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Section 1; Systematics

Answer the following question.

Question: Choose three of the following four pairs of words/phrases, and write an essay of

about 20 lines describing the relationship between the two paired words/phrases in each case.

1. Systematics, conservation of biodiversity

2. Extreme environments, morphological traits

3. Cladistics, apomorphy (derived traits)

4. Biological species concept, species-level taxonomy of wild organisms in nature
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Section 2; Evolutionary Biology

Answer both question 1 and question 2.

Question 1: Major histocompatibility complex (MHC) protein is an immune-related protein
that binds to a fragmented antigen (Fig. 1) and displays it to a T cell. Answer the following
questions (1) — (3) about MHC genes that encode MHC proteins.

Antigen
'/fragment

Extra cellular
space

Antigen
recognition
region

Table 1. Allelic nucleotide difference (%) in human

MHC genes

Plasma
membrane

Cytosol

COOH Modified from Hughes and Nei (1988)

Fig. 1: MHC protein structure

(1) As shown in Table 1, the proportion of nucleotide differences at synonymous sites (ds)
between alleles of the human MHC genes is not much different between the antigen-
recognition region and other regions. By contrast, the proportion of nucleotide
differences at nonsynonymous sites (dy) differs considerably between the regions.

Explain the reason for these contrasting patterns.

(2) Which of these evolutionary patterns, either for the antigen-recognition region or other
regions of the MHC genes, is commonly observed in many protein-coding genes in the
human genome? Describe the general features of molecular evolution implied by this

pattern.
(3) As a gene family, MHC genes are located on the short arm of chromosome 6 in the human

genome. Describe how a gene family is formed in general and, using an example, explain

the consequences of gene family formation on organismal evolution.
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Question 2: Genomes of prokaryotes and eukaryotes have evolved quite differently over the
long time after splitting from their common ancestor. For example, gene density is in
general low in eukaryote genomes and high in prokaryote genomes due to the abundance of
non-genic sequences. Answer the following questions (1) — (3) about the evolution of the

human genome.

(1) Explain what kinds of nucleotide sequences occupy the non-genic sequences of the human

genome.
(2) Explain how non-genic sequences have increased in the human genome.

(3) Explain the effect of non-genic sequences on the evolution of human genomes.
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Section 3; Animal Ecology

Answer both question 1 and question 2.

Question 1: In an animal species, body color polymorphism occurs within a population, and
persists for many generations. Describe the ultimate mechanism(s) that maintains such color
polymorphism in about 20 lines. Additionally, describe a possible proximate mechanism(s)
that generates the different color phenotypes in about 20 lines. You can include a real or

imaginary example(s) in your argument.

Question 2: In science, the reproducibility of experimental results is fundamental. However,
in some research fields such as evolutionary biology and ecology, studies often focus on global
geographical and/or time scales. Consequently, it is sometimes difficult to reproduce the
observations and/or experimental results completely. For example, the habitat distributions
of some organisms are considered to be shifting due to climate change; however, the
experimental reproduction of such observations is not realistic. How can these difficulties be
addressed when we study such phenomena? Provide one animal example of such a study,
excepting the example of climate change. Explain ways to optimize the scientific rigor in this

case. Give your answer in approximately 30 lines.
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Section 4; Plant Ecology
Read the paragraph modified from Brandt et al. (2020, Nature 587: 78-82) and answer all

questions from question 1 to question 5 based on the paragraph below.

Sahel: a semi-arid region of North Africa, to the south of the Sahara

Question 1: Indices of biodiversity include species richness, Simpson's diversity index and
Shannon's diversity index. Describe what two of these three indices are and how they differ

in about five lines each.

Question 2: Ecosystem services are categorized into four types: regulating, provisioning,
cultural and supporting services. Describe what 'regulating services' and 'supporting

services' are within 15 lines.

Question 3: Describe the biomes which can be found in regions with a rainfall gradient from
0 to 1,000 mm and mean annual temperatures of 15°C and 25°C. Explain your reasoning.

You may include a figure in addition to text in your answer.

Question 4: Describe the biome features in hyper-arid areas in about three lines.
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Question 5: Propose a hypothesis explaining why we might observe that the overall canopy
cover is low compared to tree density. Describe an experimental design to test your hypothesis

within 15 lines. In addition to text, you may use diagrams if necessary.
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Section 5; Microbiology

Answer both question 1 and question 2.

Question 1: Choose three topics from the following seven regarding prokaryotic metabolism

and physiology, and explain your answer in approximately five lines in each case.

(1) Action mechanisms of antibiotics and mechanisms of antibiotic resistance
(2) Mechanisms of transcription initiation

(3) Cell division

(4) Biosynthesis and secretion of extracellular polysaccharides

(5) Carboxysome

(6) Ferredoxin

(7) Metabolic modeling using genome information

Question 2: Write an essay on the diversity of respiration in prokaryotes by referring to the

following table.

Table Reduction potentials, £’ (volts)

2H* / H, (—0.41) NO,~ / NH,* (+0.34)
NAD* / NADH (—0.32) NO;~ / NO,~ (+0.421)
%N, / NH,* (—0.28) NO;~ / %N, (+0.74)
CO,/ CH, (—0.24) Mn** / Mn?* (+0.80)
SO2~ /HS™ (—0.217) 150, / HyO (+0.82)
fumarate / succinate (+0.033) NO;~ / %N, (+0.956)
Fe®* / Fe* (+0.20) ClOs~ / Cl~ (+1.03)

Entries are read as: oxidized form/reduced form (£, in volts).
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Section 6; Biochemistry

Answer both question 1 and question 2.

Question 1: Explain the biochemical terms listed below, (1) — (5), in about 5 lines each.

(1) Structural features of the transmembrane domain in membrane proteins
(2) Ton - exchange column chromatography

(3) Knand V. in enzyme kinetics

(4) High-energy phosphodiester bond

(5) The degree of unsaturation of fatty acids

Question 2: To examine biochemical and structural properties of enzymes, adequate amounts
of highly purified proteins are necessary. For this purpose, large scale expression systems
using Escherichia coli, yeast, and insect-derived cultured cells are available. However, it is
sometimes hard to obtain the necessary amount of target proteins with adequate solubility
and enzymatic activity. When you tried to express enzyme A, B, or C, using an E. coli
expression system, you had difficulty obtaining adequate amounts of active enzymes. However,
when you used the methods described below, you successfully obtained active enzymes as

necessary.

(1) Enzyme A was co-expressed with molecular chaperones GroEL and GroES.

(2) Enzyme B was expressed in E. coli with higher expression level of cognate tRNAs for
codons AGA and AGG (both encoding Arg residue) was increased. Note that there are 6

codons available for Arg.

(3) Enzyme C was expressed in E. coli lacking thioredoxin reductase and glutathione

reductase.

Explain, within about five lines each, why the methods listed above can resolve the difficulties

In active enzyme expression.
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Section 7; Molecular Biology

Answer all questions from question 1 to question 3.

Question 1: Choose two topics from the following three and explain each in three to five lines.
(1) Proofreading mechanisms in DNA replication

(2) Functions of non-coding RNAs other than tRNA and rRNA

(3) RNA-editing in tRNA

Question 2: Explain the mechanism of polypeptide chain elongation in eukaryotic ribosomes
using the terms "translation initiation factor elF4E", "peptidyl transfer", and "aminoacyl-

tRNA”. You may include diagrams in your explanation.

Question 3: In molecular biology, various comprehensive analytical methods such as RNA
sequencing have been developed. Recently, a method called ribosome profiling has been
developed, which comprehensively analyzes the sequence of mRNAs bound to ribosomes. In
this method, the complex of mRNA and ribosome is isolated during the elongation reaction
and mRNA region not currently being read by ribosomes are digested by nuclease. The
remaining RNA sequence is determined afterwards, thereby providing a comprehensive
picture of the mRNA region under translation. What kind of research could be conducted by
combining ribosome profiling with other comprehensive analyses? Explain the objectives and

strategies of your research proposal. You may include diagrams in your explanation.
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Section 8; Cell Biology

Answer both question 1 and question 2.

Question 1: Choose five terms from the following list (1) — (8) and explain. The length of

your answer for each term should be about five lines.

(1) Cell division and organellar segregation
(2) Exosome

(3) Intermediate filament

(4) Vacuole

(5) Nuclear lamina

(6) Autophagy

(7) Apoptosis

(8) Live cell imaging

Question 2: In exocytosis, proteins in a vesicle are released to the exterior of the cell. Biologists
distinguish two basic types of exocytosis: constitutive secretion and regulated secretion.
Goblet cells in the intestine secrete polymeric mucins that form mucus, which is an example
of constitutive secretion. The release of insulin by fS-cells of the pancreatic Islets of
Langerhans in response to blood glucose levels is an example of regulated secretion. Describe
the different and common characteristics between the constitutive secretion and regulated

secretion. Your answer should contain all the following terms, and its length should be about

20 lines.

vesicles, plasma membrane, Ca?*, endoplasmic reticulum, pH, Golgi apparatus, the signal

sequence
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Section 9; Genetics

Answer all questions from question 1 to question 4.

In the fruit fly species Drosophila melanogaster (hereafter referred to as fly), 1y a DNA
transposon P-element is used for mutagenesis. We generated 3,000 lines with random P-
element insertions in the fly genome. Using these P-element insertion lines, we attempted to
isolate mutants with impairments in adult positive phototaxis, and isolated two mutant strains
(Xand Y). The location of the P-element insertion in strain X was in the coding region of the
x gene. We generated a transgenic line with the 1,000 bp upstream sequence of the x gene,
containing a cis-regulatory element, and the DNA sequence encoding a green fluorescent

protein GFP. We named this transgenic line “xupstream-GFP" (Figure 2).

cis-regulatory element

!

— GFP

|

1,000 bp upstream of the x gene

Figure 2: x upstream-GFP construct

Question 1: Explain two examples of how the transposon underlined (1) affects gene

expression in the host genome.

Question 2: If GFP fluorescence is observed in the x upstream- GFP line, in which cells can
we expect to detect the GFP fluorescence signal? List two possibilities and explain the reason

why.

Question 3: We want to confirm whether strain Y has a mutation in the x gene or not using a
mating experiment. Assuming that the mutations in strains X and Y are both recessive, explain
what kind of experiment should be performed and what results can be expected. Include in
your explanation the results obtained when the phenotype of strain Y is caused by a mutation

in the x gene and when it is not.

Question 4: We confirmed that the expression level of the x gene is significantly reduced in
strain Y compared to the wild-type strain. However, the P-element insertion site in strain Y
was found to be a gene on a different chromosome than the x gene. In this case, explain what

kind of genes are mutated in strain Y. Describe two possibilities.
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Section 10; Developmental biology

Answer both question 1 and question 2.
Question 1: Give an example in which cell-cell interactions play an important role in forming
an anteroposterior pattern in the embryo and explain the process by which the pattern is

formed.

Question 2: Provide an example of how changes in cell surface tension play an important role

in embryonic or tissue morphogenesis and explain how the process unfolds.
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Section 11; Plant physiology

Answer both question 1 and question 2.

Question 1: Explain the following terms (1) — (8) in the context of physiology, developmental

biology, biochemistry and molecular biology of angiosperms in about three lines each.

(1) Female gametophyte

(2) Shoot apical meristem

(3) Endoreduplication

(4) Callus

(5) Seed dormancy

(6) Florigen (flowering hormone)
(7) Stomatal opening and closing

(8) Absorption spectrum of photoreceptors

Question 2: Choose one question from the following questions, (1) — (2), and answer it in

about 25 lines.

(1) Describe the mechanisms of zygotic embryogenesis and endosperm formation in

dicotyledonous and monocotyledonous plants, and note the differences between them.

(2) Describe two examples of transcriptional or post-transcriptional regulations of light-

responses in plants and explain their molecular mechanisms.
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Section 12; Animal physiology, anatomy and histology

Answer all questions from question 1 to question 4.

Question 1: Explain the similarities and differences between the mechanism of ciliary

movement and muscle contraction.

Question 2: In animals, two mechanisms are known to increase the conduction velocity of

excitation in nerves. Explain how each mechanism increases the conduction velocity.

Question 3: Sometimes the response to a drug in behavioral and physiological systems
(including individual cells) does not simply increase with increasing dose, but shows an
irregular curve such as an inverted U-shaped dose response curve. Give two physiological
explanations for why the response to increasing doses of a drug may result in an inverted U-

shape.

Question 4: Answer the following two questions, (1) — (2), about the uriniferous tubules.

(1) The parts of the uriniferous tubules are listed in a) — f). Arrange a) — f) in the order in

which urine (primitive urine) passes.

a) collecting ducts; b) renal corpuscles; c) proximal convoluted tubules; d) distal convoluted

tubules; e) ascending limb of loop of Henle; f) descending limb of loop of Henle

(2) Sentences 1) — 4) below describe the structure and function of a part of the uriniferous

tubules. Which part, from a) — f) above, does each sentence describe?

1) Hypertonic urine passes through the lumen and Na* and Cl- are reabsorbed.

2) This contains many mitochondria and develops a brush border on the luminal side. Water
absorption is high, and glucose is reabsorbed.

3) Hypotonic urine passes through the lumen, and water permeability is low.

4) Tubules are thin, and water reabsorption is active.
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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 keywords from the following (1) to (4), explain each, and discuss their importance

in life science.

(1) Liquid-liquid phase separation
(2) Structure-based protein-ligand binding prediction
(3) Two-photon microscopy

(4) Density gradient centrifugation
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Section 14; Biostatistics

Answer all questions from question 1 to question 3.

Question 1: In order to determine the effect of a certain medication on blood pressure, 80
humans were randomly divided into two groups: 40 in a control group given a fake drug and
40 in an experimental group given a real drug. Explain in five to 10 lines what kind of graph
should be drawn and which statistical method should be used to determine the effectiveness

of the drug. If you need, you may draw a diagram.

Question 2: The tree Quercus crispulabears acorns in autumn. For each of 30 trees that bore
acorns, the diameter of the tree trunk at a height of 1.5 m from the ground was measured and
the number of acorns was counted. Explain in five to 10 lines what kind of graph you would
draw and which statistical method you would use to determine the effect of tree size on the

number of acorns. If you need, you may draw a diagram.

Question 3: An annual herb is single-flowered, but has polymorphic yellow, red, and white
flower colours. We established study plots (1 hectare) at 500 m, 1000 m, 1500 m, and 2000 m
elevation on Mt. Fuji and recorded the flower colour of all the plants in the plots (number of
flowers examined was 120, 80, 100, and 60, respectively). Explain in five to 10 lines what kind
of graph should be drawn and which statistical method should be used to clarify the

relationship between altitude and flower colour. If you need, you may draw a diagram.
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