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WY o B pdivnbes ol anisin breatiment (Pigure 19.22), This
TR AR T i siiln Al 1o dendiold increase over e
baamal vt € %0 eodkim .'|||.|.- sevioms can madntmim thim mas
vy vk b ag b TH B b the presence of asmotically
mctive solules sich as sucrose or KC)

As milght e expected, the stimulation of growih by
o inhdbit the

A s ety ] it indiiksiio
pespoaise welthiin idnutes. Ausincinduced growth is also sen
sitive to inhibitors of protein synthesis such as cyelihies
i, mggpemtiing that pocletns wihih Mdgh tusnover fabis ans
irvvalvied. lnhibbiors of RNA synthesis also inhibit auxin
irchisoesd serowthy, afer a slightly longer delay (Cleland 1565
Adthouggh the Jerggth of thae lag timie lod audn atimmiulatod
rowth can be linensased by lovweriigg of the femperatune o
by the v ol sboprtimal ausin oon ket ons, the lag e
ool e shortened by ralsing of the femperature, by e
sl auxin concentrations, or by abrasion

i O surradg
i b allow auxin bo penetrale the tissue

of the wasy cuticl
pldly, Thus the minimum lag, time of 10 minutes is
fhve L resquined for auxin 1o feach its
il reflects the time needed
cell to bring about the

RO
piol determined by
site of action. Rather, the lag
jor the biochemical machinery ol thae
growtl ke

increases the Extensibility of the

increase 1 the

Auxin Rapidly
Cell Wall

w0 auxin cause a five- 10 tepfold increase in the
grow th rate in only 10 minutes? To understand the mech-
g, W st st revicw the process of coll enlargeinent
;u l;-[.mln. {sew Chaptier 15). Plant cells expandd in thipisi sbeps
akie of waler acToss thue j
4t in water potential (A

Hiow dos

1. Ommotic upt plasma mermlrans
TR
i driven by th pracii

3 Turgol jrressune faudldds up pecase of the rigidity of

the cell wall :
. i [t

permical wall [t OGN, allowing the o
o fox DLEROT |-n--1h|.|r|'

oy ixpand i TR oo

I lia willwebn g thurse [raramuelers (0 hlﬂ“ L
wrje i i glialead kn the growth rete -rr.'nlﬂlﬂ

=K i |V T

wehsre Lol be thie ol pate ' s the tangoe s, Ty
Hhe yielid dlewsbustad, wrsd m is the coeffichers (el extreil
{1} thal relates the growih rate to the differense bt
'J'I wnal i ,
In prineciple, auin could incorass the growih raie by
incresskivg m, increasing Y or decreasing, ¥ Although
pulEngl v wnperimeents have shown that auxin does nos
s wihen i stimulates growth, con-
flicting resulis have been obtained regarding  aumon
induced decreases in Y. However, there is general agree-

el Bl ausin caises an TS the wall extensabity

Inchnise U

| AT,

Auxin-Induced Proton Extrusion Acidifies the Cell
Wall and Increases Cell Extension

According to th e lidesly .jl.u.'i‘ﬂl:\{ acid growth hypothems

by diogen ons act as the intermediste between auxin and
cell wall loosening. The souroe of the rydrogen sons i the
plasma membrane H*-ATPase, whose activity is thought
[ increase in response (o auxin. The acid growth hypoth-

el allows five main predictions
1. Acid buffers alone should promote short-term
growth, provided the cuticle has been abraded m
alliovwe the r-rlllul'l.'. pecess o the cell wall

} Auxin should Increase the rate of [alatithoi] ENtUESI
{wall acidification], and the kinetics of proton extro-
siom should closely match those of auwsan-mduced

prowih

Meutral buffers should inhibit awdn-induced growih

Compounds (other than auxin) that promote proton
extrusion should stimulate growth

Coll walls should contain a “wall loossening factor”
with an acidic pH optimum

All fives of thaese pnnirtun-. h..!'l.- & been conbirmeed. Aondse
briabfeers cavse a rapid and immediate inerease in the growh
rate, provided the cuticle has been abraded. Auxan stimu
lates proton extrusion into the cell wall after 10 to L5 min
whes of lag time, consistent with the growth kinetics (Fig
ure 19.23)

Auxin-induced growth has also been shown o be i
ited by neutral buffers, as long as the cutwle has oo
abraided. Fusicoocin, a fungal phytotosin, stimulates st
mF.]d P robon ex irisinn and transienil v th i sbemy Ay
coleoptile sections (see Web Topic 19.6). And finally, wal
loosening proteins calld expansins have been identifie
it thye cell walls of a wide range of plant species (see Chg
per 150, At acklic pH valuwes, expansins koosen cell walls |
wieakening the hyvdogen bonds bebween the polysaceh
Fivhe cotpparients of thir wall
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lary mary ns s civvensd with arrestod Latsral-nss prrimdia
uil- thal geoww until thiey pootrude through the epidiermal oeli
i & Layer and then by grosing, Thie arrested growth can b
1) Mieviated by application of exogenious IAA

At On the basis of the phenotypes of the alf muants, g
modial in which LAA ks n,\|1|;|“| Powr ail beasd v st iy b

b formation of lateral roots has been proposed (Figane 19.35)

o ICedenza ot al, J905)

" L IAA transported acnopetally (oward the nip) i

't 4

whielee s ru]ll.l.lui o bbdabe ovll diviskon in the eyl

i

¥ < IAA i requined 10 promote cell divison and main
iy cell viabulity i the dievs iopring lateral root
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\ Auxin Delays the Onset of Leaf Abscission

The shedding of leaves, fowers, and fruits from the v ing
Plant is known as abscisslon. These parts abscise in a
fepion called the absicisaion eome. which is locatod mear the

A
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¥
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T bisad wey enluially breaks off s the abscission layer as a
reaull of stress on the wiea kened oel] walls

Auin levels are high in young
decrease in maturing leaves, and
senencing leaves when (he

wrak

Saven, progressively

are relatively low in
abwclssion process beging, The
sl oof i in bead abscission can be readily diemonstrated
by emcislon of the bladee from a mature leal, keay g thee peti

ole intact on the stem. Whensas remaval of the beaf blade
accrlerates the formation of the absc isshon laver i the pets

ole, application of LAA in lanolin Pty 1o the cut surfuce of
the petiole prevents the formation of the abacission layer
{Lanalin paste alone does not Prevent abscission |

These resulis suggesi thee following

* Ausin transported (rom the blade normally prevents
abscinsivn

* Abackadon Is triggened during leaf senescence, when

auiin ks no bomger bedng produced

oL 0000808834343 33 A3 A\~



J

A4m

Chapter 19

(A} Westical oelmmtabion

aynibeis)

Bed cap—

Rewt cog owll
{nlargod)

Statolithe #
H] Hariznmal orisntation

B, The decreaied auon
concentration on the
uppspd sidle stimulate
the upper side 1o
o A a fesult, the
P e ey idhossin

5_The high concomtration
of ausin on the lwer
side of the root mhibin
gronath

A4, This magority of 1he
Al in the cap
thesn tranaported
Isatipsrtally in the
toftes on the lowes
tide of the roat.

According to the model, basipetal auxin transpart in 4
vertically oriented mot s equal on all sides (Fgune 19334
When the root is orenied horizontally, however, the cap
redinects the bulk of the awsin to the lower sde, thus inhilst-
ing the growth of that lower side (soe Figure 19338}, Con
sistent with this idea, the franspart of PHJLAA across a hor-

izantally oriented oot cap is polar, with a prefenential
dowrwand movement (Young et al. 1991

PIN3 Is Relocated Laterally to the Lower Side of

Root Columella Cells

Recently the mechanism of lateral auxin T:'dli"'l]'ll.lllill.1:.li

the root cap has new been elucidated (Friml _:-r al l‘l)ll...}.
One of the membiees of the PIN protein family of auwxin
filux carriers, PING, is not only ;:quﬁ !ul.vr h.? ?::u:.

i m in Aralidonsis, but it has been s
ﬂiﬁ:ﬂmi the lower iEdr af the columiella cells diir-
i e 19.34).

mgﬂl\ﬂ‘;i:ﬂ:ﬂ[flﬁﬁpiﬂn;w are constantly being
eycled between the plasma membrane and intracellular
secretory compartments. This cyeling allows some FIN -
{eins to be targeted to specific gidess of the cell in response

VUL URNNNN VI I I I I I AIT
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1 ThE st sl
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Lo RILR LR R T B

& W the joot B vertical, The
wtatalitha m the cag el
basal anch of the etk

I
ol wicden ol the mood cap, The (&A=
then trarmporied haslpeistly wathin
1ha cortes tothe elongein fone,
whare 18 regulatie cell shorgation

FICLINE VB33 Proposesd ol B e

reelisiriln

sl Py

w A ki B il foal
1he atodiths setile 10
the side of the cap

cll, rigpening polas
tramapirt af 1AA to the
lerwer tidie of e cap

o a dibrectional stimulus, Bn o vertleally orenbed mool, PG
s anktormly distribiated around B columelia oell (see Fig
ure 19 34A4). But when the root is placed on i side, 1IN
i= |'II:'|'|I'T1‘I1|I.II|1.' targeted o the lowes shde of the cell (e
Pigure 19300, As a result, auan is transported polarly @
thee leowwer half o the cap

Gravity Sensing May Involve Calcium and pH as
Second Messengers

A varlely of experiments have suggested that aaloum
calmencdudin s naquimed for Foot gravimospism momalne Some
o scse t'!l.'Fk_‘ﬁn'lr'l'l.L\ ivenlve BGTA (et benis ..:lya.i-hm.ﬁ-
aminoethyl ether-N MM N -temacetc acd), a componrnd
that can r-I‘u:l.uln: [farmi a -u,'nmph-\ with) calcium hona, thus
preventing calcium uptake by odlls. BGTA wnhibits ok ot
gravitropism and the asymmetric distribution of ausdn o
reapanse bo gravity (Young and Evans 1954)

Placing a block of agar that contalns cnbciumm b o the
sicke of this cap of a vertically oriented oom mot nhuqﬁ'ﬂ'#
root to grow toward the side with the agar Il | Frygan®
19,35]. As in the case of | TH]LAA, ¥Ca®" is polarly trans
ported to the lower half of the cap of a rowok stirnulated 1
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I addivion b iliese " |-I|.- ablerrn, funil
widely ined a5 horlsicides  Tha o B aly
icamba {ape Figrure 1041 g prtsably the sl wil
s wymitlelic aus i Seritba e
becaune: thay A sl g
LAA s, Docaiiss i

fapidly nactivate syntiet, Al by o) igathon, §less
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AUXIN SIGNAL TRANSDUCTION
PATHWAYS

The ultimaie Foal of ressanch on e mode il
of hermone action is 1n revofistruc] sk
traneduction rl-11'I-W-'I'_.'. frormn p o Dy
hological response. In this List se Hen o the chuagsier, was will
Ccxamine candidates for the ausin ro wprbior v iy o) feciiss
ther various signaling pathways thal hawve bseees impilicaio)
in auxin action. Finally we will turn CLr mhbention fo pasdn
regulated gene sxpression

i Diyiman
shep dn the wipgrial
Ulingg by dhe Phvs

ABP1 Functions as an Auxin Receptor
In addition o i possilbsfer asita membivane
H*ATPase activation (discussed earion e atindi-ladind
Ing protetn ABF'] appears bo funcion ax
in other signal transduction pathways, AN by LT T
have been identified na variety of monocot and dicol
Species (Venis and MNapier 1997}, Knockouts of the Al
grne in Arabidopsis are lethal, and loss BEVERE i
resull in altered devls ipment (Chen e gl 20011 Riscon
studies indicate that, despite bering oculized irelmanly on
the endoplasmic reticulium (ER), a small amoinl of AN
is secreted to the plasma membrane outer surdace wlhere it
nteracts with auxin to cause i |!|.|I-f.!p.r """""“l”}'n andd 1!
pumping (Venis ef al, 1996; Sieffens o al. 2001
However, it is unlikely that ABPL mediates all muxin
nespanse pathways because expression of a number of
auxin-responsive genes is not affected when prok plists are
incubated with anti-ABP1 antibodies. It Is also une lussus
what role the ABP1 in the ER plays in anbnresponsive
nal transduction, Finally, it remains to be detefmined
whither ABPg;, the soluble and unrelated ABP from rice
that activates the H*-ATPase (s Figgume 19.24), 4s Involved
in a signal transduction pathway:
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Calcium and Intracellular pH Are Possible
Signaling Intermediates
Calcium plays an important role in signal transduction in
animals and is thought to be involved in the action of cor
tain plant hormones as well. The role of caleium in auxin
action seems very complex and, al this poinl kn time, very
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and Developing Fruits and Seeds
LAA biosymthasis is associated with rapiedly dividing and
eapadih Mmﬂ especially in shoots. Although vir-
rually: all plant tisues appoar o b capable of prosducing
: ical mwristems, young leaves,
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Jow hevels of TAA, shoot apical
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mwmﬂn in pross). :
hm-wughtpthlmdhoiﬂmbﬂ:pm.umh .
srothesiaed at the tip. Duriag o development Sher B puns 193 Detection of sites of auxin synthesis and trans-
jum of DRS Ansbidapsis by

mdhmmhmudmgimdﬂw Fsoans of a GLIS reporter gene with an auxin-sensitive pro-
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cenher of puxin synthesis evident as a concentrated dark

cansally rated to, 8 | i aryow) in the lobes of the serrates leal mar-

chosely with. and i : LIS stain (arrow) in
basipetal maturation of leaf development and l;::f pﬂimn.LmuuLd GUS activity extends from the
toward a differentiating vascular strand (arrow=

vascular differentiation (Aloni 2001). . ::, s ot d Yo
reporier fene W snctions as a sink for the auxin flow originat-
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which auxin cmuses AUXIAA turmovier is unkmown,
althougzh it is known lo involve ubiquitination by a ubig
uitin ligase and proteolysis by the massive 265 proteasomee
coimplex (sew Chapler 14 on L wreeks i) (Gray et al. 2001
Zenser el al. 2001}, Note that a negative feedback loop is
introduced into the pathway by virtue of the fact that ane
e the ene families turmied on by auwin is ALEAAA, which
inhilits the response,
A miodel for auxin regulation of the early pesponse
grenes based on the findings described here is shown in

Figgure 19.41

SUMMARY

Auxin was the firnst hormone to be discovered in plants an
is one of an expanding list of chemical sigruiling agents thal
regulate plant development. The most common naturally
oerurring form of auxin is indole-J-acetic acid (IAA). One
of the most important roles of auxin in higher plants is the
regulation of elongation growth in youny stems and
rahpﬁln Low leviels of nuxin are also mtulred_ for pool
clongation, although at higher concentrations auxin 4ty as
a root growth inhibitor.
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FIGURE 19,481 A musdel for aumin regulation of tramscriptional activation of early

Accurate measurement of the amount of s in plani
v is critical for understanding the role of this hormone
im prliand plyysialogy. Early coleoptile-based bioassays have
been replacod by more securate technigues, including
physscnchemical methods and mmunoassay

Ragulation of growih in plants may depend i part o the
amount of frew auxin present in plant cells, fssues, and
O Thede are o maki poulg of auxin in the cell: the
cytosol and the dhloroplasts. Levels of free auodn can be mod-
uilated by several factors, including the synithesis and break-
o of conjugated [TAA, TAA metabolism, compartments
thn, and polarmuxin mnsport, Several pathways have been
irnplieated in LAA biosyntlusss, including tryplophan-depen-
dent and tryptophan-independent pathways, Several
digradative pathways for LAA have also been identified.

IAA is synthesized primarily in the apical bud and i
transported polarly to the root. Polar transport is thought
i oecur matnly in the whymcdbm‘imi weith the
vascular tissue, Folar auxin transport can be divided inte
two main processes: IAA influx and LAA efflus. In accord
with the cheminsmatic model for polar transport, theee av
two modes of 1AA influx: by a pH-dependent passive
transport of the undissodated form, of by an active H
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HORMONAL REGULATION OF PLANT GROWTH AND

DEVELOPMENT 2+1

Objective
To apprise the students about structure function of plant growth regulator on
growth and development of plant.

Theory

UNIT I Definition and classifiacation of palnt growth regulators-Hormones,
endogenous growth substances and synthetic chemicals, Endogenous growth
requlating substances other than hormones. tricontancl, Phenols—polyamines,
jasmonates, concept of death hormone.

JNKVV, Jabalpur 77

PG Course Curriculum 2013

UNIT I Site of synthesis, biosynthetic pathways and metabolism and the influence on
plant growth development of individual group of hormones- Auxins,
Gibberlins, cytokinins, Abscisic acid and Ethylene Brassinosteroids.

UNIT I Hormone mutants and transgenic plants in understanding role of hormones.

UNIT IV Signal perception.transduction, and effect at functional gene level of different
hormones- Auxins- cell elongation, Gibberellins -, germination of dormant
seeds, cytokinins- cell division. Retardation of senescence of plant parts,
Abscisic acid-Stomatal closure and induction of drought resistance, Ethylene-
fruit ripening.

UNIT V Interaction of hormones in regulation of plant growth and development
processes. Rooting of cuttings-Flowering. Apical dominance, molecular
aspects of control of reproductive growth and development,

UNIT VI Synthetic growth regulators- Classification, their effect on plant growth and
development. Practical utility in agriculture and horticulture. 86

Practical

Quantification of Hormones- Principles of bioassays, physico chemical techniques
and immunoassay.

Extraction of hormones from plant tissue. Auxins- bioassays- auxins effect onrooting
of cuttings, abscission, apical dominance.

Gibberellins- bioassays-GA effect on germination of dormant seeds, cytokinin-
bioassays- estimation using immunoassay technique cytokinin effect on apical
dormance and senescence, ABA biocassays estimation using immunoassay
technique.

ABA effect on stomatal movement, Ethylene bioassays, estimation using physico
chemical techniques- effect on breaking dormancy in sunflower and groundnut.

Suggested Readings

Hopkins WG & Huner NPA. 2004. Introduction to Plant Physiology. John Wiley &

Sons.

Salisbury FB & Ross C. 1992.Plant Physiclogy. 4th Ed. Wadsworth Publ.
Taiz L & Zeiger E. 2006. Plant Physiology. 4th Ed. Sinauer Associates.
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Q0 Chapier 19

:.:hiph Pathways Exist for the Biosynthesls of acetaldihyde is then oxidized to LAA by a specitic drhy,

dl’l‘l#ﬂl‘..
TAA s wtruciuirall

¥ related 1o the mving acid trypitophan,
Al iy whiidies gy atsin hlosynthesin focused on brypio-  The TAM patfuar. The tryptamine (TAM Pathway o,
Phan i this prrobaksle precumor. However, the incorpors- Figure 19,600 is similar to the P4, pathvay, eocept that gy,
ton ol exogenois Labsee s tryptophan feg. "Hltrypto-  order of the deaimination and devarbouylation reaction
Phai) inio 1aA by plant tissses has proved difficult to reversed, and different enzymes are involved Species this
demonatratn, Nevertheless, an encrmons body of evidence  do not utilize the IPA pathway possess the TAM

wing that plants convert iryplo-  In at least one case (tomato), there is evidance for both the
prhan b 1AA by nervaril pathiways, which are described in-~ 1A and the TAM pathways (Nonhebssl et al 1997,
the paragraphs that fnllow

The IAN patiway. In the indole-3-acetonitrile (LAN)

The IPA puthway. The indole-3-pyravic acid (IPA) path.  patiway (e Figgure 19,6B), tryphophan is first converted
. I8 probiably the meost common of  to indole-acetaldoime and then o inadode-F-acetondsrile.

the tryptophan-dependent pothiways, It involves a deam:  The enryme that converts TAN to 1AA is called sitrilese
Ination reaction 1o form IPA. followed by a decarbonylation  The 1AN pathway may be important in only three plant
reaction to form Indole-Lacetaldehyde (IAI], Indole-3  families the Brassicacess (mustard family), Poscese {gras

i1 [H {cl o
Indale-1-pyruvic stid pathway

@ v &

Trirptaghan (Trp) L
T decarbonylane
v:nmn-‘rm:“
TAM
L
Tryptaming (TAM)
Armine
ouidase

RRRRRR R R R ALl

jependent pathways of IAA biosynthesis in plants and

FIGURE 19,8 Try P Mt s present only in bacteria are marked with an asteri]
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cotransport mechanism driven by the plasma membrane  profein synthems anud §6 insenmitive b prodesn pymitherss
H*-AT ase inhibitors. The sarly genes fall it threr furetaonal clesses
Auxin efflux is thought to soour preferentiolly at the  expression of the late genes (eecondary eSO FETe ),
pasal ends of the transporting cells via ankon elflux carriers. sim=ss adaptation, and interceliular migraling. The sucen
mdmbedrivcntr}'ﬂwm:bﬂrr;uﬂummlp,uneﬁlrdh? w&mumdﬂvwﬂdhm_ﬂ
the plasma membrane H*-ATTase, Auxin iransport  have a composile structure i which an surin-inducible
inhibitors (ATIs) can interrupt auxin transport directly by response element is t
with auxin for the efflux channel pore or by elemend. Aunin-induced guﬂmbenrpﬂrﬂ',r-pilld
hhdhﬁginwguhmnummrﬂpninmmmukdwim byw-pmﬂﬂmdﬂpﬂdﬂllmﬂ
the el channel. Auxin can be transported nonpolarly in  vation pathway
thie phloem, o
Anndnin ool Elangation begins after alag time of
about 10 mimates, Auxin promotes elongation growth pri- Web Material
marily by increasing cell wall extensibility. Ausin-induced
wall Iovsening requines continuous metabolic imput and is
primicked in part by treatment with acidic buffers.
According, to the acid growth hypathesis, one of the
b acthons of auxin is to induce cells to transpor
into the cell wall by stimulating the plasma mem-

——-/ brane H*-ATPase. Two mechani have been proposed
il hnmwu:ndp:mmmmdmmnumdﬂu lig
A genes pumpm:l:lﬂuntedsy-nﬂ'lrsi!u{ﬂ'mpmunm !
1] brane H*-ATPase. The ability of protans to eause cell wall
{posening s mediated by a class af proteins called
expansins, Expansins joasen the cell wall by breaking
hydrogen bancds between the palysaccharide components
of the wall. In addition to proton extrusion, long-term
auxin-induced growth involves the uptake of soliites and
the synthesis and deposition of polysaccharides and pro-
{wins needed 0 maintain the acid-induced walk-loosening
pmmmmufgmwmhmuﬂmmpﬂnm irihi-
3 in plant hﬁmdwﬁhmﬁm&tbﬂtmdﬂw
hormane effects of auxins. Auxin-promoted differential wlhm
ays have these organs is responsible for &!mmdml
ncluding mﬂi[u_mgmity}nﬂrdw-mw“*
nmrmnm-mhmwﬂhﬂ-ﬂ?mm
art om the shaded side during s and to the lower side
ues, and during gravitropism. cratoliths (stanch-filled amyloplasts)
= cell: the hﬂtqu'lﬂlmmmlwdlnu\rmr_mﬂwmrﬁ
\ be mod- Favﬂﬁhﬂ&ﬂmnﬁdxdﬂﬂ?mﬂd-
nd break- '[n;d&iﬂmhiﬁmhshgmwﬂ'ﬂrﬂihwiuﬂ“
srtrment pllyﬁmualngulim roles in apl:ﬂdmuﬂ.hwﬂ-
R oot initiation, leaf vascular differentiation, flo-
un-deper ral bud formation, and fruit development.
Several #mmdmmmmmmﬂnﬂw
and ma\nm-bmdmamhﬂ!pmlﬂnﬁﬂﬂhlm%ﬂﬂ-
ad
; thought Mhﬂumﬂ-mm&!ﬂmﬂpﬂh’m
{ with the hmmmdwﬁpﬂmﬂm
ided into mﬁdm.ummﬂmhmﬁnpmmmdsnﬂw
In accord hmﬂmmehuﬂ*.inmﬁuhipﬂ.mdhﬁtm
{ passive W-ﬁﬂﬁﬁwmmﬂﬂ}'
It {ate, Inductian of early genes by auxin does not require
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exposed to high-intensity ligght, anel its photodestruction in
vitro can be promoted by plant plgmants such as
siboflavin. Although the products of auxin photooxidation
Bave been isolated from plants, the role, if any, of the pho-
Nooddation pathway b vive s prosimed to be minos
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Homwerver, as will be discussed in Chapter 22, ethylene also
plavs b crucial robe as o positive ,1-!;||L|1.~| ool alsacissdion

Auxin Transport Regulates Floral Bud
Development
Treaking Arbidopeis plants with the auxin Hansport
nhibitor NPA causes abnormal floral development, sug-
gesting that polar auxin tansport in the inflorescence
mweristem s reguired for nermal floral development In
Arabidopsiz, the “pin-formed ™ mutant ginl, which licks an
msan efihus carrier in shoot tssues, has abiormal Doswers
siindlar bo those of NPA -treated planits (see Figure 19.14A)
Apparently the developing floral meristen depends on
At beiig transported foit from subapical fssues, In the
absence of the efflux carriers, the
meristem | starved for auxin, and
normal phylletaxis and floral devel
opment are disrupled (Kuhlemisies
and Reinhardt 2000)

Auxin Promotes Fruit
Development :
Musch evidenoe supgests that A 1:.-. |
involved in the regulation of fro
development. Auxin i produced in
jpollen and in the endosperm and the
ermibrvo of developing secds, and the
initial stimulus for o growth may
ressullt from pollination
Sueceeasful pollination initiates
ovule growth, which is 1_.mnm as l_
fruil set. After fertilization, fruit
powth may depend on auxin pro-
guc-_-d in developing seeds The
endosperm may confribute auxen
during the jnitial stage of fruit
growth, and the diveloping embryo

Swmllen |
receplacie

LA} Mormal liuit

the true fruiis. (8) W
marmally. (C) Spray
and development. |

may take ower s the msin ausin s d

Sk L -
Figrire 19 3% shwrers the influenee o s s -
thwr achurnes of strawberry om e grseth of B fee s
Ty,
o stfnwherry

Auxin Induces Vascular Differentiation,

e, Mew wasmalar Hesprs diifemrndiate Sirrrily
15'}_':.':1 belinar devebopang buds and yvourg gresring

leaves [see Figure 1955), and remoral o o,
yvoung keaves prevends viscular differmis
thom | Aboasi 19695). The ability ol a7 apacsl b
fov stirmaslate vascuslar Jifferentiation can be o [ L
in Hssue cultone. When the apical bud is grafed ons
clump of undifferentiated cells. or il
phlm'm differennate beneath the graf

The felative amoirts of svlem and el foried ane
mﬁulat:‘d by the auoon comoendration: High maxin conges
trations induce the differentiation of sylem and philoes
bt anlky phloem differentiabes at low s ocentraioes
"_-':n-n'l.ul,.' ENPTImIENE On sherm tssoes Farve alwmaty gl v
auxin concentritons induce phloemn  differentiation,
w i Tias hlgh-'r LA levels induce xvilomn (Ao 185

The meereration of ascidlar teeoe Tollowing wolimding
15 also contmiled by awxin |'|'|'m‘||.|n1! by the young lead
directly above the wound site (Figure 1940). Remioval of
the lieaf prevents the regeneration of vascular tssue, and
.|r'|11|.|-\1 auxin can substitute for the leal in stimlating
regEneration

Vascular differentiation is polar and occurs from leaves
to roals, [Inowondy perennials, swdin produsced by grosing
buds in the spring stimulates activation of the cambsusn m

ovlem and

(R} Achermes
[T ]

10} Acknes remmeesl
ngrayed weiih susin

Achens

4 oA T
Thie strawberry "fruit” is actually a swollen rocypiach: wh y
Em’:i’ﬁuﬁ;d by anexin produced by the “seeda,” which ane sctaally e
i hen the achenes are romoved, the reveptac ——
ing the achere-les receplache with LAA pestones poril g
Alter A Galston 1994

e Laiks b devely)
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Two Subcellular Pools of IAA Exi

L1 5
The Cytosol and the Chioroplasts
The distribution of LAA in the ol e ke
be regulated largely by pH. Because 14A
loes mot cross membearies umabded, whvermas

vy
IAAH madily diffuses acmoms membrages, Sy
i fends o accumislabe in v wverre alkaa:
liswe commpartoyents of the cedl Hypsustyd

The distribution of 1A 4 aned s metaly
lites has been studied in tobacen cells
About one-third of the [AA ks founad in the
chloroplast, and the remainder is kxatwd in
the cytosol. 1A4 conjugates are hocansd
exclusively in the evtosol. TAA in the
eytosal is metabolized either by condugation
or by nondecarboxyiative catabeolism (=
Figure 19.10). The 1AA in the chiloroplast i

Protected from these processes, but it is
regulated by the amount of LAA in the
eytosol, with which it is in equilibrium (Sir-
bori et al. 1903),

The factors that regulate the steady-state concsmtration
of free auxin in plant cells are diagrammatically summa.
rieed in Web Topic 19.5.

gEravaly

AUXIN TRANSPORT

The main axes of shoots and roots, along with thei
branches, exhibit apes-base structural polarity, and this
structural polarity has its origin in the polarity of auan
transport. Soon after Went developed the coleoptile cur
vature fest for auxin, it was discovened that LAA moves
mainly from the apical o the basal end (basipetally) in
excised oat coleoptile sections. This type of unidirectional
transport is termed polar transport. Auxin is the only
plant growth hormone known to be transported polarly,
Because the shool apex serves as the primary sournce ol
auxin for the entine plant, polar transport has lang been
believed to be the principal cause of an ausin gradient
extending from the shoot tp to the oot tip. The longitudi-
nal gradient of auxin from the shoot to the root affects var
ious developmental processes, including stem elongation,
apical dominance, wound healing, and leal senvscence.
Recently it has been recognized that a significant
amount of auxin ulmmmtnﬂwpiﬂmn.nd
that the phloem is probably the principal route by which
auxin is transported acropetally (i.e., toward the tip) in the
root. Thus, more than one pathway is responsible for the
distribution of auxin in the plant.

Polar Transport Requires Energy and |s Gravity
Independent
mmhwmpwh

iy

L TR
| m Al wed (A . ™ Dyl
LI TR
— } Tl b phaw
vy | e
:. . A ks
Wasal wivel (MY
A el
gy ks
ey i lrhim Vil
PG 101 The stamidand el foi s gy paalan Sansin Dy s

The paslarity: of brarvyrt b iondopsenshont of vrisnintg il sl b

Nk Awn Wk n-ﬂn.““
ok g

svmibninuing v shope-dataobed mosin (i ook s prhawad
o s omd o s sogrvont, et i e ok s placal
1 the cther end. Thee sl o ausin thaigh the Ve
s the peortves block cnn T detrmmimed over e by wes
st o e rolivactivity in e moets ook
From a valtivude of soch stybios, the bl prvsatios
of polar LAA traispont have enwgsd Tisstios Jiffor i viw
dhegren of palarity of TAA wanspsr, In woleapMihen, vogea
e home, and loaf petholes, basipenal transpsa o
nates. Polar transgsort b not alfechnd by the ariesiatio o
Uhe Hssun (A0 bt over shawet prersords of o), wo i s inde
penident of gravity
A demonsteation of the lack ol elfect o ALY
Basipsetal avivin transpont i stown in Figum 19.12. When
St cuttiings, in this case graje hanbwaosd, ane plaosd i a
kst chammbaer, acdventitious oty oo s e basal esds of
thve cuttirggs, ard shoots form at the apical ends, even whn
thee cuttings are lnverted. Roots form al the ase beomnee
took differentiabion ks stimulansd by avsin acoumibation dise
to basipetal transport. Shoots keed ts fom at the apioal aiml
whene U avsdin oomoemtimtion ks ket
Polar transpoet proceeds i a cell-tocell fashion, mibes
than via the symplast, Thatds, ausin exits the ool ihisugh
the plasma membrane, diffuses acomss the sompoand mil
dle larella, and enters the cell below through i plasing
membrame, The loss of ausin fom cells s femed asm
afftun; the entey of ausin int cells s calbed s ety o
fraffiy. The evenll procss ruines mwtabasic svengy, s el
denced by the sevsitivity of polar transput b O depiiva
s ; S 0 0 em iy !
Thie welockty of polie aun transpor is | i
fastor than the rate of diffusion (see Web Topic 3.2), b
slower than phloem translocation rates (see Chaptes 10}
Polar transport bs also specific b active auxin, both nat
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Intact cucumber plamt

experiment. (B) Fluorescence micrograph showin
aroiined the wound. (B courtesy of B Adond.)

a basipetal direction, The new round of secondary growth
begins at the smallest twigs amd progresses downward
poward the root g,

Further evidence
ferentintion comes [
centration is manipulated by the tra
with auxin blosynthesis genes through use of the Ti
imid of Agrobacteriom, When an auxin biosynthesis gene
was overexpressed in petunia plants, the number of xylem
tracheary elemients increased. In contrast, when thie Jevel of
free JAA in tobaceo plants was decrepsed by transforma-
tiosn with a gene coding fior an enzyimae that comjugited LAA
1o the amino acid lysine, the number of vessel elements
decreased and theic sizes 1 (Romana et al. 1991).
Thus the level of free auxin appears 10 regulate the number
of tracheary elements, as well as their size.

in Zinnia elegans mesophyll cell eultures, auxin is
required for tracheary cell differentiation, but cytokinins
also participate, perhaps by increasing the sesitivity of the
oells bunuﬂn.hﬂwreaﬂnuﬂniﬁpmdmedm the shoot and
transported downward to the roat, cytokinins are pro-
duced by the root tips and transported upward into thie
shoat, Bath hormones are probably involved in the regula-
tion of cambium activation and vascular differentiation (see

Chapter 21).

for thie role of auxin in vascular dlif-
pomn studies in which the auxin con-
nsformation of plants
r-l.a.r-

Immediately after the

: and the wounding, IAA In lanalin
::_m-ndb"t::uhmv pasie win applied to the
wanre 1l bove
> m{u . T A the wound.
anelogenous auxin.

Auiin: The Growth Hormone a53

L]

ik f-"ﬁl' .

aamin di 1

FIGLIRE 19,44 IM-i.T'ldurrd xylem regeneration around the wound in cucumber
(Carcumin sabtous) stemn tissue, (A Mithad for carrying ot the wodnd regeneration
g regenarating vascular tisnie

synthatic Auxins Have a Variety

of Commercial Uses

Auxins have been used commercially in agriculture and

Torticulture for more than 50 years. The carly commercial

uses includid prevention of fruit and leaf drop, promotion

of flowering in pineapple, induction of parthenocargic
fruit, thinning of fruit, and rooting of cuttings for plant
propagation. Rooting ie enhanced if the excised leal or
stem cutting is dipped in an auxin solution, which
increases the initintion of adventitious roots at the cut end.
This i the basis of commercial roating compounds, which
consist mainly of a synthetic auxin mixed with taleum
powder.

In same plant species, seedless fruits may be producesd
naturally, or they may be induced by treatment of the
unpollinated flowers with awxin. The production of such
soedless fruits is called parthenocarpy. In stimulating the
furmation of parthenocarpic fruits, auxin may act primar-
ily to induce fruit set, which in turn may trigger the
endogenous production of auxin by certain fruit tissuss i
complete the developmental process.

Ethylene is also involved n fruit development, andd
i fing may result from the
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Auxin Is Also Transported Nonpolarly in the

Phloem

Mot of the TAA that b synthestisd in mature leaves

appears o be ransparted b e et ol hve plaial issinghs

lurty: wia the phioesm. A PR ST DR BT
of phioem sap, can i I Py oy o dhown Hwe
plant at velocities much Dbt Wiy Vhase o slai Trans
port {see Chapter 110 Aviniy tranalocation i e phlossin s
largely passive, not nuinig wiveigy ity

Although the averall impaniance ol e by iy

way versus the polar transps syshan ot e dosg alistiny
movenment of LAA m plants i siill pivremsvand, M e oo
sugigests that long-distan ausin pranapeart i T oo
& mportant for contralling s by junscrmses an camtial onll
divistons, callose accunulation or remaval v sy tidlw
ehements, an brwich root formation. livtesd U oo
appears to represen) the principal prathiay h g Wl
tance atxin translocation 1o the rot (AR 1INS, Swarp
el al 200)
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23 ok &

paviy. Heweever thas ar e charnges in the distribution of
pbiscelbuban culciuan have been detected in columells cofls
P b a gy iabonal sl

Kowvnl evileiwy sigeests thal a g hargge in inkrpocllular
e s the earliest detesctable | hange in columella cells
Pespoiliog b gravity Pasane et al (20000 used prH-semsi
v s oo mruitor Bosthy intescellular and extracellubar pH

B Assdakgsas fuots altler they were placed inoa honzontal

PGURE 1838 A cormn noot bending toward an agar block
ontsining caloium placed va the cap, (Courtesy of Michael
L Evares )

i

] by e v, ) [ Proum Poimd e al 2003 cournsay of Elaus Pakme, )

position. Within 2 minutes of gravistimulation. the cvte
plasmic pH of the eolumella cells of the oot cap memssed
froen 7.2 0 7.6, and thee apoplastic pH declined from 5.5 o
4.5, These changes preceded any detectable tropic Curva
ture by about 10 minubes

T alkalinization of thy cytosol combsined with the acd
ihcatiom of ||'|L' -\.'I].'ll '\||.| Iu\ht .'\-IJHHL'E':.* tt\.‘ll af achvatyon ol the
plasma membrane H*-ATPase is one of the initial events

that mwsdiate ook gravity perception ar signal transduction

DEVELOPMENTAL EFFECTS OF AUXIN

Aldihe 'Il}fh I'I'L|."'ITI|I|.|'\.' discovered in relation k v groecth, avoan
influences nearly every stage of a plant’s life cvele from
fermination o senescence. Because the effect that auxin
produces depends on the identity of the target tissue, e
response of & lssie o auxin is governed by (ts .1_;-\..-1.,151-
mentally determined genetic program and s furthier infli-
enced by the presence or absence of other signaling mihe-
cules. As we will see in this and subsequent chapters.
interaction between two of more hormones s a PECUITiNgG
theme in plant development.

In this section we will examine some additional devel-
opmental processes regulated by auxin, including apical
domiknance, leal abscission, lateral-rool formation, amd vas-
cular differentiotion. Throughout this discussion we
asstome that the primary mechanism of auxin action is
comparable in all cases, involving similar necephors and sig-
nal transduction pathways. The curnent state of our knowl
edge of auxin signaling pathwiays will be considered at the

end of the chapter.

Auxin Regulates Apical Dominance

In mast higher plants, the growing apical bud inhibits the
growth of lateral (axillary) buds—a phenomenon called
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s Floswewwr aixins are widely distrbuied iy the plant
Adetabodingn of conjugalvsd auxin may be a major an
mibsatny factow in the negulation of the kevels of tree auxin
Fow examgehe, Juring the grrminativg of seeds of Jod s,
LA, gl s trinabociatind from the eoddospenn o the
ovieuyptibe via the phioem. At st a porton of the free IAA
peaducnd i culeoptile tips of S mays s believed © be
dwrrvnd b e hocadrodysis of TAA -mwe insitol.
b, iy, s i mersensiial stiimali suich as light ad grayv-
i b b shwson o indlismioe Baoth tae e ol ausan con:
gt D ol of e aunan) and the rame of eloase ol Ty
sanan (hydnadyvess of compugated ausin) The frmatkiv ol
compnggeind anine ey w e other B tbons as well, il
g stuwagy ansld probection agalist saddative Jegradathon

IAA Is Degraded by Multiple Pathways

Like IAA biosynthesis. the enzymatic breakdown (oxida-
ton) of TAA may involve more than one pathway. Fod
wome time it has been thought that perosidative enzymes
are chielly responsible for IAA exddation, primarily becase
these enzymes are ubljuitous in higher plants and thes
ability to degrade LAA can be demonstrabed in vitm (Fig:
ure 19,10A). However, the physiological significance of the
peroxidase pathway i wnclear. For esample, no change
the TAA levels of transgenic plants was observid with
erlthier @ tendold increase i peronadase expression oF e
fold repression of peroxidase activity (Nommanly et al
1wmIs)
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padves, dihough wlalilir, doy ok reEmmALT ON the plasma mes
fraiw  pormanently, but are rapidly cycled o |
unidentitied sndosomal comparntment via endocytote Ve
chea, wd ihen recycled back to the plasma membra
(Cailid iur et d. 20600

A (205 villodebengole acld)

Haturally cecurring suxin
wansport inhilbiioes
e ]
L= 0
hh, A
o o
Quercetin (Havenal)
oM O /j/ 0w
O o
Gaenialen




R ]
by gy Fivw anapior classes ol early asin e | W iFRIY i biabe

W el P bil@iniiigsl

W vy
o et Divvoldvesd I wiisdi ol

TR LEELT

LI e Ereneily anal vl

iilyin & wvlis
o sy I The ALIX P e ——
vl T,
AT amn i 2 The SALIR spene fnpnidy
S T1 I QST .
The (1 i
LR TE] [ = g danindly

gl sl o Blrvmn puem i Pt ies

Frimns]
| vilag L Lt emcosliogg ghuotaifilone Soransioraes

| LT
 that prlay 1 Cierwm encoiding 1 alninacyeligopane. | -car
d nElins byl bl (ALY wy nilvane, e ey nmay me
M frachin b shee wthy e osynilietic pathway (see
=, Wil Ulsinprleer 220
LB |
L i Einrly genies fone ool anad developmnent, Mermbom of fhe
el cvole ALIXAAA gene family encode shar-lived iranscripeion fs:
d thie owl) faurm Whal fuvictlon s v o activatom of the sxpres-
et oy shry o late audn-inducible genes. The expresaion of mos)
ailn of I of the AUXAAA family of gores In stimulated by ausin
ded fiwnll wellthdn 5 to fd) dronibes of hvrrmime widid i iy Al e Krties
encode pmall |!1-'n.1llljl|1l|h pnh'l e {illissl ihuni lave putathve
IRA- I"'"'-““H modile simlar o thaose of hapcterial e e
EII‘I]" pors, Thiey also have shaorl ball-lves (ol 7 erikrietes ), il
oatlig that they am tuming over rapidly
duition I SALIR gisiee Tainily was membioned earller in the
o | tle rhur\l--r I melation o frogrieme,. Ausin stimulates the
. The n'\|'l!|'m||||ll ol SALIR ppirieem wthin 2 do 5 mimuies of fread
ul pro- e, and thi esponse is insensitive o cyclobesimide. The
AL Iive SALIR gorws ol sobwan are clustered fogeiber, contain
3 tran no inbrons, and encode highly similar polypeptides of
s il wnkrsowsn functlon. Necacse of ihe |.|I|i|h|'.- ol e O,
exprossion of SALK gpones has proven (0 be a convenient
juitted prede fior the Binteral ransport of ausin durdng photo- and
rusieil v tropraim,
thins GHI parly-genie lamily membsens, idendified in both soy
o il beonn and Arabidopsts, ane stimulated by susin withdn 5 min-
Y, utes. Mutatlons in Arabidopais GH3-like genes resull in
% N dwarfism (Nakazawa et al. 2001) and appear to function in
LT Ligght-reggulaied audn respeorses (Habeh et al. 2000, Pevaiise
GHY expression i a good mflection of the presence of
T endogenous auxin, a synthetic GHI-based reporter gene
thal knoven as DS s wiclely used in auxin bioassays (see Fig-
%, (F ure 19.5 and Web Topic 19.12) (Ulmasoy of al, 1997)
s I

Early genes for stress adaptations, As mentioned earlier

Pkt

VI Ii the chapler, auxin b imvolved in shress responses, such

ol a wounding, Several genes encoding glutathione-5-trans-
i forases (GSTi), a class of proteins stimulated by various

n i stresy conditions, are induced by elevaled auxin concen-

trabiony. Likewlse, ACC synthase, which is also induced by
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Auxin-fesponsive Domalns Are Composite
Struciunss

A commeryved aurin response element | AusHE] wit
promuders of the early aurin genes bk GH, = L-.-.m-'.h
umlined with ather response ehemenits t fofm auwin
renprnee domaine {AuxitDa), For esample, the CHD g
privanasier o soybear s o iaimgpesied of three IFL!-I-,J"HirLH_-
prting AuxiiDs frach containing multiple Au s fEs) thai
crmiteibute iicrementally fo the strong aun rducindity of

Pl e

the prommester

Early Auxin Genes Are Regulated by Auxin
Response Factors
As el [:n-vllru:'||'.. early susin getwes are by defimition
insenaitivie o prodein synthesis inhibitors such as cyclo-
hewimide. Instead of being inhibited, the expression of
many of thie early suxin geves has been fownd to be st
ltead by cvelohersimide
! :pl'L||Ir'lel1I|||' sitirmulatiog of g CEpTESOn IS ST
Illh]w:] beaith by brarise :I'I.i:l!lh’".l] activation and by mEMA
atabviliration '1rJr|1.r:r:||:ll|-:|ru| activatunn of a gene by
irhabd o oo protein synihesis usially ol stes that the

prmae in being repressed by a short-lived nepressor protem

AAAAAAAAAAA N

=
-

o by a l"'HII'-i'rll"‘.l' pathway that involves & prodesn with & -
hgh turmevier rate

A family of auxin response factors (ARFs) function as ‘
transcriptiona] activators by binding to the sudn response g
element TGTCTC, which is present in the promoters of GH3 ‘
and athier eardy ouxcin response genes. Mutations in ARF
penes resull in severe developmental defects. To bind the et
AuxHE ':l.l:hlfr. ARFs must form dimers. Tt ] Flﬂpf‘ﬂ?d

—

that ARF dimers promote transcription by binding to two
AuxREs arranged ina palindrome (Ulmasov et al 1997)
Recent studies also indicate that proteins encoded by the

AUXAAA gene family (itsell one of the sarly auwin
response gene families) can inhibit the lnrm:rlpmn of
early auxin response genes by forming lnactive het-
erodimers with ARFs. These inactive heterodime s may act
to inhibit ARF-AuxRE binding, thereby blocking either
pee activation o repression. AL/ IAA proteins may thus
function as ARF imhibitors.

It is now believed that auin induces the transcription
of the early respanse genes by promoting the proteclytic
degradation of the inhibitory AUX/LAA proteins so that
active ARF dimers can form. The precise mechanism by
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il sl
i s
sny cral aied syithatic. Nelther inactive auxin analogs nof
s apiwiin imatalblies ane b amaported palacly, suggesting that
ki Lot {rvolves specific protein J arriers on the
Ll phivsima pembarane that can fes gz the hormone and its
n Wlie i v analogs
vl lwie vwonr b ool 1-||r-||_u-l4|. prlar duian prasport in stems
il anid Jeavies in e vascular parend iy tissue, L oleaptiles
LR UL (s Wlua il i ihat asipetal |Kll.-|f1l.!!1‘u|hl1’1
il ernirn pnalnly in Ty By s wlar thssues -'h'mru'm! !-ul.n'
prapspont i (e noob e s (fically associated with the wylern
¥ i |1,q|-.-4u-|1||-”1..|...r il sl (1Palme and Cililwoeller 19959). How-
Vi B ver e we ahall ses laler In thie chapteer, most of thae auxin
| na thal reaches the rool 1p s iranslicated via the phloem
(o ' A sinall amount of Dasipetal auxin transport from the
vl posind Ml bl been demonatraled. I malze moods, for
AU el radiolabeled IAA applied io the oot Hp I fraris-
i ported sipatally aboul 2 1o § mm (¥oung and I.T.l.'um
o 1), Banipetal auxin transport in thee roob oceurs in the
epicdirmmal anud cortical tinsues, and as we shall see, it plays
s a central pole in gravitropism.
wiggl : .
m:i- A Chemiosmotic Model Has Been Proposed to
i ~ Explain Polar Transport
M = The discovery of the chemiosmotic mecha pism of solute
Lt i ~ transport in thee late 196d0s (see Chapter £}
vl L cation of this model to polar auxin transport.
v L (e now generally accepted chemiosmotic model for polar
auxin transport, auxin uptake is driven by the proton
The motive force (AE + ApH) acrons the plasma HEver © g
bt while auxin efflux is driven by the membrane potential, AE.
1) (Proton motive force is dlescribed in more detail in Web
il Topic 6.3 and Chapter 7

el to the appli- bidopsis roots (Bennett et al, 1)
According to  mutants are agravitrapic,

brane, distributed around cells in

— S

Auxin: The Grawth Hormone a33

A crucial feature of the polar trafspon wrdel is that the
aumin elflux carriiers ans localized al the basal ends of the
comducting cells (Figure 19.13) The evidence for each step
i (i el s conmidered weparabely in the discumsbon that

fualbiviess

Auxiw frffux. The (irst step 16 poalar transport in auwsin
i, According o the model, auxdn can enter plant cells
from any direction by either ol twor pechsnis s

|, Passive diffusion of the protonated (IAAH] form
acroas the ph:-ip1uul:-pui bilayer

2, Secondary active transport of the dissociaied (LAAT)

form viaa ZH*-1AA symporief
The dual pathway of auxin uplike arises bucause e pas-
alve permeability of the membrane o auxin depends
strongly an the apaplastic pH

The undissociated form of indole-3-acetic ackd, In which
the carboxy] group ks protonated, is lipophilic and readily
Aiffuses pcross lipid bilayer membranes, In condrast, thiis dlis-
gociated form of auxin is negatively charged and thereton:
does not cross membranes unaided. Because the plasma
ernbrane Hr-ATPase normally misliaing the cell wall sals
i at absout pH 5, about hall of the ausdn (pk, = 4.75) n the
iy the undissociated form and will diffuse
T:.u.n.n-uln_.- across thie plaso mebrane down a concentra
tion gradient. Experimental suppart for pH-dependent, pas-

aive nudn uptake was first pnwi.dnl by ther demonstraticn

that LAA uptake by plant cells increases as e extrace] hular
pH is lowered from a neutral & a more ackdle value.

A carrier-mediated, secondary active uptake mechanisn
was shown 16 be saturable and specific for active auxiny
(Lomax 1986). In experiments in which the ApH and &
values of isolated membrane vesicles tram gucchin (Cucw
bita pepo) hypocotyls wene manipulated artificially, t
uptake of rad jolabeled auxin was shown to be shimulat
i the presence of a pH pradient, as in passive uptakee, b
also when the inside of the vesicle was ruspatively chary
relative to thie outsicle,

These and other experiments guggested  that
H*-1AA- symporter colransports two protons along w
the auwxin anian. This secondary active transport ol au
allpws for greater auxineaccumulation than simple i
gion does because it 18 driven across the membrane by
prokan motive orce,

A permease-type atl win upl
bacterial amino acid carriers,

apoplast will be

akie carrier, AUXL, rikate
has been identified in
The rools of

suggesting thal auxin infiu
limiting factor for gravitroplsm in rools. As predic

the chemiosmotic model, AUX1 appears to be unil
the polar transport jrant

(Marchant et al. 199, Thwis in general, the polarity ol
transport i governed by the efflux step rather th
influx step.
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FIGURE 1937  Evidence thal the laberal redistribution ol ausin in stimalalesd by uni
directional Tight in com colliophilis

o mormal leviels. This finding indicabes that both thwe per
coption of the grav itnthional sthomalies and the Tateral redis
tribution of auxin can occur in the tissues below the tip
although the tip s shll sequdnsd for auxin produstion

Lateral redistribution of auwdn in shoot apical merstems

i mone difficult to demonstrate than n coleoptiles bocaus
of the presence of leaves, In ecent years mislecular mark
ers have been widely used as reporier gemes o detect lat
eral auxin gradients in harzontally placed stoms and noots
In sovbean hypocotyls, gravilropism leads ko a rapid
asymmetry in the accumulation of a growp of audin-itm-
ulated mENAs called SAURs {emall ausin g peregulated
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Lpper half (right), (Photo ©M.B: Wilkins )

R AT (M Ture and Guilloyle 1989 In vertical el
SALTR e exgsresaion ks symmetrically distribated. Within
3 minutes after the seediing ks orented horizonially,
SALURs begin o accumulate on the lower hall of the
hypocoiyl, Under thiese condithons, pravitropee bemdimg

first ecomes evident after 45 minubes, well afler the indoc-
thom of the SAURs (se Web Topic 19,8}, The existende of
a lnteral gradient in SALIR gene expression is indinect evi-
dence for the existence
detectalle within 20 minubes of the gravitropic stimulus
A wrdll b discussed later in the chapter, the GHI gene
family ks also up-regulated within § minubes of auxin treat-
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Tawvis "-I'l'l.l'Hllh-h“ ikl e 1 oansd 2 s te (i
e iors v The Blve-Riggh mlgnaling prathway (s Wab
wnay 19.3) that induces phototmopie Beading in Arbdop
Ty pocotyln and oat codeaptiles undor botly high: wind
Jivise- Plonestiays cammnil it (14 (s et al, 201}

Phiastostrapdig wre aunbopbiospharylating peotein kinases
whimse activity is stimnilated by Dloe Dght, The action spss
iy o Bluegght activabion of i kiase activity closely
matclves ihe action specirum for phototoopism, el ing
the sultiple peaks in the Blue reglon. Fhatotropin ) il
plavs a lateral gradient in jrhosplio ylation durimg expis
wure 8o Dowe-Fluence undlateral blue Dight

According to the carment hypothesis, the pradlent in
frhastot popain 11lumpl1u wylation induces the maovenusnt o
ki 1o the shaded side of the coleoptile (see Web Toplc
19.7). Oice thee aixin noachies the shaded side of the tp, It
s tranwported basipetally o the elongation some, where |1
stimulates coll elongation. The aceeleration of growith on
the shiaidiecd siide and the glowing of growth on the illumi-
mated sicle (differentinl growth] give rise o ilw curvatiine
toward light (Figare 19.26)

Dot st of the Chiolodiy-Went maodel using the agar
Block /coleoptile curvature bloassay Im-.-fr sapparies the
msdel's prediction thaat awxin i coleoptile tps b Erams-
ported Iaterally in response to unilateral light (Flgure
19.27). The total amount of auxin cliffusing out of the p

(here exprossed s the angle of curvature) is the sane in the
presence of unilateral light as in darkness {compane Figure
!Wl?h and 1) This result indicates that light does not

iy AuEin| Ths Growikh Mormane LEN
__l
(Y
¥
'y filmdmel wida
£
i
E Ay
| | L
I:: Frets ligghtp
B 1 |
AR Irrscdiatod e
i i i : et
n J0 4 GO B 100 V@0

Thrwan (sl

FiGim vean Thirie comrse of groswi b on U Hluminated
Al sk miales of o ||1|'||-|-II'I|' n'n|h~m|m|'. Tir Mmool
puilmie ol ainkirectional Blus lght. Contml coleoptiles were
il g v s loghd broabived, (A Nes Dine amd Beiggs 19804.)

e the '|lh||i1||h"1I!n.|| o of auxin on the luminabed
b, i il bown proposed by sonw investigators

Cistimlatent wiily Both the Chnlodny=Weni |'|1|-p||!'|1r.-||.-u.
aeid the meidd growth hvpothesis, the apoplastic pl on the
whisidel ke of @ phototrapleally bending stem or coleop-
ihbe i o acicdie tham this sidie facing the Light 1Mll|.HE}' il
al. 19T}

Gravitroplsm Also Invelves Lateral Redistribution

of Ausin

When dark-grown Avenn seedlings ane oriented horizon-
tally, the colecptiles bend upward in response o gravity
Accarding to the Cholodny-Went model, auxin in a hori-
sontally orented coleaptile tip is transported laterally to
thae lowver sicle, causing the lower side of the coleoptile to
oo fagter than the upper slde. Barly experimental evi-
dhence indicated that the tp of the eoleoptile can perceive
gravity and redistribute suxin to the lower side. For exam-
phe, if coleoptile tips are oriented horizentally, a greater
amount of auxin diffuses from the lower half than the
uppet hall { Figgure 19.28).

Tissues below the Hp are able to respond o gravity as
well. For example, when vertically oriented malze coliop-
tiles are decapitatedd by removal of the upper 2 mum of the
tip and orlented horizontally, gravitropic bending occurs
al i o rote for severnl hours even without the tp Appli-
cation of TAA to the cul surface restanes the rate of bending

Alaalslatamp R e]

N




¢ fgrrth deie g

LT S —

i

Aifferrrve betw,

LA TSy .
YT —

wslng 1
i dasos syl
iR L]
dkiin

Latws gorvmath,
regand i
s grvieral agmee
v all e twril sy

idifies the Cell

rvih bvpelhesis
Ty T AN Al
froggent i in by
wight

ity i

grovwth hvpaolh

ek -ferm
abwabed by
1l

i e irisiemn
s Gk
iy vt

duiond grovih

sy [th L]

b laction”

i, Acwds
« ini e gnmi'n
Aunan st
100 g 15 e
kanwtics (g

i e ik
he has beett
rrukates both
¢ iy sbesm il
firally, wisll
en ifenfinl
e ([ Chaf*
cnll walls by
p-h'u.l-n'h-l

s

L1

anl
Laa gt
st
asf
|
] f .
m @ -
Visnm [rivsemimat
AN VRN Kl 1 by

T il
vaRe I Bt by

1 e wkle ol

wiiedy @i B
wala il Ray 197

tivation amd Synthes

hvisare, ik vl

[l P TTEES TR L

Aitivalne ol s wialbig jrlasina TRRILLE

AT =

7 Srviieesis of pewr H T T s

thee jrlasina TR

H* - A TTase activafion. When auxin
wam adidand directly he wnlatend planma
mepliane veskclem (nom ki vl

a mnall stabation (alwai ) o v
ATT drvem prlin:Puainjping st i
wan obseromd, suggesting At Anan

Jirecily activats the H*-ATPase A

w alown) 4% wan
|s wrwrr Fiviend
¢ ey

greater stimiilatis
F twrved i the Niving ool
with 1AM just beloie th
e slatecd, wuggesting tht & oelbin
lar facthor is albso reguinsd (Pettieer amal
Rassigrmol 14880

Albhaugh an avndn FEEpoe s irwsl
s L pdentifiesd gas
Chapherl, variss

F— L
Rits) have

ausin-hinading prodeins [

el ton e aciival
ansl aaniE

I 1024
HE AT e by ADD,

i (B vt i ey

iy -Invdliced Proton Extruvion May iwabve Both

OuTHEE

alyte

oy o W plasma il

L

yyiwiry Ve Gt W

Wipaily an AR fosn v WMl e s e

Vorwm 1 ks shaevbipare 11 - AN Vams sl
i ih ke | - i AP o] B | s ol

A Wi TAA is alsand, K achvity ol e 10

iw al By U by A iyl o ihe
i v d ary Ik, Vhee sabaly AR i ik
[ERNRTIT vtk e N1 AT vty vhe
L g wilw wistertiores wilh th

woal wiosked a 1he

v oeapladiving e belbadag

v tlniy ol AT, b

ablity o protasinn aymihosis

i -ATPass systhenin, Th
T — o —r ey ey g e )RR L
Al s il magger=te thit &

iyl pracsh sl
vinlabe privloey o g Iy i

T AT T Ay i vt UA U it
w AT T 1 oy sl kil s ki
bt iy 5 ey ol Sunan tredtmed
w eyl allleet 440

wislak ko o

AT
& Vupethodid wh
B e v e vieiaairah
SRR L L
ool aTvatin e vl
1 R LELE

iibew Akt

RPN s e 1N

Wyl

inin

Do Tt b by aiwd
KTTase. Pigare TRES simmanes

TRCE LILRTE R a et

TCLRLLTTT

puis ol i I

AT Pass

MNP, ik P AR banding ey o WA
1 ATPase i [ b el W
o wie cOITAMESRY e
b it rhp BT
APy ABF willh W AT
el TR wbuley
A anhalbrty camui, Thedt
iy ol PRI o
R P et
PR TR
wearw (TN ‘:'J_Y"




wl
. b i
i
. \ 1LY 1
" " "
b il i % Yo il i
= % L
f n ) 1 i |
g L gl LR
" W g e W RN ks | b
L= o, L by L b By PideR DRk g0l

iy e s e P b LRaid LR
. U L ooillasy bl iy vl ally
P Dasal vomd of eanch covdl Thwe iepselibina
Iy I i il

Lo gtinios b e apioad ol ol bhee oyl

i b

Y LT et BEvdin M baiss ol
oA 5 s

s L o el st By e

AN ol bronsgsort elbect A fanaly ol

LR L TYE AT 1 T

FI™ povinvas (i

WP Ry as

sictand alter thw b shaguad

EravTRs Boruesd By e pein ) LR BT

LT T N —— [T

e PN A e Jocaliosd
ey A w ol would pescior—that

ek wrals o e ,p“.\_h.,.h".\,.-_ vells
Ll T T

i

FIGURE 1994 1V pini ] mvastas

h..f-i.[-;- i LA anal balicstion o

"N Jrrcitenn 4l e bvanail st i

L LT T T [T S | ——
¥ L) (e il
Latblwriler anal b 1Palivw




Statoiity

FIGUNE 1990

J1'n|||||.;|-|||q|

Endaplatmic reticulum

Recently Andrew Stachelin and colleagues proposed g
new miode| Iurgrm'irrnpmm, cille

i the tensegrity mode|
(Yoder et a| 2001). Tensegrity is an architectural term—;

contraction of tensiomg) I rEiY— oy by the innovatiye
architect R. Buckminster Fuller. In essence, fereseyrity relors
o structural integrity created by interactive tension
between the strictural campanents. In this case thi-girye.
tiural companents consisi of the meshwork of aetin micro
filaments that form part of the cytoskeleton of tlye cenitral
columella cells of the root cap. The actin network i
assumed to be anchored g Streteh-activated recephors on
the plasma membrane. Stretch receptos in animal oells ano
typically mechanpsensitiye ion channels, and streteh-acti-
Vated calcium channels haye been demonstrated i plants,
According to the tensegrity model, sedimentation of the
statoliths through the e¥tosol locally disrupts the actin
meshwork, changing the distribution of tension Fraumsmif-
ted to calcium channels on the plasma membrane, thus
ul!urfng their activities Yoder and eolleagies (2000 have
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o iding a Signal for e direction

Girarmity perception withoyp stitoliths?® An

alteimative
mechanizm o Bravity

Pereption that dies nok vl o il
toliths has been Proposed for the giant-cellod Freahiwabes
alga Chara, See Web Topic 19.8 jor details

Auxin Is Redistributed Laterally in the Root Cap

In addlithon o lunctioning 1o Probect thie sensliive cells of

the apical mettatem as the Hp penetratos the soll, the ot
Cap 18 the site of gravity perception. Decause the cap bs
same distance away fiom the chngation zone where bend:

Ing occurs, a chemica) messenger s presumed o be

invalved in crmmanication betwyen i cap and the elon
Hation zooe, Microsurgery experiments in which half of the
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Auxin: The Growth Hormone

PVEE FORAE ANTY PURNGTH N of maltisliular organisen wosild red b
pomsibde withesst effictent comminlalion smong colle. Vimsies  arul
vrgparss D Dl planis g ulation anad vomitibigsatiams ool metabailism,
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e i o oy el Wasl o Buanis al svurmsriiggeis iy rowymawibile lon the hor
pabionn ainad gromth ol diflerent plant ongans Pl b wiagpested that
onwrail fatoss sasly as gray ity ooubd alfent the distribnaticon of e T
shanwws wilhin a plant Adtbomigh Seaibu ik et o ihe idendity of
[T ———pe———— (TR T TR BT L veriluial iis s svery

Belainy oo wmit ourmeni coiwepris alw st it el lialar commmurieation in
jrlarsts have bty abonivend B siinilan studbion i animals. In animals the
chwmiial messeigers that mediate irteielluilar communication ame
calhed hrmanes. Hormones inierst with specific ceflular proteins called

revepirE

Muowi aniimal hormiones are synthesized and secreted in one part of
thee by andl ane tranwhorred o spesciflc target siles in anoiher part of the
Iwxdy via the bloodatream. Aninal hormmones all indo four general cate-

small pephides, amino acid derivatives, and sterids

Plants also produce signaling mobecules, called hormoies, that have
profound effects on development at vanishingly low Comeenirathons.
Until quite revently, plant develupment was Hustaght to be reyulated by
only five types of hormones. auxing, pibberelline, cytokinins, sthylene,
and abacinic acid. However, there is now compelling evidence for the
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pathogens and defense against herbivores have also been identified,
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signaling agents in plants keep expanding.
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apical dominanee, Remnewal oof gy B e (o Apitation)
usually resuits in the groveth of ane or more of the laters)]
buds, Nt leryg atesr thye discoviry of kI, 0w fonmd

TAA could substit e bor the apical bud i miadntaining the

inhibition of lateral byl of Bein (Plusefis tilgirria) planty

This classic experiment i Mastrated in Figune 19,35

This resull was soon confirmed for numeroys o hiss
Plant speciis, leading to the Bypathenis that the Oulgrowth
of the axillary bud js inhibited by auxin that g transporied
basipetally from the apical bud. In sy port of thin idea,
ring of the awxin transport inhibitor TIBA in lanolin pravsile
(a5 a carrier) placed below the shoot Apex released Hw gyl
lary buds from inhibition,
How does auxin from the shoot apex inhibit the growih
of lateral buds? Kenneth V Thimann and Falke Sk W ol
inally proposed that ausin fn i the shoot apes inhibits the
growth of the axillary bud directly—the so-callisd disert
irthbition model, According to the model, the optimal auxin
concentration for bud growth is low, much lower than the
ALXIN concentration normally found in the stem, The level
of auxin normally present in the stem was thought (o
inhibit the growth of lateral buds,

If the direct-inhibition mode of apical dominance is cor-
rect, the concentration of auxin in the axillary bud should
decrease following deca pitation of the shoot 4 pex. How-
ever the reverse appears to be true. This was demonstrated
with transgenic plants that contained the meporter genes for
bacterial luciferase (LLIXA and LUXB) under the control of

LT

AN ausin-responsive Promoler I'I-:h,,;rnd,qr et al. |9ey
Theser feparter genes alliwesd researchiors bo study the beved
of auxin in differe timsiies by momnitoring the amount of
lgghe emitoed by thes Jug ilerase—ataly zed reaction,

When these transgenic plants wers decapitated, the
Expression of the LIy BETES Increased in and around the
axillary buds within 12 hoyrs This EXperiment indicated
that alter de Apitation, the auxin congen of the axillary
by frersaay rither than d Temnd

Chirect physieal Measurements of auxin levels in buds
have also shown AN Increase in the auxin of the axillary
Buds after decapitation, The IAA concentration in the axil-
lary bud of Phaseolys ttlgaris (kidne ' bean) increased five
fold within 4 hivuars after decapitation (Gocal et al. 1991
These and other sirnilar results make i unlikely that ausin
from the shoot apex inhibity the axillary bud directly

Chhier hormones, sych as cytokinins and ABA, may be
involved, Dirset application of Cytokinins to axillary buds
stimulates bud growth in many species, overriding the
inhibitory effect of the shoot AP Auxin makes phe shoot
apex a sink for eytokinin synthesized in the root, and this
may be one of the factors involved in apical dominance
(see Web Topic 19,1 o).

Finally, ABA has been found in dormant Lateral buds 1
intact plants. When the shoot apex is removed. the ABA
bevels in the lateral buds decrease. High levels of IAA in the
shoot may help keep ABA levels high tn the lateral buds
Removing the APex removes a major source of IAA. which
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