’R
GCCGCAGGATCTGTGGATGGAAT3’
fer-F
5’577bp
AAYATGGGTGGHCCYGAAACTGT3’
fer-R
5’ACYTCRACAAAYCCTGGRTGGGT3’
Table 1. Oligonucleotide primers
95℃
30s

72℃
Tm
cycle
30s
1min/kbp
35x
Table 2. PCR protocol
dNTP
1μl
Taq Polymerase
0.12μl
Go Taq buffer
5μl
Forward primer
0.5μl
Reverse primer
0.5μl
2+
Mg
0.5-2μl
MQ water
16.88-14.88μl
Template
0.5-1μl
Total volume
25μl
Table 3. PCR reaction system

72℃
10min

55.3℃

59℃

57.1℃

57℃

12℃
∞

3. Light responsiveness analysis
Termitomyces strains were grown in dark and light conditions on MYA(Malt Yeast
extract Agar) medium, the temperature is controlled at 25℃. The incubator provided
16 hours of light and 8 hours of darkness per day. Considering the dark condition, the
box containing the Petri dishes were sealed with tinfoil and put into a black plastic bag
to keep an entirely dark environment. Regarding the light condition, the Petri dishes
were also put into a transparent plastic bag to control the temperature and humidity
as same as the dark group. After this measurement, these two boxes were put into the
same incubator together.

4. Sequences analysis
DNA sequences obtained from Eurofins Genomics were processed by BioEdit. During
this step, the genome sequences were assembled by combining the forward and
reverse sequences through CAP contig assembly program. After cutting down the lowquality nucleotides at the beginning and end, sequences from different Termitomyces
strains were aligned in the MAFFT version 7, including the Termitomyces sp. J132 and
the sequences I got. Subsequently, the alignment was edited in Mesquite 3.6 and the
exons were assigned based on the reference genome Termitomyces sp. J132 manually
then translated into amino acid sequences. The importance of this step is to compare
the amino acid sequences. Above all, go through the sequences and check whether
there are stop codons. Secondly, check whether all strains have active sites if there are
active sites published. If it is necessary, calculate the Ka/Ks ratio in the software DnaSP
v6.

5. Gene expression analysis
Gene expression analysis would result in a more precise view of gene expression.
Because the exons in the genome sequences were unknown and were assigned
manually based on the reference genome, so simply translating from DNA sequences
were not very reliable, that is why gene expression analysis was carried out. Since
Termitomyces grows rather slowly in solid medium and it is difficult to isolate RNA if
there are not enough starting materials, so jars were chosen as container and around
100 ml liquid MYA medium was poured into each jar. After incubating one week at 28℃
in the dark, RNA was isolated according to the protocol Direct-zol™ RNA Miniprep Plus.
It is important to move these jars into the incubator providing light for a few hours
before the RNA isolation, to ensure the gene expresses, in the experiment of Brych,
they only used 60 minutes (Brych et al., 2016). Subsequently, extracted RNA was
treated with DNAase protocol, followed by the reverse transcription using iScript cDNA
Synthesis Kit. Finally, PCR amplification was done again based on cDNA template. After
cleaning up the PCR products, they were sent for sequencing.

6. Photoreactivation test
Based on literature, photolyase is mainly responsible for repairing UV damage. For
testing the function of photolyase, a photoreactivation UV test would also provide the
evidence. The starting materials of the UV test should be spore suspensions, then
concentrations of spore suspensions could be roughly counted under microscope.
Nevertheless, the strains of Termitomyces I worked with do not grow spores on MYA
medium. For this reason, the medium was changed into RSA (Rye Seed Agar).
To fulfill this experiment, I scraped out some spores of the Od159 and T10, Od159
worked as the experimental strain while T10 was treated as the control strain. The
initial step is to make suspension from spores and test the number of spores according
to hemocytometer. Then roughly diluting the suspension to 1x104 spores per ml. After
that, transfer 5-10 ml suspensions into Petri dishes and expose to the UV light. Extract
100μl of suspension at 0s, 30s, 60s, 90s, and 120s and transfer them into 1.5ml tubes
and classify them into dark and light group, 2 replicates for 0s in order to get a rather
accurate reference colony number. Subsequently, 16 hours’ dark treatment was
applied for both light and dark group. To keep the strains alive, 100μl liquid MYA
medium should also be added in the 1.5ml tubes before the dark treatment. 16 hours
later, extract 50μl spore suspension per tube and inoculate new MYA plates by adding
3mm beads and shaking, keep them in the dark or light environment separately. After
3 days’ incubation, calculate the colonies per Petri dish and analyze the result.
Another test was added after the outcome was analyzed. This time the control strain
was changed into mn190 and the time interval was decreased to 15s, the suspension
was extracted at 0s, 15s, 30s, 45s, and 60s UV exposure durations. Besides, the 16
hours’ dark treatment was removed. The light group was incubated in the light while
the dark group was incubated in the dark for 4 hours. Besides, antibiotic ps (240mg/ml
penicillin and 200mg/ml streptomycin) was added at the ratio of 1:1000. Other
measurements were still the same.

Result
Phenotypes responding to light do not vary from growing in the
dark
Most fungi can sense and respond to light, so the phenomena of fungal responses to
light would be different from the responses to darkness, for instance, the
photomorphogenesis, sporulation, etc (Bjornsson, 1959; Kües, 2000). In my project, it
is shown that there is no obvious difference between these two groups after
incubating around two months. Here is an example in Fig 3. From this figure, it is easy
to see no rings in the light strain, the morphology is similar, including the color, texture,
etc, even the sizes of colonies are not obviously variable except for some plates which
were inoculated later owing to contamination.

Fig 3. The phenotypes of Termitomyces strain T110 growing in the dark and light.

Functional characterization of WC-1
Based on the amino acid alignment I got, it is clear that the conserved cysteine residue
mentioned in other literature appears in all strains. Meanwhile, there is also a
conserved “GRNCRFLQ” motif exists, which is also shown in many well-studied plants
(Salomon et al., 2000). Moreover, there are no stop codons in the amino acid
sequences at all.

Fig 4. Amino acid alignment of WC-1 from this project; Red arrows show the
conserved cysteine residue while the black boxes show the conserved motif around
the residue.
In addition, a new predicted cDNA alignment was also built by cutting off the introns
owing to the reference genome. Then input this file into the software DNAsp and count
the synonymous and nonsynonymous substitutions.

Then the Ka/Ks ratio was pairwise calculated. As for the strains, Od159 and its closely
related strain, reference strain and another two strains were included. The outcome is
consistent with the previous result, most of the Ka/Ks ratios are lower than 0.1, which
means this gene is highly selected and it is against nonsynonymous substitutions. All
the ratios are lower than 1 and reveal the wc-1 genes of these strains are under
purifying selection.

A

B

C
Table 4. A. Part of the Ks values for wc-1 cDNA sequences; B. Part of the Ka values for
wc-1 cDNA sequences; C. Part of the Ka/Ks ratios for wc-1 cDNA sequences.

Ferrochelatase is a conserved protein involved in light proception
As for ferrochelatase, there are no distinct residues in fungi (Ferreira et al., 1995), the
only way to decide the function of ferrochelatase is to analyze the DNA sequences as
well as the alignment of amino acids. The alignment is shown in Fig 5.

Fig 5. Amino acid alignment of ferrochelatase.
The majority of Ka/Ks ratios are quite close to 0, which implies the genes are under
highly purifying selection and still have functions. However, there are 2 exceptions,
where the ratio is equal to 1.

A

B

C
Table 5. A. Part of the Ks values for HEM15 cDNA sequences; B. Part of the Ka values
for HEM15 cDNA sequences; C. Part of the Ka/Ks ratios for HEM15 cDNA sequences.

Photolyase might lose the function based on sequences analysis
The sequences of photolyase were dealt with the same process. Finally, the result is
presented in Fig 6. There is a stop codon which is marked with an asterisk in the strain
Od159. Moreover, there is also an indel which is the result of aligning, if I move forward
the whole sequence by one site, every followed amino acid would be changed and
many stop codons might appear, which is shown in Fig 6B. If this sequence is reliable,
this is powerful evidence that the gene of Od159 cannot be translated into a whole
protein.
After sequencing some other closely related strains Termitomyces sp T81, T95, T108,
T110, a new alignment was made and it was translated again. The result was illustrated
in Fig 6A. The same indel happened in another strain T108 as expectation, it seems
that it also has the same pseudogene.

A

B

C
Fig 6. A. Amino acid alignment of photolyase based on the second pair of primers,
black asterisk is a stop codon, black cycle is the Indel of Od159 and T108; B. Amino
acid alignment of photolyase based on the second pair of primers after removing the

Indel, black cycle shows the stop codons newly appear; C. Amino acid alignment of
photolyase based on the first pair of primers.
As for the Ka/Ks ratio, pairwise Ka/Ks ratio was calculated between every two strains.
Most of the ratios are quite low and all of them are lower than 1, which demonstrates
that phr gene is under purifying selection and in contrast with the DNA analysis result.
In contrast, the ratios calculated between strains Od159 and T108 are higher than
others, two of the ratios are close to 1, which means they might under neutral
selection.

A

B

C
Table 6. A. Part of the Ks values for Phr cDNA sequences; B. Part of the Ka values for
Phr cDNA sequences; C. Part of the Ka/Ks ratios for Phr cDNA sequences, the ratios in
the red circles are calculated between strain Od159 and T108.

Photolyase does not increase the survival rate after the UV
irradiation
As shown in literature, the main function of photolyase is repairing DNA damage

induced by UV light. In this UV test, the experimental strain was Od159 whereas the
control strain was T10. From the colony calculation, it is obvious that the number of
colonies in the light was not higher than it in the dark. This experimental result
illustrates that photolyase does not show a DNA repair capability in Od159. However,
the expected result did not appear in the control strain T10. The result did not show
that strain with normal photolyase has the DNA repair function because the light
colonies were not much higher than the dark colonies after UV exposure.
T0-1
T0-2
T30
T60
T90
T120
Od159 Light
75
67
42
4
1
0
Dark
82
63
70
6
0
0
T10
Light
33
31
3
0
0
0
Dark
35
32
1
0
0
0
Table 7. Colony amounts on the Petri dishes after different duration’s UV exposure.
T0 means the plates where no UV exposed fungi grow. T30, T60, T90, T120 imply
different exposure time
The experiment was improved by altering the control strain to mn190 and the time
interval was shortened to 15 seconds. Meanwhile, the dark treatment was removed,
the light group and the dark group was incubated in the light and dark environment
separately for 4 hours, other factors were constant. 4 hours later, the suspensions were
inoculated on the Petri dishes and incubated like the original experiment. After
incubating for 1 week, the colony amounts in different plates were counted and shown
in Table 8.
T0-1
T0-2
T15
T30
T45
T60
Od159-1
Light 25
14
16
13
2
1
Dark 30
30
33
16
14
1
Od159-2
Light 24
53
45
30
6
11
Dark 44
50
42
18
2
0
Od159-3
Light 75
28
44
27
10
8
Dark 75
47
57
32
4
4
mn190-1
Light 43
62
57
47
24
38
Dark 14
37
3
19
0
0
mn190-2
Light 57
28
23
26
23
14
Dark 51
56
43
24
3
0
mn190-3
Light 25
18
28
42
196
22
Dark 10
38
15
9
0
Table 8. Colony amounts on the Petri dishes after different duration’s UV exposure.
T0 means the plates where no UV exposed fungi grow. T15, T30, T45, T60 imply
different exposure time. Each strain has 3 replicates.
From the Table 8, it is apparent that the colony numbers of the light group are higher
than the dark group in most of the time points in mn190, which illustrates that
photolyase has repaired the DNA damage induced by UV light. On the contrary, there
is no strong difference between the two groups in strain Od159, even the colony
number of the dark treatment group is slightly higher than the other one occasionally.
The similarity of the two groups shows photolyase does not perform its function.

In order to get a more convincing result, a Kolmogorov-Smirnov test should be
implemented. Since the concentration of spores in starting suspensions were not
precisely calculated, so it would not be accurate if taking the average of colonies at
different time. The better method is to use the survival rate by calculating the ratio of
colony numbers at different times and the colony numbers without UV treatment.
Because the colony numbers at T0 are the denominators, the average of them should
be calculated in case of inaccurate ratios at all time points. Table 9 indicates the
survival rate in different replicates, except for the third replicate of mn190.
T0-average T15/T0
T30/T0
T45/T0
T60/T0
Od159-1 Light
19.5
0.821
0.667
0.103
0.051
Dark
30
1.100
0.533
0.467
0.033
Od159-2 Light
38.5
1.169
0.779
0.156
0.286
Dark
47
0.894
0.383
0.043
0
Od159-3 Light
51.5
0.854
0.524
0.194
0.155
Dark
61
0.934
0.525
0.066
0.066
mn190-1 Light
52.5
1.086
0.895
0.457
0.724
Dark
25.5
0.118
0.745
0
0
mn190-2 Light
42.5
0.541
0.612
0.541
0.329
Dark
53.5
0.804
0.449
0.056
0
Table 9. Survival rates after different duration’s UV exposure in all strains and
treatments. Od159 has 3 replicates and mn190 has 2 replicates.
The data processing was followed by the Kolmogorov-Smirnov test. In Od159, the 1tailed p-value is 0.7788, which reveals that the two distributions are not significantly
different. On the contrary, the 1-tailed p-value in mn190 is 0.1054, which is also higher
than 0.05, but it just very slightly misses the significance level.
In addition, a 1-tailed 2-independent samples t-test was done. The first step was to
make a regression line with the colony numbers at different time points, the average
numbers were calculated at T0. Then the slopes were classified into light and dark
populations and tested whether they were significantly different. The t-value of
Od159’s t-test was 1.057 and p-value was 0.1751. On the contrary, the t-value of
mn190 was 1.966 and p-value was 0.0604. In conclusion, the survival rates in Od159
are similar between dark and light groups whereas the survival rates in mn190 are
significantly different between two treatments at 90% confidence level.
Light
Dark
Od159-1
-0.388
-0.565
Od159-2
-0.728
-1.036
Od159-3
-0.933
-1.288
mn190-1
-0.505
-0.413
mn190-2
-0.427
-1.129
mn190-3
0.062
-0.993
Table 10. The slopes of regression lines in different strain replicate in light and dark
treatments.
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Fig 7. Histogram of average survival rates in different treatments after different
duration’s UV exposure, error bar represents standard deviation.
Fig 7 shows the average survival rates after different exposure durations. This figure is
a good indication that the survival rates between dark and light group after different
exposure durations might be greatly variable, which reveals 2 independent samples ttests applied for different duration groups are also necessary. This time the
populations are classified by light and dark while the survival rates from Table 9 were
used as data. After applying t-tests, Table 11 was constructed. In the experimental
strain Od159, there is no significant difference at all time points. However, the p-values
of the T30 group and T60 group are quite close to 0.05. Meanwhile, the p-value in
mn190 of T45 group shows a strongly significant difference between dark and light
treatment.
T15
T30
T45
T60
Od159
t-value
-0.219
1.944
-0.293
1.855
p-value
0.5813
0.0619
0.608
0.0686
mn190
t-value
0.805
0.764
9.331
2.666
p-value
0.2527
0.2623
0.0056
0.0583
Table 11. Outcomes of t-tests. T15, T30, T45 and T60 means different groups with
different exposure durations.

Gene expression analysis has no result
After isolating the RNA and reverse transcribed into cDNA, PCR amplification was done
based on the previous primers for photolyase, which were also located in exons.
However, none of the templates have target bands in the agarose gel electrophoresis.

Discussion
Based on the background researches, the living environment of Termitomyces is rather
different from most fungi, the whole lifecycle of Termitomyces is underground. Though
sunlight is required by most plants and fungi, it may not be necessary for Termitomyces.
To the evolutionary concern, Termitomyces might lose the related genes during the
long-time evolution by chance. However, researchers did find the black truffle Tuber
melanosporum have functional and light-sensing photoreceptors even they are also
living in the dark (Gerace et al., 2017). But no one has done the same research for
Termitomyces. For this reason, this project is designed to research whether three light
perception involving genes are functional or not.
The phenotype is the most intuitive way to find the photoresponses in the fungus.
Nevertheless, there was not any phenomenon of responses to light in Termitomyces.
There are some possible reasons for explaining the result of light responding
experiment. The first one is that the phenotypes are indeed influenced by the sunlight,
but it is not visible in this experiment. The second one is if sunlight affects the
sporulation of Termitomyces, it is difficult to be shown since the MYA medium is not
optimal for sporulation. if the medium is changed, there might be rhythmic sporulation
like rings. The third probability is that light proception function is lost during the
evolution, so the Termitomyces is totally “blind”. The last one is that the absence of a
light response may be real biological property.
Compared with Termitomyces, many other fungi have visible photoresponses. In
Neurospora crassa, sunlight can induce the biosynthesis of carotenoid and the
carotenoid would color the colony orange (Zalokar, 1954). In Aspergillus nidulans, the

asexual and sexual development are light-dependent. The sunlight would inhibit sexual
development and induce asexual development (Mooney & Yager, 1990). In contrast,
some fungal species do not have light sensing, for instance, S. cerevisiae and S. pombe
(Idnurm et al., 2010).
As for the DNA sequences analysis, WC-1 it is a photoreceptor and is involved in
multiple biological processes. A simple way to test the function is to obtain the
sequences of species of interest and look for the conserved cysteine residue as well as
the motif, which is necessary for binding and covalent linkage of the light-sensitive
flavin chromophore (Corrochano, 2007; Schleicher et al., 2004). In this project, every
strain has the cysteine residue as well as the motif. Although the conserved cysteine
residue is compulsory for light perception function, we cannot say if they have the
cysteine residue, they must be functional WC-1 photoreceptors. Additionally, I
analyzed the genes by testing the action of various forms of selection and to estimate
the strength of selection acting on DNA sequence variant, using data on DNA sequence
polymorphism and divergence. The Ka/Ks ratios also reveal a high selection is
performed against mutation. Overall, I conclude that wc-1 genes from these strains are
not pseudogenes, but whether WC-1 has original function requires further research.
During the process of PCR amplification, 5 strains were failed with the primers for wc1 mentioned above, they were T105, T100, T52A, T40b and T11. The sequences of
these strains might be quite divergent from the 7 reference genomes from the
database. Or they might already lose the part of the gene sequences where primers
locate even lose the entire LOV domain. It is valuable to research these strains with
their wc-1 genes.
Regarding the function of WC-1, even some mutations in amino acid sites of LOV
domain, WC-1 still have partial photoreactivation functions. Based on the research of
Cheng, they constructed a new WC-1 by swapping the LOV domain with that of VIVID,
which was similar to LOV domain of WC-1 with 42% identity and 69% similarity. As a
result, the mutant also induced the photoactivation of gene frq (frequency) and
expression of protein FRQ while the photoactivation of al-3 (albino-3) was suppressed.
The result reveals different genes may have different WC-1 requirements for
photoactivation (Cheng et al., 2003). It is also an indication that WC-1 is a protein with
multiple functions so that it is defective to judge its function according to genome
sequence merely.
There are some fungal species lack wc-1 gene owing to the gene loss or linage. Based
on Idnurm’s research, these fungal species contain some Saccharomycotina yeasts, as
mentioned above. There are also some dermatophytic fungi, for instance, Malassezia
globosa, Trichophyton rubrum and Microsporum gypseum. Considering the
commonality, most of them are obligate with their closely associated hosts or have
reduced genomes. These photoreceptors are easy to lose because they are not
exposed to sunlight regularly, so they are not selected against to preserve (Idnurm et
al., 2010).
Compared with WC-1, the function of ferrochelatase is more difficult to verify. Based
on the sequences, I built an alignment, yet the beginning of the alignment
demonstrates some mismatched among these strains. It is shown that the

ferrochelatase is a quite conserved protein except for the beginning of the alignment,
nevertheless, the start or the end of the sequences are not reliable because of the
inaccuracy of sequencing, it is better to discard this part. Considering the remaining
sequences, no stop codons appear. Subsequently, the Ka/Ks ratio is also an indicator.
Even though most of the ratios meet the expectation, two of them are equal to 1. It is
irregular because the gene is under neutral selection when the ratio is 1, the gene
might become pseudogene already under this condition. However, the synonymous
and nonsynonymous differences are very low, 0.5 and 1.5 separately. Even if the Ka/Ks
ratio is higher than 1, it is very likely resulted from the accidental nonsynonymous
mutation instead of selection. If this ka/ks ratio is accepted, it is probable to have type
I error (false positive).
From the alignment of photolyase, there is a stop codon and an obvious indel in Od159,
which would lead to more stop codons in the following sites. These facts reveal that
the Od159 has a pseudogene in DNA level if the sequences are reliable. In order to
better understand the situation, it is better to discover the closely related strains from
the phylogeny tree and sequence the same gene as well. The same indel of Od159 also
appears in T108. If moving these sequences forward by one site, three more stop
codons appear. Overall, I assume that photolyase may lose its function and phr has
become a pseudogene. While this suppose requires more evidence.
As to the Ka/Ks ratio, the ratios between Od159 and T108, which were supposed to be
pseudogenes according to DNA sequences, are lower than 1 but higher than the ratio
from other comparisons. More specifically, two of these three values are close to 1,
which is the sign of neutral selection. Even the genes are under neutral selections, the
Ka/Ks ratios are not accurately equal to 1, they are just approximately equal to 1. To
sum up, the Ka/Ks ratios are consistent with the result of sequences analysis.
A further test was also applied to the Od159 and other close strains. I found the
evidence of pseudogene in DNA level, so a further test should be carried out for the
function. It is known that photolyase is a vital enzyme which is involved in repairing
the DNA lesions caused by UV-B. Moreover, the repair function is triggered by sunlight.
If the photolyase will not repair the DNA lesion even in the light environment, the loss
of function is proven. As shown in Brych’s research (Brych et al., 2016), the DNA repair
function can be tested by the survival rate of spores, which means the colonies alive
eventually after the UV exposure.
This time the strains are changed into Od159, T32, T110, and Od1011 for the reason
that there were no alive cultures of the strains I used before. In the photoreactivation
test, the starting materials should be spores, which could be counted under the
microscope then confirm the number of spores in each suspension is almost the same.
After several days of incubating, only strain Od159 had grown spores. Thence, Od159
became the experimental strain. According to the phylogeny, T10 is far from Od159,
so it is supposed that T10 has functional photolyase, therefore, can fix the UV damage.
That is why T10 was used as the control strain. Unfortunately, the result of the UV test
cannot prove T10 has the DNA repair function. Then it is difficult to conclude
photolyase would fix the DNA disorder in normal Termitomyces. There are some
potential reasons for explaining this phenomenon. First, T10 is more sensitive to UV

treatment. Second, T10 grows much slower, even spores’ suspensions without treating
UV have fewer colonies. Third, the settlement of time interval is long, there might be
some difference before 30 seconds duration. To get a more clear result, the control
strain was replaced by mn190 and the interval time was reduced to 15 seconds.
In the improved experiment, I discarded the third replication of mn190. Due to one
mistake of the experiment, a repeat of T0 was missed. The lack of it would lead to
inaccurate colony number at T0, even the wrong survival rates at other time points.
Then the statistic test was carried out. Kolmogorov-Smirnov test was chosen because
the data is nonparametric and the two samples KS test is for examining whether the
two distributions are the same, which is suitable for my data to test the ratios at each
time point of two treatments. Regarding the Od159, the outcome is consistent with
the initial hypothesis where the p-value is greatly higher than 0.05, it indicates that the
distributions of dark group and light group are not significantly different, which
demonstrates the photolyase does not repair the DNA disorder under the light
treatment. As for the mn190, the p-value is 0.1054. Though 0.1054 is higher than 0.05,
nevertheless, it is only slightly non-significant. Besides, the survival rates of light group
are higher than the dark at all time points, which shows an apparent difference from
the Od159. Additionally, the p-value is decided by the similarity between two
distributions, while the survival rate of T0 in each distribution is always 1, these
numbers would also influence the final p-value and lead to a non-significant result.
A 1-tailed 2-independent samples t-test was also carried out due to the drawback of
KS test. The two populations were the dark and light treatments, where the data inside
were the slopes of regression lines in each replicate. The regression line was
constructed with the colony numbers, the x-axis was the time and the unit is second
while the y-axis was the number of colonies. The colony numbers at T0 were the
average. This time the third replicate of mn190 was not discarded, only 2 values were
removed. The one was the value of T0 in the light group because other values at the
same position were the average. The other one was the value of T45 in the light group,
where contamination resulted in an extremely high number.
As for the result, the p-value of Od159’s t-test is 0.1751. The p-value of mn190 is
0.0604, which is slightly higher than 0.05 but lower than 0.01. In conclusion, the
survival rates in Od159 are similar between dark and light groups whereas the survival
rate of light population is significantly higher than the dark population in mn190 at 90%
confidence level.
The third statistical test was 1-tailed 2-independent samples t-test. The test was for
identifying whether survival rates between light and dark group are significantly
different at each exposure duration. The p-value of mn190 at T45 are extremely lower
than 0.05, which illustrates that light greatly fixed mutations induced by UV light after
the spore suspension was exposed to UV light for 45s. It is understandable because
when spores only receive the short duration of UV light, few mutations would happen
and the death rate would be low in the dark group, therefore, the survival rate of dark
group would not greatly vary from the light group.
Overall, I conclude that mn190 has the functional photolyase and it can repair DNA
lesions to some extent. To sum up, it is proven that the photolyase of Od159 has lost

its original DNA repair function while other strains still have.
The same situation happened in the subterranean fungus Tuber melanosporum, the
author did not find any homologs of photolyase/cryptochrome with the candidate
sensor photolyase/cryptochrome CryA (Gerace et al., 2017). Generally, the photolyase
exists in virtually all species due to its vital DNA repair function (Fuller et al., 2015).
However, the photolyase seems to be dispensable for Tuber melanosporum as a result
of the underground living environment where few UV-B induced DNA lesions would be
formed.
The hypothesis is confirmed in the phenotypic level, the subsequent step is the gene
expression analysis. Followed by the RNA isolation and reverse transcription, troubles
appeared in PCR amplification. Based on the reference genome, the coding sequence
of photolyase is approximately 900bp. There were no target bands in all strains. If the
photolyase has lost function, there might be two possibilities. One is that some stop
codons appear in the coding sequence, the other one is that the gene phr would not
express, which means there is no mRNA of it at all, let alone cDNA. These possibilities
should be further confirmed.
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Appendix

Appendix 1: Growth medium
MYA (Malt Yeast extract Agar)
Ingredient
malt extract
yeast extract
agar
demin

Gms / Litre
20.0 grams
2.0 grams
15.0 grams
1000 ml

Appendix 2: Entire phenotypes of different strains

Owing to the contamination, the plates were reinoculated several times. Thence, the
growing days were variable in each strain.
mn190
mn132
T123
T110
Od159
T32
Dark
73
63
73
73
73
73
Light
51
42
57
57
51
73
Table 12. The growing days in each strain in dark and light groups.

Appendix 3: Alignment of reference genomes for designing the
primers

A

B
Fig 9. A. The alignment of reference genomes for designing the primer wc-F; B. The
alignment of reference genomes for designing the primer wc-R.

A

B
Fig 10. A. The alignment of reference genomes for designing the primer fer-F; B. The
alignment of reference genomes for designing the primer fer-R.

A

B
Fig 11. A. The alignment of reference genomes for designing the primer pho-F; B. The
alignment of reference genomes for designing the primer pho-R.

Appendix 4: Phylogenic tree of the strains in this project

Though mn190 is not included in this phylogenic tree, but it is Macrotermes natalensis,
which is far from the Od159.

Appendix 5: Outcomes of Kolmogorov-Smirnov test

Fig 12. The outcome of Kolmogorov-Smirnov test of mn190 between dark and light
groups.

Fig 13. The outcome of Kolmogorov-Smirnov test of Od159 between dark and light
groups.

Appendix 6: Outcomes of t test

A

B

Fig 14. A. The t-value of independent samples test of mn190 between dark and light
groups; B. 1-tailed p-value checked in PQRS.

A

B
Fig 15. A. The t-value of independent samples test of Od159 between dark and light
groups; B. 1-tailed p-value checked in PQRS.

A

B
Fig 16. A. The t-value of independent samples test from the T15 group of Od159
between light and dark treatment; B. 1-tailed p-value checked in PQRS.
Other data were processed with the same method.

Appendix 7: RNA isolation protocol
RNA isolation：Direct-zol™ RNA Miniprep Plus
Sample Preparation
For tough-to-lyse samples (i.e., gram-positive bacteria, yeast, fungi, animal tissue,
plant, etc.), they can be treated with bead beating with a high-speed homogenizer,
then lysed in 300μl TRI Reagent. Then proceed to RNA Purification.
RNA purification
1. Add 300μl 100% ethanol to a sample lysed in TRI Reagent and mix thoroughly.
2. Transfer the mixture into a Spin Column in a Collection Tube and centrifuge.
Transfer the column into a new collection tube and discard the flow-through.
3. Add 400 μl Direct-zol™ RNA PreWash5 to the column and centrifuge. Discard the
flow-through and repeat this step.
4. Add 700 μl RNA Wash Buffer5 to the column and centrifuge for 2 minutes to
ensure complete removal of the wash buffer. Transfer the column carefully into an
RNase-free tube.
5. To elute RNA, add 50 μl of DNase/RNase-Free Water directly to the column
matrix and centrifuge.
DNase treatment:
Add 3 μl 10X DNase buffer (per 25μl water) and 2μl of DNase I (RQ1 RNase-free DNase;
Promega M6101). Incubate 30min at 37 ℃.

Appendix 8: Reverse transcription protocol
iScriot cDNA Synthesis Kit:
Reaction setup:
Component
5X iScript Reaction Mix
iScript Reverse Transcriptase
Nuclease-free water
RNA template
Total volum
Priming
Reverse transcription
RT inactivation
Optional step

Volume per reaction(μl)
4
1
Variable
Variable (100fg-1μg)
20
5min at 25℃
20min at 46℃
1min at 95℃
Hold at 4℃

Reaction
protocol:

