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Section 1; Systematics

Answer questions 1 to 4.

Question 1: Explain the following terms (1) — (4) used in taxonomy and systematics.

(1) Type specimen
(2) Synonym
(3) Homonym

(4) Binominal nomenclature (= binomial nomenclature, binary nomenclature)

Question 2: The following (1) — (4) are terms and theories related to speciation or species
diversity. Choose two of them and explain. Include an example or supporting evidence in

your answer and explain how it is related to the concept of ecological niches.

(1) Key innovation
(2) Ecological speciation
(3) Niche conservatism

(4) Unified neutral theory of biodiversity

Question 3: What characteristics of biota of oceanic islands are not observed in continental

island biota? Describe two such characteristics.

Question 4: Phylogenetic relationships among species in a genus can be estimated through
molecular phylogenetic analyses. However, the topologies of phylogenetic trees used in
this form of analysis are often inconsistent among different genes. Describe two possible
reasons for this outcome in terms of evolutionary biology and population genetics, and

explain how they can lead to inconsistent results.
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Section 2; Evolutionary Biology
Answer questions 1 to 3.

Question 1: Evolutionary changes in fur color from brown to black have occurred multiple
times independently during the divergence of mammalian species. Suppose that these
changes were due to mutations in gene M. Describe the likely mutational change in the
function of proteins encoded by gene M and explain your answer.

Question 2: Figure 1 shows the phylogenetic relationships between seven rodent species (A-G).
The branch lengths of the tree do not reflect genetic distance. Among these species, two
have black fur and the rest have brown fur. The fur color of the ancestral species is
inferred to be brown from the phenotype of the outgroup species (not shown). There are
two possible pairs of species which would support the hypothesis that the mutation that
changed the fur color from brown to black occurred just once during the divergence of
these species. If this hypothesis is true, which are the two possible pairs of species which
have black fur?

Figure 1

i

O MmO O m™>

Question 3: Figure 2 demonstrates the phylogenetic relationships of genes 4 and B in species 1,
2, and 3. The branch lengths indicate the rate of amino acid substitution. This gene tree
suggests that gene B originated from gene A by a gene duplication which occurred after
the common ancestor of species 1 and species 2 diverged from species 3. Describe two
hypotheses of how gene B could have evolved following gene duplication, and describe a
method which can distinguish between the two hypotheses.

Figure 2 — Species 3

—— Species 1 | Gene A

L—— Species 2

Species 1

} Gene B

Species 2
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Section 3; Animal Ecology

Answer questions 1 and 2.

Question 1: Many animals possess exaggerated ornaments and weapons, such as peacock tails
or deer antlers. Generally, these traits are considered to have evolved via sexual selection.
Explain how sexual selection contributes to the evolution of these traits using the words

listed below (approximately 10 lines).

intrasexual selection, intersexual selection, direct benefit, indirect benefit (genetic benefit).

Question 2: The phenotype of an organism, both in terms of morphology and behavior, is
determined not only by genes, but also by the environment. Consequently, genetically
identical (or similar) conspecific individuals can exhibit diverse phenotypes. This
phenomenon is called phenotypic plasticity. Provide one example of phenotypic plasticity
in an animal species, and describe a research plan to uncover the adaptive significance

(ultimate driver) of that plasticity.
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Section 4; Plant Ecology
Read the following paragraph modified from Steidinger et al. (2019, Nature 569: 404-408) and

answer questions 1 to 4.

Question 1: Describe what symbioses are.

Question 2: Provide an example of mutualism other than mycorrhizal symbiosis and describe

what mutualisms are.

Question 3: Describe what boreal forests are with emphasis on how they differ from temperate

forests.
Question 4: Formulate and describe two hypotheses that explain why the geographical

distributions of ectomycorrhizal trees and arbuscular mycorrhizal trees differ, and design a

feasible experiment to test one of these hypotheses.
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Section 5; Microbiology

Answer questions 1 and 2.

Question 1: Choose two topics from the following six regarding prokaryotic metabolism and

physiology and explain in approximately 5 to 10 lines in each case.

(1) Energy acquisition systems

(2) Carbon fixation pathways

(3) Types of cellular motility

(4) Responses to osmotic stress

(5) Responses to changing cell density
(6) Structure of the cell wall

Question 2: An underground lake was discovered. It seems that the ecosystem is isolated.
Propose a possible microbiological research project using environmental samples from
this lake. Describe the (1) title, which describes the key features of your project; (2) aims
or hypotheses; (3) research strategy.
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Section 6; Biochemistry

Answer questions 1 to 4 about the cell membrane.

Question 1: Phospholipids are the major constituents of cell membranes. Describe the chemical

structure of phospholipids in cell membranes.

Question 2: The nature of a cell membrane (a phospholipid bilayer) is determined by the
properties of its phospholipid molecules. How would the nature of a cell membrane

change if all of the hydrocarbon tails of phospholipids were saturated? Explain why.

Question 3: Which of the amino acid sequences listed below (1, 2, and 3) is the most likely
candidate to form a transmembrane domain of a membrane-spanning protein? Explain
why you think other sequences are not appropriate for this role. Amino acid sequences are

shown as single-letter amino acid codes.

1: VAVGGGVFLLIPVLLLPPLTW
2: VAEAGCVYLDSSVLELSGLTY
3: VAVAGCVFLLISVLLLSGLTW

Question 4: Gene A4 encodes a protein that functions within the mitochondrial matrix. Describe
the sequence of events from the translation of the gene A4 transcript within the cytosol to

the formation of the mature mitochondrial protein.
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Section 7; Molecular Biology

Answer questions 1 to 3.

Question 1: Describe the following terms related to Molecular Biology.
(1) Topoisomerase
(2) Anticodon
(3) Operon
(4) Splicing

Question 2: Irradiation of cells with gamma rays causes double-strand breaks in DNA. Describe

mechanisms that repair breaks in double-strand DNA within cells.

Question 3: A portion of the genome from bacterium X was integrated into the genome of
bacterium A. The mutant strain of bacterium A expressed proteins encoded by genes
derived from bacterium X. When the same genomic region from bacterium X was
integrated into the genome of bacterium B, genes from bacterium X were not transcribed.
When the same genomic region from bacterium X was integrated into bacterium C, genes
from bacterium X were transcribed, but translation from the mRNA was severely
restricted. Describe possible mechanisms that explain these patterns. Note that similar
results were obtained when the same portion of the genome of bacterium X was

integrated into different positions of the genomes of bacteria B and C.
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Section &; Cell Biology

Answer questions 1 to 3.

Question 1: Describe the mechanism that regulates assembly of nuclear lamin during telophase
and disassembly of nuclear lamina during prophase and prometaphase. Explain what

would happen to the cell if disassembly of nuclear lamina was inhibited.

Question 2: Medaka fish (Oryzias latipes) have pigmented cells called melanophores that
possess small pigmented organelles called the melanosome which aggregate and disperse
according to change in body color. If it is observed that dispersed melanosomes are bound
to kinesin and aggregated melanosomes are bound to dynein, discuss possible

mechanisms that might regulate melanosome aggregation and dispersal.

Question 3: Explain the process of muscle contraction using appropriate words chosen from the

list below.

actin, myosin, kinesin, dynein, troponin, tropomyosin, lamin, tubulin
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Section 9; Genetics

Read the following paragraph and answer questions 1 to 5.

The period (per) gene of the fruit fly Drosophila melanogaster regulates the circadian rhythm of
locomotor activity, and has been mapped to the 1A — 3F region of the X chromosome (Figure 1).
Three deficiency lines lacking portions of the X chromosome are available.

Figure 1. The polytene X chromosome of Drosophila melanogaster.

Cytological map of the X chromosome (modified from Siegel and Hall, 1974, Proc. Natl. Acad. Sci.
USA 76:3430-3434). About one-sixth of the chromosome at the end distal to the centromere is shown.
Horizontal black bars show chromosomal regions lacking in each deficiency line.

Question 1: Design mating experiments to demonstrate that the per gene is located on the X

chromosome and explain the expected results.

Question 2: The null mutant per”’, which harbors a point mutation in the per gene, shows
arrhythmic locomotor activity. Design mating experiments to demonstrate that per” is a
recessive mutant allele and explain the expected results.

Question 3: tokiless is a new mutant line which shows arrhythmic locomotor activity. However,
there was no mutation in the per gene in this mutant. Design a series of mating
experiments to confirm that fokiless mutants have wild-type per allele and explain the

expected results.

Question 4: F, females from the cross between tokiless females and Deficiency-2 males
(tokiless/Deficiency-2) showed arrhythmic locomotor activity. However,
tokiless/Deficiency-1 and tokiless/Deficiency-3 females showed normal circadian
behavioral rhythms. Based on this information, where might the causal gene of the
tokiless mutant be located? Describe the likely position of the gene using the cytological

map in Figure 1 and explain your answer.

Question 5: The per gene was mapped to the 3B region on the X chromosome. Design a series
of experiments to confirm that the per gene is located in the 3B region, and explain the
expected results. Use all three deficiency lines, Deficiency-1, 2 and 3, in your
experiments.
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Section 10; Developmental Biology

Answer questions 1 and 2.

Question 1: Name an example of a known spatial asymmetry within the unfertilized egg of an
animal, and explain how this asymmetry affects cell fate determination during the ensuing

embryogenesis.
Question 2: Assume you have isolated a gene A, which encodes transcription factor A.

Knockout of gene A results in loss of the lung. Design and describe a series of

experiments aimed at uncovering the role of transcription factor A in lung development.
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Section 11; Plant Physiology

Answer questions 1 and 2.

Question 1: Explain the following terms (1) — (8) related to physiology, developmental biology,

biochemistry, and molecular biology of plants.

(1) Self-incompatibility

(2) Pollen-tube guidance

(3) Apical dominance

(4) CRISPR/Cas9

(5) Cryptochrome

(6) Action spectrum

(7) Ribulose-1,5-bisphosphate carboxylase/oxygenase
(8) Growth phase transition

Question 2: Answer one of the questions (1) — (3) listed below.

(1) Upon double fertilization, one sperm cell fuses with the egg cell to form a zygote, and
the male and female genomes are mixed in the zygotic nucleus. It has been supposed
that genes expressed in zygotes only from paternal or maternal alleles are essential for
normal development of embryos. Design and describe a series of experiments to
identify genes expressed in monoallelic fashion in angiosperm embryos, and examine

whether the monoallelic mode of expression is important for embryogenesis.

(2) Explain the mechanism of flower bud formation in response to changes in

photoperiod in about 15 lines.
(3) It was found in a plant species that the plant hormone, abscisic acid (ABA), acts as a

signaling molecule regulating stomatal closure and seed dormancy. Design and describe

a series of experiments to identify ABA receptors in this plant species.
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Section 12; Animal Physiology

Read the following paragraph and answer questions 1 to 6.

The patellar tendon reflex (knee-cup reflex, knee jerk) is a stretch reflex in which striking of
the patellar tendon with a reflex hammer just below the patella stimulates a receptor, receptor

X, in the quadriceps muscle and causes the leg to kick due to reflex contraction of the muscle.

Question 1: What is the name of receptor X and its adequate stimulus?

Question 2: Explain how receptor X transduces the adequate stimulus to an electrical signal

(approximately 5 lines).

Question 3: The diagram on the right shows the spinal cord
and surrounding structures. Where are the cell bodies
of (1) and (2) below? Choose the appropriate letter for
each of the cell bodies from the diagram and name the

location.

(1) The sensory neuron which conveys the afferent
information from receptor X Figure: Spinal cord and surrounding structure

(2) The motor neuron which innervates the

quadriceps muscle
uestion 4: Describe the structure and mechanism of signal transduction of the two neuronal
gn
junctions listed below. Discuss similarities and differences between the two junctions in

your answer (approximately 15 lines).

junction A: junction between the sensory neuron and the motor neuron

junction B: junction between the motor neuron and the quadriceps muscle
Question 5: Describe the type of synaptic input received by the motor neuron which innervates
the antagonistic muscle of the quadriceps muscle. Describe the neuronal pathway through

which this motor neuron receives this input (approximately 5 lines).

Question 6: Briefly describe the role of stretch reflex in animals.
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Section 13; Biophysics

Answer the following question

Question: Various discoveries in Physics and Chemistry have advanced life science research.
Choose two of the following discoveries and inventions, explain them, and discuss their

importance to the life sciences.

(1) The chemiosmotic hypothesis
(2) X-ray diffraction

(3) Gibbs free energy

(4) Optical tweezers
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Section 14; Biostatistics

Read the following paragraph and answer questions 1 to 4.

Egg number, egg size and total egg mass of a fish species in North America were examined.
The graphs below show (A) egg number, (B) egg size, and (C) total egg mass from different
populations at different latitudes (from Fleming & Gross, 1990, Ecology 71: 1-11). The closed

circles and vertical bars show the mean and standard error (SE), respectively.

Question 1: Define standard error (SE) and standard deviation (SD) with emphasis on the
difference between these two measures.

Question 2: What is the statistical method used here?

Question 3: What is the degree of freedom in this analysis?

Question 4: Discuss the relationships between the latitude, and egg number, egg size, and total

egg mass using results shown in graphs (A), (B), and (C).
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