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Transposons, present in the genomes of all living organisms, are genetic elements that can change positions, or transpose,
within the genome. Most genomes contain several kinds of transposable elements and the molecular details of the
mechanisms by which these transposons move have recently been uncovered in many families of transposable elements.
Transposition is brought about by an enzyme known as transposase encoded by the autonomous transposon itself, but, in
the unautonomous transposon lacking the gene encoding the transposase, movement occurs only at the presence of the
enzyme encoded by the autonomous one. There are two types of transposition events, conservative and replicative
transposition. In the former the transposon moves without replication, both strands of the DNA moving together from one
place to the other while in the latter the transposition frequently involves DNA replication, so one copy of transposon
remains at its original site as another copy inserts to a new site. The insertion of transposon into a gene can prevent its
expression whereas excision from the gene may restore the ability of the gene to be expressed. There are marked
similarities between transposons and certain viruses having single stranded plus (+) RNA genomes. Retrotransposons,
which differ from the ordinary transposons in that they transpose via an RNA-intermediate, behave much like retroviruses
and have a structure of integrated retrovial DNA when they are inserted to a new target site. An insertional mutagenesis
called transposon-tagging is now being used in a number of plant species to isolate genes involved in developmental and
metabolic processes which have been proven difficult to approch by the traditional methods. Attempts to device a
transposon-tagging system based on the maize Ac for use in heterologous species have been made by many research
workers.
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(a) Insertion sequence transposase gene
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Figure 1. Simple and complex transposon. Simple transposon or
insertion sequence (IS) carries the transposase gene (a), and the
complex transposon is flanked by two insertion sequences (b).
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Figure 2. Bacterial transposon 3 (Tn 3).

& %% DNAo| AL 23} 5 ofe] Welg 42
ok oA Tng o] HaelM doiA fs} &
AdE L ged, 28 A+E AR Tnd A9 F4
copyE 3t ©f mHEe] o] copy7t o
Ade A= Aok
insertion sequence (IS)&}3L
e IS EE 2000bp v]ute] Hoje]x|gt o] DNA 27}
& Aol % ol E3} A4e) Belshe A F EFE A
I 9la el = 7} 15-25bp A xe] L inverted
repeat (IR) & ulghutiolgls Eolujdo] Qlot. Tnd
o ISEx} A4 o 71 DNA Age|x Abglo] Fefsl=
A o2l o153 A7k G U A4S 2 o
A3 glx 427b woh ISe) Tng wlas] o odul §H-A}
£ 7121 DNA 37| Misel 157} Eolqlar oo g &
9174 =le] o] 5 34 = o] Tnejetx B % oHFigure
1). ISE &3] simple transposono]2}31 3}2 & Tn2 complex
transposon©] E}“ Al o]t}

Tnd ISR} 84 o] oA 4500-7,000bp A o] Tne

N
i

A, wmEEEE 2E Tngel ¥kl fithels 300-

50bp&) long direct repeat (LDR)o] ¢):=d|(Figure 2) o]
LDRo|2}x 7lo| insertion sequence (IS)el] #=ch IS:=
ofrkell IRe] l7] wiFo] F LDRe| #HEfell+= IRe] i+
Heo] Fol Aart IRE 4], g 3174 "ok Tno] Fe
gt 54 Fo ® shi: Tne] 4 DNAe] A== Mtk
of Mb=A] E% DNAo|A falg o}F &2 FHERXEE
H| Z, direct repeat7} AR TF= Aok FAU) HEHER

Transposable Genetic Elements 245

G ATAGCCTGAT -
- GTATCGGACTA - = = ==

/ i

". Target

Cut at arrows

CATAGCCTGA T
G TATCGGACTA -~ .

Insert transposon

C 71 AGULTEA s ey T

G e TATCOGACTA
Fillin gaps

C ', [

Figure 3. Generation of airect repeats in target DNA flanking a
transposon.
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Figure 4. Mechanism of insertion of a mobile genetic element such
as a transposon into chromosomal DNA, without duplication.
The transposase, which has excised the transposon from its original
sile by making straight cuts at the ends of the inverted repeat
sequences, remains bound to the element. The transposase then
hinds to DNA in a new chromosomal location and makes a
staggered cut in the target DNA. The cut ends of the transposon
are then joined to the single-stranded ends of the staggered cut in
the target DNA. DNA synthesis then fills in the gaps.
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Figure 5. A model of transposition. {a) Transposase binds both
transposon ends and also the new target site. (b) Specific cuts are
made in both DNAs, and they are rejonined after strands are
exchanged. In simple transposition, {c) the transposon is then cut
completely away from the host DNA, and (d) target site
duplications are completed by DNA polymerase. Altematively, in
replicative transposition, (e) each transposon strand is copied by
DNA polymerase, (f) yielding a cointegrate (g) that is separated by
resolvase.
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Figure 6. Heteroduplex analysis of a waxy mutant DNA with
homologous DNA carrying the normal waxy gene. The single-
stranded thinner loop (arrow) represents the transposable element
Activator (Ac). Right is the interpretive drawing of the electron
micrograph.

WiE, duplex DNAZL ¥ & £4 DNAcko] AMsE 4]
S #sl= o] 9leh

Tne & & Aol & A Qe Ao o1 %7
copyZb Al55¢] of2] el ko] BAMH Qle] ¥FL]
DNAAM# =lo] glut o]# & Tnel copy’t 3 EAfsl
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I base sequence (1 pm=29F 3000 base) 2 ®}E $£XE gl=
A, o oz Tnel 2713 Aot A 41 sk
& 1970 o] EoMA AN E, uo]lx Fol 9

ohe o] dEAWAM ¥E24 FES BA HUAAT AL
2xet 08946 84 McClintockel] 28] &4olA] %
AFAT 1 55 KEERC dSo7 Arje ¥4,
A o] 5& AF3itrt fAzke #EE /1
Red ol el 1940FMARAA 19504842 9 olH.
McClintocks A48 ¥hg © 2 mobile genetic element
o 248 AR A2 Qe G0 opd 4 sk

o fARE o] T e FAL 2 9AlY fAE
o) AdeziE EA3 ot b ANE T 4 g
doliet wpE o 73S Aukzlede] Mendel-Morgan A5
FA 82 FA A €] Michurin-Lysenko 7483} Abe]o] ]
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o] frieldME FAHFA SO dF TR FAE
A B 7= ok 2™ 9Fol A FARTE 94 A
oA 7127 Folrpdrhe o TS MR oY FA
gA7E shlel WERT 2 A ste] wiukalet
g I v = G

16509 Y nAES ABE 3 #EEELR] 548
I 92 do 2= DNAS BYvER Tz, FAx¢ AA
7b g AT Fojo] TEH FAA L FE BHAEA
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ek A7) AN GAd dHE dr)a fAske] §

o )

A4 7125 R AEfdse 9s 43 543 HE
Ak o2k HEe] AEAEFAY Fobd FRA EAH

o) & McClintock’s 1 2w 2218 o] 543
o 8o] HWE A AL HlelAM At 3.
19603 o] 2] ME 24421 FA}3F mobile element
7} 9ol oA o] fAlAL e L 7H T Aol A
AL fIARTE Aol FRAT ol Aol
HA7 o8 A 24 SRAME 2 o] geleh 1970
o] 94 AT sholeizolH odAA $874] random
mutation®] 23 H AW o] A3 LoAje] Ed |7}
ol t}E DNA element7} L -FA AL gte]] 7]0] Bo &
g4 3 =Ho] A7ich= 7, o] 7] = element &, insertion
sequence (IS)= McClintock?} &-44el|A] F4F8) Tjumping
property ;9 frARSleE 7, W ATelE old ol FAS
DNA element7} @b 721 To] w3 xwr oA &
transposon (Tn)ole}x g+, 2 F o] transposable
elementt= YHAER ohizt FAE - AT 5 EE A
E3] e Aol AMde] UFAHAM Tn FA 9 F
29 tjA}e] Fgich ®wkx DNA Ajx37]%, DNA 47|
sequencing W 5-& W] ¥ 7% DNA Wl 2A7]Ee] /N
SmA The] 427} BalA3 25} a5k DNA o]
old 3L 71X EeA 5§ A £EAM & A =HA
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McClintock 7} %Z4=4=0)] A transposable elementE 718}
AL 103 dolglel. adgltel e fAEA, AR A
AE A 223 glg Wo|vh A3 LHTEH e
2 o] dgAE o] FPo] o2 o] HIR, F2HI &
ahak z)Ale) ook 1970 ol 1980 o] o] 2wiA
a9 Aol AHriEn WS vE FAG A o
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Babara McClintock® 1902x3e] &4, 19279 Cornellt] &} oj]
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wW7kA o) 157+ T3, wWEo] Al 25E dd F
22}, o Xo|el handicaps} °f&7] FpoME 2 T
ool EAlel xE AF, 19404l ofn] JAd
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McClintock 7} Comello| A A= glo] &4 AT A
Weti 912 o) g9 Columbiaw] st Morgan d-TAellA:
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7127 Xz g AR FEN 2T A7k
2 2% xS sioh McClintock®] A& 34 29
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oA Waal G o] AEedx F3bo] dojdriy A9
2 B sl bEleh 29l E - FH7) o
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Z, 36640 He}. 298] F A2 &M

Ide] st f#A97S $795 AR 34 36 & 8
gicke AlAte] ®ch 1 A E x2S & AgEREY
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242-9| Transposon

Tnoll gt A™E 57] Aol 542 aleuronF-ol A
anthocyaning A gl=d o3 AL o
o HERILY 8nEs 23
anthocyanine] ¥4 %

Insertion of Ds to
C gene

Figure 7. Pigmented and colorless maize kernels.

Cells in the aleurone layer of purple kernels synthesize anthocyanins,
while the aleurone cells in the colorless kemels are unable to form
the pigment because of the insertion of a Ds transposon Into the C
gene encoding the enzyme essential for the synthesis of the pigment.

anthocyanin Aol FHoddl= Mi(locus)= oF 20747} S
o] AR, 7t FKe effector genego] W F o] HhEed
A &dol sl o8 BAEFE Az ZEALE anthocyanin
o] AR o] effector gened 7}AF silentdt 7lo] C 2
gene, A I gene, Bz 1 geneS¢ld] o] 52 BF 3y
regulatory gene®| X-go] I Q 3}t regulatory geneS A
Pl, CI, B geneSo] Ql&dl of FHzEo] W=y A&
£ transcription factor (TF)z}x 3toh. o] TF&
anthocyaning 3h=d] A4 s Ze] o L C
A 1 Bz I gene 5 anthocyanin -3 DNA2] 9] ¢
controlling elementel] A&a|A 1 FAAEe] UII®
3l 98E d= Zlolth. & o]E TF7} effector gene?|
2.9)¢] controlling elemente]] 73}E Tt effector geneo] A}
Azl mRNAS 951 anthocyanin 4o H Qg &h

5o S A FEe 2™ Aol gAE g A
HEF Foll Indian comellA] BZo] FAlo] REEHS] F
Zo] gtk E4Fo M FApg ol Wl o} ol o3
FA o]l oW dt FFo] FAM FFo] FEEE xenia
Abo] oF A7 o] A LGpgolm oAb 2hie] A
T4l Hfaolojol 3 EJQld YH-= Figure 7ol A e} o] W
M (colorless) 2] 71e] A7Z1c} o] Hfakio A= anthocyanin
Aol 83 54 WAL codestE CHAAI} HHE
A k7] W Feld, 272 o] CHA Aol transposongl Ds7}
sl AR wde] obsr] wFoltth of A$E Ds
transposone] Uk CHA e AE F opA] oA o}
A stable mutatione] ¥ el o] 2|2k Tnolgh= -2 AFIEN
7} excisionF o] hA] verlx ok o A ved C
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Figure 8. Size of pigmented spots and the time of excision of
transposon out of C gene of maize kernels. If the transposon moves
out late in endosperm development the color spots are small and
scatlered (a), but when the gene function is restored early the color
patches become much larger (b).
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Figure 8. Transposable elements cause mutations and reversions in
maize. (a) A wild-type maize kernel has an uniterrupted, active C
locus that causes synthesis of purple pigment. (b) A Ds element has
inserted into C, inactivating it and preventing pigment synthesis.
The kernel is therefore colorless. (c) Ac is present, as well as Ds.
This allows Ds to transpose out of C In many cells, giving rise to
groups of cells that make pigment. Such groups of pigmented cells
account for the purple spots on the kernel.

Azl Eaje] 71%E 3] E., anthocyaninT A S & 4 9)o]
o] Rek fafael| Aol chAl 2, HfusEshel 47y
ol Sol7} Hi=d], AFIHYE Thol £AAHY o] i}y

o O e de 3, 27), 71270 e 3
v.9)2] 27]7} ebAlch(Figure 8, 9).

Tnel Dso] B Ac elemento]t}. o] Ace o] &, AHY
o et §42 e G119 transposase geneS A}
A7b AR T gle] ERALE o] E, ANl & & gz}
4 A (autonomous X = transpos1t10n—competent)
{ransposable elemente}th Ds element®= o2 Ac elemente] A
(ransposase genee] 1= ¢ o] HAF A A7 Ace] W3
¥l elemento|t}. Ds:= transposase -F-H A7F glod Al 2440
2x olF, AYel <kHE eF&A(non-autonomous =
transposition-incompetent) 9] transposable elemente] X Acol A]
vhEe] 2= Aol Qs ARE o] Fo] 7pgEl
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Figure 10. Structures of Ac and Ds. Ac contains two genes and two
imperfect inverted terminal repeats. Ds-a is missing a 194-base-pair
region from the transposase gene (dotted lines) and Ds-b is missing
a much larger segment of Ac. Ds-c has no similarity to Ac except
for the inverted terminal repeats.
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Figure 11. Structures of the maize transposon Ac and several of its
Ds derivatives. (a) The sequence of the Ac element is represented
as an open box with the inverted repeat at either end indicated as a
bar. The sequences of the inverted repeats are shown expanded
below the bar. The smaller rectangles within the larger box represent
the exons of the gene encoding the Ac transposase. {(b) Structures of
several Ds elements that have been cloned and sequenced are
diagrammed by the convention used for Ac The gaps shown in
these elements present the relative sizes of the internal deletions
found in each of these.

Ds element7} C 4% z}ol] AFe)® & Ac elemente]] A} 915
e £4E DA FoHE Dse o A U 71507}
gdel C $AA= Ast Edwolsl Azl R o] stable
mutation AFel7} ¥ o} McClintock”} *]-2 Indian com A
9] aleurone3 A Eof anthocyanin 34-& ZAHs= F3%
Aol A transposable element® W7k #lo] o] Ds<ld], 21
= o] Ds9| o]F& A 3sE Ac elementE 71A 3T o]
73S regulatory geneo) 2} Yo

McClintock?] Ac-Ds system®] 73 3 200{Wd o] R }a)
o] transposable elementS HAlFAEgH oz AL 3 4
A =<k Nina Fedoroff 52 Ace} 3Z%2] Dso 7%
£ e Ace AT ToAldst Fabslde 2S o
gtk Figure 100]= 244 Tn Ac elementoljA] transposase



250 Korean J. Plant Tissue Culture

CY o
- -
0y o_ ) .
'I - (a4
[
.® ., .
L4 . . »
.. . .'. . L] >
.
. o [ . . ,
.
- .. -‘ -
.-
L - .

Figure 12. The effect of transposon Spm on the pigmentation
pattern of maize kernels.

gene®] Yol AAlo] W7 Ds-a element7} A7) 3 Ace] ©
W ool wWoix riM Ds-b7lh, Aco] W4 HFEE
A8 A Ds-c element7} B A vehdEd, o Ds
£ transposase geneo] $lo AEHOEE o|FE X3
Ac®] Z o) oa]Agt o] Fo] 7}kl E Ds-cte] Ac 9
Hg FE A AL ezl Ax mmel IR oled
Ace] B4} o] IRE 914, o]5& & 4 AUdE As e
Wiek Figure 112 9A] §p42] Ac-Dsqld & o AAg
A% EAIMTL Ace] Zoli= 46kbo]3l Mol 11 bp2
IR %7} 9Jx=d Aol 5-CAGGGATGAAA) AH.A A}
%2 J-GTCCCTACTTTZ} I o]Ae] Qupsko g FHig
| £om 5-TTTCATCCCTG7} o}l $= IRe o<t ¢
3= G7F o3 Al Aojth o|7lo] GolH FH5-¢] IR ¢
Jujedo] ghgl mbgo] Hejald G7} ol I Ao|7|wE
o] o] 7%= 1lbpe] E¢+43% IRo] HE Aok Ac Dse
non-replicativedt TneloiA} o] FAl:= A2l AL wriA
o2 el A=

4 A golE transposon®] family7} Helx 65-F7}
9l=d], 1ZofA] Ac-Ds (Activator-Dissociator) family$}
Spm (Suppressor-Mutator) family7} 7} o] dFH o
Spm familyE Ac-Ds systemef] 49} Zto] 218202 o] &
= Tndt of7]A fal® e}&H 229 o] 5o 7153
dement® Hol¢] 3, Ac-DsAE C A} Soirprie &)
I oA Yo sA dFe]e) FAE THETH Figure 12).

Spm familyof Al &M 22 o]FE s AL Spm
elemento] 31(Figure 13a) ©] Tnel|A] transposase gene °3 9]
Are] AA ggHoznt o]FF 4 A © Aol dSpm
elementE-o| cH Figure 13b). Spm¢] A7) 83kbo] 1 13bpY]
RS HA&ud 7FA2 9lvk Figure 13a i) IRuwj<g2)
ARA Abgo] Hiells Askes uiase] gl ¢ 13
Mol 47]7F 22 93 IRe|t). Figure 13acs E
transposase gene?] TZE vehy=d), 11712] exon ¢ 93}
10712} intron P22 Heo] 9T AWMAY intronoll e F
M2} open reading frame (ORF [, ORF 1)e¢] gt} open
reading frame-2- aminoAFS- specify3}= codong 7}A| 3 &
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Figure 13. Structures of the maize transposon Spm and several of its
nonautonomous derivatives. (a) The transposon Spm is represented
as an open box. The terminal inverted repeats at either end of the
element are indicated as solid bars. The sequence of the inverted
repeat is shown expanded below the bar. The smaller rectangles
within the larger box represent the exons of the gene encoding the
Spm transposase. The first and second exons are interrupted by a
large intron that contains two open reading frames (ORFI and
OFR2), potentially active genes. (b) Structures of several of the
elements derived from Spm are diagrammed by the convention used
for Spm. The gaps in these open bars present the relative sizes and
positions of the internal deletions found in each of the elements. In
most cases, the deletions have eliminated a major portion of the
coding sequence for the transposase gene. These elements, labeled
dSpm, are completely nonautonomous. The element Spm-w has lost
only a portion of the first intron of the transposase gene and retains
some autonomous activity.
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Aefel R4 ¥4 DNAo] 2, of £4 DNAS A3}
Tl ool HdHo] staggered-cut”t ¥ =F Fh(Figure
2, 3). Tne] s e T4 DNAS Hif o] 925
Hifge 2@ Hoh o]24 ¥4 DNAS Aoy 39
= - Hol9| direct repeat7t FojA] AFEl Tnol Wkmel
Zhzk $12)8H ek

Transposone] replication¥ ¢] o] 3} +=
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§ze 2rg Al Sk Figue 5). Figare e Tn 39] F2
o] T Figure 15 &= 2719] replicative transposition mechanism
S vepd oleh % plasmid 3 #th= T 3¢l gl donor
plasmide] 3 = 3= Tn 30| o] E% target plasmido]c}.
o] % plasmid7} fuse®|=d o] wio] Tn 3% replicate™
cointergrate® WETE oju) Hoj= FAE tnp AFAATL
gkE Aoloh g& tnp R resolvase v’ﬁx}ﬂ UEE B4
o 2)&)] cointegrate7} resolve¥ e] Tno| A%l #A plasmid
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Figure 14. Structure of Tn3. The tnpA and tnpR genes are
necessary for transposition: res is the site of the recombination that
occurs during the resolution step in transposition. The arrows
indicate the direction of transcription of each gene.
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Figure 15. Simplified scheme of the two-step Tn3 transposition. In
the first step, catalyzed by the tnmpA gene product, the plasmid
(black) bearing the transposon fuses with the target plasmid to form
a cointegrate. During cointegrate formation, the transposon replicates.
In the second step, catalyzed by the tnpR gene product, the
cointegrate resolves into the target plasmid, with the transposon
inserted, plus the original transposon-bearing plasmid.
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Figure 16. Retrovirus replication cycle. The viral genome is an
RNA, with parts of long terminal repeats (LTRs) at each end.
Reverse transcriptase makes a linear, double-stranded DNA copy of
the RNA, which then cyclizes and integrates into the host DNA,
creating the provirus form. The host RNA polymerase [
transcribes the provirus, forming genomic RNA. The viral RNA is
packaged into a virus particle, which buds out of the cell and
infects another cell, starting the cycle over again.
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Figure 17. Life cycle of a retrovirus. Retroviruses have single-
stranded RNA genomes and the virus particles are surrounded by
an envelope and a proteinaceous capsid. Retroviruses also contain
the enzyme reverse transcriptase. When a retrovius enters a odll, its
RNA genome is transcribed into DNA by the reverse transcriptase
and these DNA copies are integrated into the host genomic DNA.
The viral DNA integrated into the host cell chromosome is known
as proviral DNA, Transcription of the proviral DNA results in
synthesis of both the viral RNA genome and the mRNAs used to
svnthesize viral proteins, including the reverse transcriptase.
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Figure 19. Integration of the circular phage A chromosome (a) into
the E. coli chromosome (b) to form a prophage (c).
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Figure 22, Mutation of genes after entry or exit of transposons.

Pal gene expression is necessary for flower color in snapdragon, as the
PAL enzyme is required for anthocyanin synthesis. Insertion of the
transposon Tam3 into the regulatory region of the pal gene blocks its
expression in the flower so the flower is white, except in patches where
the element has transposed out of the gene during petal development.
In one case the element transposed from the gene early in
embryogenesis so none of the cells in the plant had a Tam3 transposon
in their pal gene. When the element transposed from pal however, it
deleted ten bases from the gene and left four from the ends of the
element, altering the pattern of expression of the gene in the flowers.
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Figure 23. Transposons induce mutations in the target gene DNA
sequence. The insertion of a transposon into any DNA sequence
causes the duplication of a short region of the target DNA ranging
from 3 to 12 bp. Transposition of the element out of the target
DNA sequence may not restore the original sequence and a variety
of target DNA sequence mutations can occur.
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Figure 24. Specialized transducing phage A can integrate into an E.
coli cell and later recombine out (excise) catrying specific bacterial
genes.
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Figure 25. Deletion and inversion promoted by transposons. (a)
When two identical transposons are in the same orientation
(arrows) on a chromosome, they can pair as shown in the middle
figure. Recomination as indicated by the X releases the DNA
between the two transposons plus one of the transposons. This
leaves the original DNA with one transposon and a deletion. (b)
When two identical transposons are in opposite orientations, they
can pair as shown in the middle figure. Recombination as shown by
the X inverts the DNA between the transposons.
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1 by transposon tagging.
" Step 1, insertion of a
transposon within a
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mutation which may be

Step 2 1 detected phenotypically.
Step 2, a DNA
E_] fragment containing the
transposon and gene
Step 3 l sequences can then be

isolated using the
transposon sequences as
a probe. Step 3, sequences flanking the transposon can be used to
screen a library made from non-mutant plants (ie to isolate the
intact gene).
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Figure 27. A diagram illustrating a two-component transposon
system based on in vitro engineered derivatives of the maize
transposon Ac. The first derivative (Ac-stable), comprises the Ac
transposase gene expressed from a strong plant promoter. This
derivative cannot transpose as one terminus has been removed. The
second derivative consists of a Ds element marked by the insertion
of a hygromycin resistance gene (HygR). The marked Ds is inserted
between the promoter and coding sequence of a streptomycin
resistance gene. This inactivates the gene. The Ds can only transpose
at the presence of Ac-stable in the same cell. A plant containing one
of these components is cross-pollinated with a plant containing the
second derivative and transposition of Ds occurs in the progeny.
This can be detected as clones of green streptomycin resistant cells
on a white background when the seedlings are cultured in a
streptomycin-added medium. If these seedlings are also resistant to
hygromycin then the Ds must be present at a new location in the
plant genome.
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