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Chapter 2

Genome Organization and 

Evolution

基因體系統與演化

Genomes, transcriptomes, and Proteomes
基因體，轉錄組，與蛋白質體

• Bacterial genome comes from a single DNA molecule of about 5 million 

characters.

• The DNA of higher organisms is organized into chromosomes: normal 

human cells contain 23 chromosome pairs

• The total amount of the genetic information per cell – the sequence of 

nucleotides of DNA – is very nearly constant for all members of a 

species, but varies widely between species

• The number of protein sequences cannot be easily assessed from 

genome size

➔Some genes exist in the body as multiple copies
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基因(Genes)

• DNA分子上一個或多個區段的核甘酸序列

• 細菌中，3N核甘酸可轉譯成N個氨基酸

• 真核細胞內，轉譯較為複雜
– Exon轉錄形成訊息RNA(mRNA)，最後與核糖體一起作用進入轉譯蛋白
質的程序

– An exon is a stretch of DNA retained in the mature mRNA that the ribosome 
translates into protein.

– An intron is an intervening region between two exons.

– Many introns are very long – in some cases substantially longer than the 
exons

• 各種生物基因體大小見 p. 71表
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• The genes that code for proteins, and for structural RNA 

molecules, present only the static picture of the genome.
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蛋白質體學和轉錄組(Proteomes and Transcriptomics)

• An organism’s genome gives a complete specification of 

the potential life of that individual

• What reveals the activity of a cell at any instant, at the 

molecular level, is the set of RNAs being transcribed and 

the set of proteins synthesized
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• Inventories of RNA molecules and proteins in cells deal in a 

more direct and integral way with cellular status and 

activity.

• These data are subjects of the transcriptome and Proteome 

projects

• A large-scale programme dealing in an integral way with 

patterns of expression of proteins in biological systems, in 

ways that complement and extend genome projects.

蛋白質體學(Proteomes)

• In principle, a database of amino acid sequences of proteins is 

inherent in the database of nucleotide sequences of DNA, by virtue 

of the genetic code.

• New protein sequence data are now being determined by translation 

of DNA sequences, rather than by direct sequencing of proteins.

– Should any distinction be made?

• First, we must assume that it is possible correctly to identify within 

the DNA data stream the regions that encode proteins

– A protein inferred from a genome sequence is a hypothetical object until an 

experiment verifies its existence.
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• The pattern recognition programs are subjected to three types of 
errors:

– A genuine protein sequence may be missed entirely

– An incomplete protein may be reported

– A gene may be incorrectly spliced

• Second, in many cases the expression of a gene produces a molecule 
that must be modified with a cell, to make a mature protein that 
differs significantly from the one suggested by translation of the 
gene sequence.

– In many cases the missing details of post-translational modification
are quite important

– In some cases, mRNA is edited before translation, creating changes in amino 
acid sequences that are not inferable from the genes.

Eavesdropping (偷聽) on the transmission of 

genetic information

• How hereditary (遺傳的) information is stored, passed on, and 

implemented is perhaps the fundamental problem of biology.

• 3 types of maps have been essential:

– Linkage maps of genes (Gene map)

– Banding patterns of chromosomes (Chromosome map)

– DNA sequences (Sequence map)
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Identification of genes associated with 

inherited diseases

• Given a disease attributable to a defective protein:

– If we know the protein involved, we can pursue rational 

approaches to therapy

– If we know the gene involved, we can devise tests to identify 

sufferers or carriers

– In many cases, knowledge of the chromosomal location of 

the gene is unnecessary for either therapy or detection; 

• it’s required only for identifying the gene, providing a bridge 

between the patterns of inheritance and the DNA sequence
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• 一條染色體上, 帶有很多不同大小, 種類的基因, 稱為基因
聯連鎖群 (gene linkage group) ,  所以, 也可以說, 人類有 46 
條基因連鎖群, 而每一個基因在染色體上, 都有一個固定
位置, 叫基因座 (loci).

• A chromosome contains many genes of different sizes and 
types, called a gene linkage group. Therefore, it can also be 
said that humans have 46 gene linkage groups. Each gene has 
a fixed location on the chromosome called a locus.

• 可是... 什麼是 "一對" 染色體呢? 誰和誰配對呢? 像人類細胞這
種每一種染色體是成對的生物, 叫二倍體生物個體, 而成對的染
色體叫同源染色體, 它們具有相同的基因座 (loci) ,一個基因可能
有很多分身版本,稱對偶基因 (allele), 例右圖中,對偶基因
C,C2,C3, 但它們都有機會佔據相同的位置 (基因座), 但不論一個
基因有多少分身版本, 人類細胞只收集二個, 擺在 "一對" 同源染
色體上.

• What is a "pair" of chromosomes? Who pairs with whom? Each 
chromosome in human cells is a paired organism, called a diploid 
organism. Pairs of chromosomes are called homologous 
chromosomes, and they have the same genetic locus (loci). A gene 
may have many copies, called alleles. In the figure, the dual genes C, 
C2, and C3 all have the chance to occupy the same position (gene 
locus). But no matter how many copies a gene has, human cells only 
collect two and place them on a "pair" of homologous chromosomes.
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• 所以一對同源染色體, 它們所帶有的所有基因大致是相
同的, 只是可能雙方版本不同而已。

• Therefore, in a pair of homologous chromosomes, all the 
genes they carry are roughly the same, but they may have 
different versions.

Picking out genes in genomes

從基因體中挑選基因

• ORF (open reading frame): a region of DNA sequence that begins 
with an initiation codon (ATG) and ends with a stop codon.

• An ORF is a potential protein-coding region

• Approaches to identifying protein-coding regions choose from or 
combine 2 possible ways:

1. Detection of regions similar to known coding regions from other 
organisms

2. Ab initio (從頭算) methods, that seek to identify genes from the 
properties of the DNA sequences themselves
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• 20230928

原核生物基因體 Genomes of prokaryotes

• 細菌基因體之蛋白質編碼區段內並不含intron

• (The protein-coding sequences of the bacterial genome do not 
contain intron)

• 在典型原核生物的基因組內，相對於真核生物，僅具有非常少
量的未編碼DNA片段。

• (In the genome of typical prokaryotes, there are only a very small 
number of uncoded DNA segments compared to eukaryotes.)
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大腸桿菌基因體(Genome of the bacterium E. Coli)：

• 4,639,221 bp單一環狀DNA分子 (a single circular DNA molecule, 
with no plastids)

• 89%序列密碼用在蛋白質或結構DNA。(89% of the sequence 
codes for proteins or structural RNAs)

• 4824 protein-coding genes

• 122 structural RNA genes

• 相當密集的基因，ORF平均大小為317 Amino acids (Average size 
of an ORF is 317 amino acids)

• 最大的蛋白質分類為酵素，接近30%。(the largest class of 
proteins is the enzymes, 30% of total genes)
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Archaea 古生菌

• 古甲烷球菌基因體：

– 屬於古細菌，原核生物

– 可適應於嚴苛環境條件如高溫、高壓、或高鹽濃度

– 比起細菌，在某方面上古細菌更與真核生物具有親密關係

– 蛋白質所涉入的transcription, translation和調節作用與真核生
物較為接近

– 但是代謝作用則與細菌較為接近
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• Genome of archaeon Methanococcus :

– Belongs to archaea, prokaryotes

– Can adapt to harsh environmental conditions such as high 

temperature, high pressure, or high salt concentration

– Archaea are in some ways more closely related to eukaryotes than 

bacteria

– The transcription, translation and regulatory functions involved in 

proteins are closer to those of eukaryotes

– But the metabolism is closer to that of bacteria
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最簡單微生物之一：黴漿菌基因體
One of the simplest microorganisms: Mycoplasma genome

• 是一種感染細菌(an infectious bacterium)

• 基因體為單一DNA分子，含有580070 bp (The genome is a 

single DNA molecule containing 580070 bp)

• 至今日為止，黴漿菌是被解碼的基因體中最小的(To date, 

Mycoplasma has the smallest genome to be decoded)

• 最接近微小生物、最小且具獨立的生命體(The smallest and 

independent living organism closest to microorganisms)

• 85%序列具有編碼功能，約有468個基因(85% of the sequences 

have coding functions, about 468 genes)
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真核生物基因體 (Genome of eukaryotes)

• 酵母菌 (baker’s yeast)基因體

• 線蟲 (C. elegans)基因體

• 果蠅 (Fruit fly, Drosophila melanogaster)基因體

• 阿拉伯芥(Arabidopsis thaliana)基因體



20

• Majority of DNA is in the nucleus, separated into bundles of 

nucleoprotein, the chromosomes.

– Each chromosome contains a single double-stranded DNA molecule.

– Smaller amounts of DNA appear in organelles (胞器) – mitochondria 

(粒線體) and chloroplasts (葉綠體)

• Nuclear  genomes of different species vary widely in size

– Correlation between genome size and complexity of the organism is 

very rough

– In many cases, reflect different amounts of simple repetitive 

sequences, often referred to as “junk DNA.”

• Garbage you throw away, junk you keep around!      
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Inventory (細目) of an eukaryotic genome

• 調節性重複DNA (moderately repetitive DNA)

– 功能性 functional

• 分散基因家族 dispersed gene families

• 串聯基因家族陣列 tandem gene family arrays

– 未知功能 without known function

• SINES: short interspersed elements

– 200—300 bp long

– 散落配置 scattered locations

• LINES: long interspersed elements

– 1—5 kbp

– 每個基因有10—10000複製體 (10-10000 copies per gene)

– 偽基因 pseudogenes
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• 高度重複DNA (highly repetitive DNA)

– 小衛星基座 minisatellites

• 14—500 bp片段長的重複基因所組成 (composed of repeats of 14-500 bp segments)

• 1—5kbp long

• Many different ones

• Scattered throughout the genome

– 微衛星基座 microsatellites

• Composed of repeats of up to 13 bp

• ~100s of kb long

• ~10^6 copies/genome

– 端粒 telomeres

• Contain a short repeat unit

• 250—1000 repeats at the end of each chromosome

Difference with genome of eukaryotes

• Variation in DNA content

• Vary in the number of chromosomes and distribution of 

genes among them

– Some differences in the distribution of genes among 

chromosomes involve translocations （跳躍作用）, or 

chromosome fragmentations (分裂) or joins (結合).

– For example, human (23 pairs) and chimpanzees (24 pairs), see 

Fig. 2.3
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Human and Chimpanzee Chromosomes 1-4

(Chromosome on left of each pair is human) 

酵母菌基因體
Saccharomyces cerevisiae (baker’s yeast)

• One of the simplest known eukaryotic organisms

• Its cells contain a nucleus and other specialized intracellular 

compartments

• Sequencing of its genome: 1992

• 12057500 bp distributed over 16 chromosomes

• 6172 predicted protein-coding genes:

– 140 for ribosomal RNAs

– 40 for small nuclear RNAs

– 275 transfer RNA genes
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• Yeast genome is denser in coding regions than the known genomes 
of the more complex eukaryotes (線蟲，人類，果蠅) in two 
respects:

– Introns are relatively rare, and relatively small. Only 231 genes in yeast 
contain introns

– There are fewer repeat sequences compared with more complex 
eukaryotes.

• Of 6172 potential genes,

– 4000~5000, a function can be assigned, with varying degree of confidence

– ~1000 contain some similarity to known proteins in other species

– Another ~800 are similar to ORFs in other genomes that correspond to 
known proteins

• Many of these homologues appear in prokaryotes

• Only ~1/3 of yeast proteins have identifiable homologues in the human genome

Yeast Genes classification
• http://mips.gsf.de/genre/proj/yeast/

http://mips.gsf.de/genre/proj/yeast/
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線蟲基因體 Caenorhabditis elegans

• Potential: a sufficiently complex organism to be interesting 

but simple enough to permit complete analysis, at the cellular 

level, of its development and neural circuitry.

• Genome was completed in 1998, provided the first full DNA 

sequence of a multicellular organism.

• ~97 Mbp of DNA (see box, no Y chromosome)
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• C. elegans genome is about 8 times larger than that of yeast

• 19,099 predicted coding sequences, 21,437 when counting 1,891 

alternate splice forms, ~ 3 times the number in yeast.

• Gene density is relatively low: ~ 1 gene/5 kb

• Exons cover ~27% of the genome; genes contain an average of 5 

introns each.

• 42% proteins have homologues outside the phylum (門種)

• 34% are homologous to proteins of other nematodes (線蟲物種)

• 24% have no known homologues outside C. elegans itself.

• Genome contains many repeat sequences

果蠅 Drosophila melanogaster

• Genome sequence was announced in 1999

• Chromosomes are nucleoprotein complexes

– ~1/3 is contained in heterochromatin (異染色質), highly coiled and 
compact regions

– The other 2/3 is euchromatin (真染色質), a relatively uncoiled, less-
compact form, most of the active genes are in.

• Total chromosomal DNA contains about 180 Mbp

• 13601 genes, ~double the number in yeast, but are fewer than 
in C. elegans
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• Contains homologues of 289 human  genes implicated in 

various diseases.

• Non-coding regions must contain regions controlling 

spatiotemporal patterns of development (時空發展模式)

• It is an organism in which the study of the genomics of 

development will prove extremely informative.

阿拉伯芥Arabidopsis thaliana

• ~146 Mbp DNA

• 5 pairs of chromosomes, containing 25498 

predicted genes

• Genome is relatively compact, with 1 

gene/4.6kbp on the average

• Genes are relatively small, exons are typically 

250 bp long, and introns relatively small, with 

mean length 170 bp
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• Typical of plant gene is an enrichment of coding regions in 

GC content.

• Most proteins have homologues in animals, but some 

systems are unique to plants, including cell wall production 

and photosynthesis.

• Traces of large- and small-scale duplication events appear in 

the genome

• 58% of genome contains 24 duplicated segments, >=100 kbp

in length.
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Homework #1

• Problem 2.2: 肺炎漿球菌 M. genitalium和嗜血流桿菌H. 
influenzae, what are the values of (a) gene density in 
genes/kbp, (b) average gene size in bp, (c) number of genes? 
(d) Which factor contributes most highly to the reduction of 
genome size in M. genitalium relative to H. influenzae?

• Weblem 2-19：What chromosome of the cow contains a 
region homologous to human chromosome region 8q21.12?

• Please describe the sources of your answers for these two 
problems.


