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Section 1; Systematics

Answer the question below.

Question: Choose three of the following four pairs of words/phrases and write an essay in
approximately 20 lines in each case. Be sure to explain the relationship between the

words/phrases.

(1) Life-cycle of ferns, meiosis
(2) Linnean classification system, phylogenetic tree
(3) Angiosperms (flowering plants), co-evolution of animals and plants

(4) Sympatric speciation, herbivorous insects



Section 2; Evolutionary Biology

Answer both question 1 and question 2.

Question 1: Figure 1 shows the phylogenetic relationship among three a globin genes,
human a in humans and mouse al and mouse wa3in mice. Table 1 shows the number of
nucleotide substitutions per site at each codon position for each branch on the
phylogenetic tree in Figure 1. While Auman a and mouse al are functional genes, mouse
wadisa pseudogenethatlostits function after gene duplication. Regarding these aglobin

genes, answer the following questions (1), (2), and (3).

(1) Whichofthe 1st, 2nd, or 3rd codon positionsin protein-coding genes, including aglobin
genes, 1s generally expected to be under the weakest effect of natural selection? Explain
your reasoning.

(2) Which of A, B, or C in Figure 1 is likely to be mouse wa3? Explain your reasoning.

(3) Calculate the approximate divergence time of Aand B in Figure 1. Show your working.

Assume the rate of neutral nucleotide substitution to be 3xX10%/site/year.

Figure 1. Phylogenetic relationship among three ¢ globin genes (human a, ymouse al,
and mouse wa?). A, B, and C represent each of the three genes. O and X indicate
divergence points of ancestral sequences. Modified from Li et al. (1981 Nature).

Table 1. The number of nucleotide substitutions per site at each codon position for each branch on the
phylogenetic treein Figure 1.

Question 2: One hundred female Drosophila melanogaster were collected in the field from a

particular location. They were placed individually in vials containing medium to allow egg-



laying to establish lines derived from single females. Each of these 100 lines was then inbred
by crossing a pair of female and male individuals from the same tube for 20 generations. One
individual was sampled from each established inbred line, and the phenotypes of trait A and
B were examined. Histograms of the phenotypic values are shown in Figure 2 (a) and (b).

Answer the following questions (1) and (2) regarding this experiment.

(a) Trait A (b) Trait B
60% - 60% 1
50% 4 50%
) )
c 40% S 40% 4
(0] ()
> 30% o 30% 1
QL o
L 20% Lo 20%
10% 4 10% 4
0% - 0% - —
1-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 1 2 3 4 5 6 7 8 9 10
Trait value Trait value

Figure 2. Phenotype distribution of trait A (a) and B (b) of the inbred lines derived from the field.

(1) Discuss whether the phenotype distribution of each trait (trait A and B) is likely to be

determined by a large or a small number of loci. Include the reasoning for your answer.

(2) Figure 3 shows the distribution of trait A of individuals sampled from the inbred lines
established from those collected from a different location by the same procedure as above.
Assuming that the differences between Figure 2 (a) and Figure 3 are due to the differences
in natural selection between these populations, provide an explanation of the kind of
selective pressures that could bring about the differential distribution of this trait using

a specific trait as an example.

Trait A

60%
>, 50%
40%

30%

Frequenc

20%

10%

0% 1
1-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90 91-100

Trait value

Figure 3. Phenotype distribution of trait A from
the inbred lines derived from a different location.



Section 3; Animal Ecology

Answer both question 1 and question 2.

Question 1: Read the paragraph below and answer (1) and (2).

A behavior that decreases the fitness of the actor but increases the fitness of others is
called altruism. Altruistic behavior tends to evolve when the relatedness of the actor and
receiveris __i__. Selection that acts via the fitness advantage to kin, but not the trait
holder itself, is called __ii__. If the cost of altruistic behavior is ¢, the benefit to the

receiver b, and the relatedness between actor and receiver r, altruistic behavior can evolve

when these parameters fulfill the inequality 111

(1) List terms or expressions to replace the blanks indicated by __i__ to __iii__in the

sentences above.

(2) Describe one example of altruistic behavior among kin and explain the adaptive

significance of this behavior in about 10 lines.

Question 2: Among a collection of fossils from two species of extinct mammal, you discover
that males in species A are clearly larger than females, whereas there is no obvious size
difference between the sexes in species B. Explain what can you infer about the behavior

and ecology of these two species based on this fossil evidence in 10 to 25 lines.



Section 4; Plant Ecology
Read the following paragraph modified from Van Dyke et al., (2022, Nature 611:507-511)

and answer question 1 to question 4.

Question 1: Describe what is meant by ‘niche’ (underline (i)) in five to 10 lines.

Question 2: Describe what is meant by ‘fitness’ (underline (ii)) within five lines.

Question 3: Explain the reasons why stabilizing niche differences must exceed fitness

differences for a pair of species to coexist (underline (iii)) in five to 10 lines.

Question 4: Provide an explanation for underline (iv) in five to 10 lines.



Section 5; Microbiology

Answer both question 1 and question 2.

Question 1: Choose three topics from the following (1) to (7). Explain the topic with regard

to prokaryotic metabolism and physiology in approximately five lines in each case.

(1) Regulation by cyclic di-guanosine monophosphate (c-di-GMP)
(2) Nitrogen assimilation

(3) Operons and regulons in transcriptional regulation

(4) Quorum sensing

(5) Rhodopsin-based phototrophy

(6) Membrane vesicle

(7) Extracellular electron transfer

Question 2: In the 1950's, the Calvin-Benson-Bassham (CBB) cycle was reported as the
COg: fixation pathway in plants. Following this, other COz fixation pathways have been
discoveredin autotrophic prokaryotes. After reviewing the list of terms below, write an

essay on physiological diversity and/or phylogenetic diversity of autotrophic prokaryotes.

Calvin-Benson-Bassham (CBB) cycle, reductive citric acid (fTCA) cycle, reductive acetyl-
CoA pathway (Wood-Ljungdahl pathway), 3-hydroxypropionate (3HP) bicycle, 3-
hydroxypropionate/4-hydroxybutyrate (S3HP/4HB) cycle, dicarboxylate/4-hydroxybutyrate
(DC/HB) cycle, ribulose-1,5-bisphosphate  carboxylase/oxygenase  (RuBisCO),
carboxysome, photoautotroph, chemolithoautotroph, aerobic respiration, anaerobic
respiration, ATP, reducing power, NADPH, NADH, ferredoxin, Hz, N2, NHs, H2S, CHu.



Section 6; Biochemistry

Answer both question 1 and question 2.

Question 1: Choose three biochemical terms from (1) to (5) listed below and explain in

three to five lines each.

(1) a-glucan and B-glucan

(2) ®-3fatty acids

(3) Non-competitive inhibition and uncompetitive inhibition in enzymatic reactions
(4) Immunoprecipitation

(5) Lambert-Beer law

Question 2: Read the paragraph below and answer (1) to (4) below.

Proteins are assembled from a set of amino acids, which are linked together by opeptide

bonds. @Peptide bond formation is catalyzed by the ribosome, a ribonucleo-protein

complex. However, it was not determined until recently which of the ribosomal

components, RNAs or proteins, form the aincatalytic center during peptide synthesis. It

was an important recent discovery that ribosome RNA forms the catalytic center and

belongs to the “Gwribozyme” family.

(1) Regarding underline (i), peptide bonds play a critical role in secondary structure
formation. Explain how peptide bonds contribute to the formation of the alpha-helix

structure.

(2) Regarding underline (ii), describe the process of peptide elongation in the eukaryotic

ribosome in about 10 lines. Include explanatory figures.

(3) Regarding underline (iii), we wish to determine the position of the catalytic center

within the ribosomes. Describe experiments we can use to address this issue.

(4) Regarding underline (iv), more examples of RNA forming the catalytic center have
been discovered to date than DNA doing so. Focusing on the structure of the
ribonucleotide, explain the high catalytic potential of RNA compared to DNA in about

three lines.



Section 7; Molecular Biology

Answer question 1 to question 3 below.

Question 1: Choose two topics from the following (1) to (3) and explain the meaning of the

topics in approximately five lines in each case.

(1) Nucleoid
(2) Molecular chaperone

(3) General transcription factor and sigma factor

Question 2: Describe two methods for analyzing mRNA abundance. In your answer,
compare the two methods and explain the characteristics (advantages, disadvantages,

etc.) of each. You may use diagrams in your answer.

Question 3: In prokaryotes, the toxin-antitoxin system is known to regulate growth and
cell death. Toxin proteins have a variety of functions, one of which is known to be a
ribonuclease activity that recognizes and cleaves specific sequences in RNA. In this
system, the antitoxin and toxin genes form an operon, so their expression occurs
simultaneously. The antitoxin protein forms a complex with the toxin protein, thereby
suppressing the function of the toxin protein. However, under certain conditions, the toxin
protein can arrest growth and induce cell death. Propose a hypothesis regarding the
molecular mechanism by which this toxin protein becomes able to function under certain
conditions. Explain an experiment to verify your hypothesis. You may use diagrams in

your answer.



Section 8; Cell Biology

Answer question 1 to question 3 below.

Question 1: How is the duration of the M-phase in the cell cycle determined? Explain in

about 10 lines.

Question 2: Explain the mechanismsthat align chromosomes at the equator of the mitotic

spindle and then distribute them to daughter cells in about 15 lines.

Question 3: There are three types of cell-cell junctions. Choose one of them and explain

its structure and functions in about 10 lines.



Section 9; Genetics

Answer question 1 to question 4 below.

When adult fruit flies (hereafterreferred to as "flies") with their wings removed are placed
on a hot plate at 44°C, they jump to escape from the heat source. This behavior can be
used to measure the response of adult flies to thermal stimuli. Among many strains in
which the P-element (a DNA-type transposon) was randomly inserted into the genome,
we identified two mutant strains, strain A and strain B, with significantly reduced
responses to thermal stimuli. The strength of the response was the same in strain A and
strain B. In strain A, the P-element was inserted into the protein-coding region of gene a
on the second chromosome. Gene a was expressed in sensory hairs on the legs of adult
flies. Next, the P-element was remobilized to obtain two strains, strain A-1 and strain A-
2, in which the P-element was removed from the genome. The response of strains A-1 and

A-2 to thermal stimuli was examined. ®The response of strain A-1 to thermal stimuli

returned to the wild-type level, while that of strain A-2 remained reduced. The insertion

site of the P-element in strain B was also examined, and it was determined that the P-
element was inserted 100-bp upstream of the transcription start site of gene b on the X
chromosome. Furthermore, when the expression level of gene b was compared between

wild-type strain and strain B, athe expressionlevel of gene bin strain B was significantly

lower than that in the wild-type strain.

Question 1: Explain your hypothesis why in underline (i), the responses of strain A-1 and
strain A-2 to thermal stimuli are considerably different, even after the P-element was

excised in both strains.

Question 2: Explain your hypothesis why in underline (ii), the expression level of gene b

in strain B is lower than that in the wild-type strain.

Question 3: Strain C was generated from the wild-type strain by replacing the second
chromosome and the X chromosome of the wild-type strain with the second chromosome
of strain Aand the X chromosome of strain B, respectively. Describe two possible outcomes
if the response of strain C to thermal stimuli is compared to those of strain A and strain

B. Explain your reasoning.

Question 4: Explain how you would conduct experiments to identify neurons expressing

gene bin adult flies.



Section 10; Developmental Biology

Answer the question below.

Question: Describe one example of ooplasmic segregation wherein cytoplasmic
components localize within the egg following fertilization. Describe the developmental
role of this particular example and explain the mechanisms underlying ooplasmic

segregation in this case in about 30 lines.



Section 11; Plant Physiology

Answer both question 1 and question 2.

Question 1: Explain the following terms (1) to (8) in about three lines each in the context
of the physiology, developmental biology, biochemistry and molecular biology of

angiosperms.

(1) C4 photosynthesis
(2) Male gametophyte
(3) Multinucleate cell
(4) Seed formation

(5) Cell plate

(6) Photorespiration
(7) Polar transport
(8) Phototropism

Question 2: Choose one question from the following questions (1) and (2) and provide an

answer in about 25 lines.

(1) Describe the physiological series of reproductive events in angiosperms, including
pollen tube elongation, pollen tube guidance, gamete fusion and karyogamy within the
fertilized egg. Your answer should emphasize cell-cell interaction among participating

cells and cytoskeletal dynamics within the cells.

(2) It has been shown that phytochrome-mediated seed germination in Arabidopsis
involves gibberellins and abscisic acid. Describe the mechanism by which germination in

Arabidopsis is regulated.



Section 12; Animal Physiology

Answer question 1 to question 3 below.

Question 1: Describe the structure and function of aquaporin in vertebrates and give one

example of its importance within an organ system in about 15 lines.

Question 2: The cytoskeleton supports many cellular functions. In about 10 lines each,
describe the mechanisms by which cytoskeletal structures support (1) contraction of
myofibers in vertebrate skeletal muscle, and (2) intracellular transport in mammalian

neurons.

Question 3: Describe how muscle contraction in a limb is coordinated during the stretch

reflex and the neurons that underlie this coordination in about 10 lines.



Section 13; Biophysics

Answer the question below.

Question: Discoveries in physics and chemistry have advanced life science research.
Choose two keywords from the following (1) to (4), explain these terms, and discuss their

importance in life science in about 10 to 20 lines each.

(1) Fluorescence quenching

(2) X-ray Absorption Fine Structure (XAFS)

(3) Single-Molecule Real-Time (SMRT) DNA Sequencing
(4) High-Speed Atomic Force Microscopy (HS-AFM)



Section 14; Statistics

Answer both question 1 and question 2.

Question 1: Describe in a short paragraph (10 to 20 lines) why replication of your

experiment is important for effective statistical analyses.

Question 2: Many kinds of data can be expected to fit a ‘normal’ distribution. In a short
paragraph (10 to 20 lines) describe one other form of data distribution. Provide examples
of some kinds of data which could produce this kind of distribution. Describe a statistical

method which could be used to analyze these data and explain why this test is suitable.
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