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O 17.2 Abscisic acid

fRe B-inhibitor

y 1960s, US scientists isolated an abscission-accelerating compo
hirsutum fruits and simultaneously researck

alled “dormin.”




2.1 Contrary to its name, ABA does not induce
abscission

As its name indicates, ABA was originally thought to induce abscission, however, abscissi

y ethylene rather than ABA.

ernal concentrations of ABA are unlikely to impose dormanc

iduous trees.




FIGURE 17.15 Precocious germination (vivipary) of immature

Z. mays seeds homozygous for vpl. The color-less vp1l kernels lack
anthocyanins in the aleurone layer, and germinate before maturity
because of ABA insensitivity. The seed is viable if transplanted
directly from immature ears.

Source: S. McCormick, University of California, Berkeley;
previously unpublished.




FIGURE 17.16 ABA-induced stomatal closure. Epidermal sirips of Commelina communis L. incubated in buffer (10 mM Pipes, pH 6.8)
containing 50 mM KCI and supplied with CO -free air. The stomata are open after two fo three hours (A). When transferred to the same solution

Plus 10 uM ABA, the pores close within 10 to 30 minutes (B).
Source: ]. Weyers, University of Dundee, UK; previously unpublished.




Effects

Stomatal closure

bits shoot growth

e effect of gibberellin




2.2 Many fungi, including fungal pathogens of the genera
Cercospora and Botrytis, synthesize ABA from farnesyl
diphosphate

the early 1970s, two pathways leading to ABA had been proposed. The “direct C
aged ABA production from the C,; precursor farnesyl diphosphate, while the “ - 1/- <@ =
ostulated oxidative cleavage of a putative C,, intermediate, such as - - <0

Cis




Isopentenyl diphosphate

all-trans-Violaxanthin (Cyg)

FIGURE 17.17 Summary of two possible ABA biosynthetic routes. In the direct C . pathway, farnesyl diphosphate is modified to yield ABA.
Alternatively, in the indirect € pathway, a carofenoid, 9-cis-violaxanthin, is cleaved fo form a C  ABA precursor, xanthoxin.
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FIGURE 17.6 Terpenoid biosynthesis pathway, showing Bosynthetic origins of GAs as well as CKs, BRs, and ABA.




2.3 Gas chromatography—mass spectrometry showed that p

synthesize ABA from a C,, precursor

periments with mutants and with inhibitors of carotene synthesis were keys to under:
3A biosynthesis.

idence that C.« xanthophylls are intermediates in ABA biosynthesis was ob
1'-deoxy-ABA v
ABA was synthesized fro e 1" and 4’ positions.
-, with **O, cleaving violaxanthin to form xanthoxin labeled

at the 1-CHO group, followed by oxidation of the labeled xanthoxin to yield ABA with one 8O atom in
the carboxyl group.




1-Deoxy ABA ABA

all-trans-Violaxanthin (Cug)

|

FIGURE 17.20 Lsofopic labeling experiments confirmed the existence of an indirect C, plant ABA biosynthetic pathway. GC-MS revealed that
ABA synthesized by plant tissues in the presence of O, was not labeled at the 1'-hydroxyl group, as would be expected if ABA were generated
directly from 1'-deoxy-ABA (A). However, the appearance of label in the ABA carboxyl group was consistent with oxidative cleavage of

all-trans-violaxanthin and subsequent conversion of xanthoxin fo ABA (B).




2.4 ABA synthesis is regulated by a cleavage
reaction that generates the first C, . intermediate

Many ABA-deficient viviparous (vp) mutants of Z. mays are blocked at various points in t

otenoid biosynthesis pathways.

GGDP sive condensations with

isopenten yound GGDP.

e of GGDP deficiency, seedlings of the vp12 mutant ha

nthesis of carotenoids and ABA.
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The first committed step in the ABA biosynthesis pathway, oxidative cleavage of

and /or - , Yields the first C15 intermediate,

9-cis-epoxycarotenoid dioxygenase that catalyzes this conversion, is encc
tigene family.

oxycarotenoid dioxygenase encoded by AtINCED3 gene is responsible for AB/

CED9 gene products are involved in ABA producti




® FIGURE 17.21 Later stages in the indirect C40 ABA
biosynthesis pathway: B-carotene to ABA. Biosynthetic steps
blocked in the following mutants are indicated. Arabidopsis
mutants: aao3, abal, aba?2, aba3, aba4; H. vulgare: nar2a;
S. lycopersicum mutants: flacca, notabilis, sitiens; N.
plumbaginifolia mutants: abal*, aba2*; Z. mays mutant:

vpl4




e are many mutants defective in conversion of abscisic aldehyde

oroduce ABA from xanthoxin via ab:

onset of water stress




2.5 ABA is metabolized to several compounds, including
phaseic acid, dihydrophaseic acid, and glucose conjugate

main route hydroxylation 8' carbon of the
acid and

er
~ | alternative routes 7'- and 9'-
® hydroxy-AE

glucosyl ester glucoside
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FIGURE 17.22 ABA metabolism pathways. The major route proceeds by way of 8 -hydroxy ABA, which is rapidly converted to phaseic acid; this
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17.3 Cytokinins

The discovery of CKs has its roots in the 1930s quest for chemical factors that would allow the culturing
tissues in synthetic media.

In the 1950s, a substance that strongly stimulated cell proliferation in Nicotiana tabacum tissue cult
purified and crystallized from autoclaved herring sperm DNA extracts. This growth-stimulati
6-furfuryl aminopurine was named

has not been found in living plants and is believed to be an artificial by-product of D

ombination with auxin, was found to promote the initiation and maintenance of

o | | || /\‘/)\/OH
HN - HMN
N N
oy T
Kinetin trans-Zeatin (tZ)

FIGURE 17.23 CK structures. The first CK identified was the synthefic
compound Kinefin. The first plant CK isolated was trans-Zeatin.



®* Usage of the term “cytokinins” for kinetin-like compounds was defined as a

FIGURE 17.24 Arabidopsis callus production

is induced by auxin (IBA) and CK (iZ). Callus
subcultured on auxin medium produces only roots
(left); but on medium containing a high ratio of CK
to auxin produces shoots (right).

Source: T. Kakimoto, Osaka University, Japan;
previously unpublished.



® Effects

‘/Cell division
‘/Morphogenesis
‘/Grow’rh of lateral buds

v Leaf expansion

yenescence

opening
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3.1 Structural variations occur in the side chains of CKs

the common
orms include denine),

tra

al, and  are active, and their derivatives are abundant, but the
by

®clis and re more stable use of its low affinity for CKX.

® DZ appears to be biologically - because of its to CKX and is generally

except for some legumes.




Isoprenoid
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FIGURE 17.25 Structures of naturally occurring CKs. In general, isoprenoid CKs are in greater abundance than aromatic CKs. Aromatic CKs
have been described in only some plant species. Benzyladenine is found in P. patens.




3.2 CKs are present as conjugates

CKs are present in plants as , and conjug

® Glucosy of CK occurs at the N3, N7, or N9-positions of the purine moiet

. e« . of CK have also been isolated from some © Lupinic acid,

which was first found in lupine s ugate of 1Z.
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FIGURE 17.27 Struchures of amino acid CK conjugates. Discadenine
is owly found in slime molds,




3.3 The initial step of isoprenoid CK biosynthesis is catalyzec

) |

. nosine phosphate-isopentenyltransferase (

major i nucleotide and
allyl diphosphate (DMAPP),

saction requires a , such as Mg2+. Plant IPTs predominc

adenosine phosphate-isopentenyltrc

as a prenyl-acceptor.

Prenylation is the covalent attachment of a lipid consisting of either three (farnesyl) or four (geranylgeranyl) isoprene units to a free thiol of a cysteine
side chain at or near the C-terminus of a protein.

Prenylation is the addition of hydrophobic molecules to a protein or chemical compound. It is usually assumed that prenyl groups facilitate attachment
to cell membranes.



3.4 trans-Hydroxylation in tZ biosynthesis is catalyzed by @
O

CYP450 monooxygenase

Arabidopsis the trans-hydroxylation of the prenyl side chain in tZ biosyr
alyzed by CYP450 monooxygenases and

® Expre: self and

downreg
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FIGURE 17.28 Plamt CK de novo biosyrihesis pathway. Plart IPTs preferably utilize ATP or ADP as isoprencid accepiors to form iPRTP
and iPRDP respectively. CYP735A preferentially utilizes iPRMP and iPRDP as substrafe. Synthetic route indicated by gray arrows are not
well characterized at the genetic level For emzymes involved in the two-slep pathway, see Fig. 17.33. P, phosphaie group. Me (IT), a divalent
metal ion.
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23.5 There are two pathways for formation of active CKs

6 LONELY GUY catalyzes the direct activation pathway

Agrobacterium IPT has distinct substrate specificity

FIGURE 17.29 Three-month-old crown gall tumor on a Rosa spp.
stem inoculated with wild-type Agrobacterium tumefaciens.




Some plant pathogenic bacteria utilize CKs to influence plant growth. Agrobacterium tumefaciens infects
eudicots as well as some monocots and induces the

» A. tumefaciens integrats the T-DNA (Transfer-DNA) region of the into the plant

nuclear genome.
commonly contain an
> contain gene in a region that is not transferred tc
[\ and are structurally related to higher plant
> Tmr Tzs ilize substrates to produce  and

>Agrobacferium IPTs synthesize t directly




3.8 Agrobacterium IPT creates a bypass of direct tZ-type CK
synthesis in host plastids

In Agrobacterium-infected plant cells, and , encoded on the T-DNA,
, respectively, resulting in hypertrophic and hyperplast
yrowth.

- | -overexpressing transgenic plants almost exclusively contain -type CK

- | is targeted to and functions in plastids of infected host plant cell

ma, allows the cell to synthesize from HMBD

2d hydroxylation.

A. tumefacie -- large amounts of tZ induce
gall formation




3.9 Structural studies reveal the molecular mechanism of the initial step in CK

biosynthesis

3.10 CKs are also produced through degradation of tRNA

n addition to nucleotide by , plants can produce CK tf
dec
Organ plants, contain pr

a subset of tRNA species.

cZR) tZR
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FIGURE 17.32 CK production by tRNA degradation. tRNA-IPT confupates DMAPP to adenine in a subset of tRNA species. Further modification
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3.11 The initial step of CK biosynthesis occurs in multiple subcellular compart
using DMAPP from different origins

is prOduced fhrOUgh the MEP (The non-mevalonate pcﬁhwqy) and alonate

Js, and the

athway in the cytosol of eukaryotes

of , an inhibitor of the MVA pc

> CK accumulation in tobc

MVA pathway can be the predominant origin of
tZ-type CKs.
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3.12 tZ can be converted to DZ and cZ
O

b

®°n ad

isomerizc

nucleobase, nucleoside




3.14 Degradation by CKX plays a key role in regulating
cytokinin activity

n addition to biosynthesis and activation, deactivation is an important step
ontrolling active CK levels.

mediates irreversible CK degradation of an
unsaturo

aturally occurring CKs, glucosides, and
N-alanyl conjugate ally CKX has a higher
affinity for ', 7/, and the i
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FIGURE 17.34 CEX removes the side chain from CK molecules. CRX catalyzes the oxidation of the secondary amine group en the side-chain of
the adenine ring. The resulting imine prodect is nonenzymatically hydrolyzed, producing aderine and an aldehyde.




| FIGURE 17.35 Opposite phemotypes
resulting from reduction of CKs in

M. tabacum shoof and root. (A) Shoot
phenotype of wild-type (WT) amnd
iranspenic lines overexpressing hwoe
differemt constructs of the Arabidopsis
CEX genes: AtCKX] and AtCEX2. (B)
Roof phenotype of WT and AtCEX1.

(C), (D) Root apices of WT and AWCEX1
staimed with DAPL (E, F) Longitudinal
section through shoof apical meristem
(SAM) of WT and ACKX1. The SAM is
reduced in CK-deficient plamts (AWCEX1)
RM, root meristern; P leaf primordia. Bar
represents 100 gm.
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Reduction of CKX2 expression by natural variation increases CK levels in O. sativa (Fig. 17.36), indicating that control of

CK activity in shoot apical meristems at the degradation step is mportant for agricultural productivity

FIGURE 17.36 . sativa CKX gene medalion incredases grain

number. Pamicles of Koshikikari {left) and Habataki (right). Natural
variations within the Habalaki CKX2 gene reduce expression levels in
shoot meristems, resulting in increased grain mimbers.,

SN |




3.15 Local CK metabolism plays an important role for regulating

apical dominance

The mutual regulation of and plays a central role in the control of
S and (Fig. 17.37).

atory system consists of the auxin-dependent expression of and

sport, and by auxin.




Intact plant After decapitation Axillary bud outgrowth FIGURE 17.37 A model of the interactions
between auxin and CKs in controlling apical
l dominance. In an intact plant, auxin derived
PIN-on from the shoot apex maintains PIN1 and
IAA CKX expression and represses IPT expression. )
' PIN: on l PIN: off Since CK level is kept lower, axillary bud

outgrowth does not occur. After decapitation
O W, B— .

(1 day after decapitation in photo), the auxin
/ / level in the stem decreases, resulting in the
CKX: on CKX: off CK CKX: on release of repression of IPT expression and
IPT: off 1 IPT: on IPT: off 1 down-regulation of CKX and PIN1 expres-

PIN: on sion. The de novo synthesized CK in the stem

is transported into dormant axillary buds and
initiates their outgrowth. After axillary bud
O Days after decapitation outgrowth (2 day and after in photo), de novo
synthesized IAA from the new shoot apex
Intact 1 2 3 4 again represses IPT expression and induces
CKX and PINL. D




4 Auxins

v During the 19th century, studied the geotropic responses of plants.
investigated phototropism as well as geotropism.

v These investigations laid the groundwork for , who in 1926 obtained fror

oleoptiles a diffusible growth- promoting factor subsequently named *

e primary auxin present in most plants was eventually identified as 3-acetic acid

(IAA).

v'Indole-3-b : , and icetic acid
rally occurring auxins.

, : acid (2,4-D) naphthalene-1-aceti
acid (NAA)




N
H

Indole-3-acetic acid Indole-3-butyric acid 4-Chloroindole-3-acetic acid
(IAA) (IBA)

CH,COOH CH,COOH

Phenylacetic acid 2.4-Dichlorophenoxyacetic acid Naphthalene-1-acetic acid
(2,4-D) (NAA)

FIGURE 17.38 Structures of auxins. IAA is the most widely distributed plant auxin. IBA, 4-chloroindole-3-acetic acid, and phenylacetic acid also
naturally occur, but are less prevalent. 2,4-D and NAA are synthetic auxins.




® Fffects
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** Cell division
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** Vascular tissue
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#* Root initiation
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** Tropistic responses
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*°* Apical dominance
*?Leaf senescence
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and growth




The auxin activity in plants is primarily regulated by control of IAA content via several processes:

® de novo biosynthesis,
® inactivation by various conjugation

® catabolic pathways.
There are two de novo IAA biosynthesis pathways:
e of which is dependent on the amino acid precursor I-tryptophan

independent,

njugates also releases active auxin.




i

4.1 Multiple routes are employed in the L-Trp-dependent auxin Biosynthesis

In plants, multiple routes have been identified in |-Trp dependent IAA biosynthesis:

Indole-
Flavin-contc

® Tryptamine is produce arboxylase. Tryptamine is
then converted to indole-




L-Tryptophan
CYPTEEZ
Tryptophan Tryptophan e
‘decarbonylass aminotransfarase

FIGURE 17.39 L-Trp-dependent quuin biosynihests patfway. Blie arrows indloale metabolic pathway shared with gilecostnolate biosynthesis.



® IBA has been found in a number of plants. It has auxin activity and is used to

induce root formation on cuttings.

® |AA is converted to IBA in Z. mays and Arabidopsis.

BA synthase uses acetyl-CoA and ATP as cofactors.

BA is conjugated rapidly by plants.




4.2 YUCCAs play a key role in auxin biosynthesis and plant development

¢
o O ® several lines of evidence from studies on gain of function and loss-of-function mutants demo

O a key role for YUCCAs in auxin biosynthesis.

® YUCCA is encoded by a small multigene family, members of which are differentially e
according to tissue.

axpression of YUCCAs is temporally and spatially restricted and they are e

escence apices, cotyledon tips in mature embryos, stamen, pollen,

osynthesis mediated by YUCCA has a crucial role in
-

and vascular tissue




i

4.3 |AA biosynthesis pathway is shared with glucosinolate biosynthesis pathwa

in a few plant families

4.4 TAAls also play a role in auxin biosynthesis and plant development ¢

are required for shade avoidance

ification of genes for Trp aminotransferase (TAA1) in Arabidopsis revealed that biosynthesis

via indo is involved in shade avoidance responses and in ethylene—c

nts of family of genes show severe auxin related phenotype

ure organization, and shoot and flower developmen
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4.5 Tryptophan-independent IAA biosynthesis was demonstrated, but the

biological importance remains unclear

vidence for IAA biosynthesis independent of |-Trp has been obtained with the orange pericarp (org

tant of Z. mays.

he orp mutant contain increased concentrations of , anthrani

apacity for I-Trp synthesis, orp mutants are rich in

one-seventh
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4.6 Several pathways for IAA conjugation and catabolism have been elucidate

IAA catabolism results in loss of auxin activity and irreversibly decreases the size of the IAA pool.

pathways,

er case can involve

of IAA sometimes involves reactions.




For many years, the catabolism

to represent the pathway in plant
tissues. However, evidence obtained with Z. mays, tomato and
pea indicates that peroxidases have only a minor role in the

regulation of endogenous IAA pools. IAA—amino acid

conjugates that were once perceived as storage products have

been identified as intermediates in nondecarboxylative

catabolic pathways that deactivate IAA irreversibly.

e
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4.7 |IAA ester conjugates serve as storage products in Z. mays seeds

The , including ylation or ylation of the 1’ carbo
N-glycosylation of the indole ring, and sylation of either the 3 or 7 gr

appear to permanently deactivate IAA.

ylation of the 1’ is typically reversible, so IAA—ester conjugates

age products.

. of germination, the Z. mays embryo derives most of its A/

olyzable IAA conjugates declines as the seedlin




4.8 Amino acid conjugation of IAA is catalyzed by enzymes of the GH3 family

and together with IAA-amido hydrolases are involved in IAA homeostasis

A subset of GH3 family proteins as IAA-amido synthetase, which catalyzes amino acid

onjugation of IAA in the presence of ATP and Mg2+.

H3.6 and GH3.17 conjugate various |-amino acids, such as p, I-Glu, I-Met,

I-Tyr A in vitro, and can utilize yric acid, phenyl

acetic acid, nap as substrates.
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@ 4.9 Some bacterial pathogens encode novel IAA synthesis and conjugation

pathways

ome bacterial enzymes catalyze the production of plant hormones. The enhanced synthesis of
nefaciens-induced galls and tumors results from expression of two bacterial genes that are trar
ant when the T-DNA integrates into the host genome. These genes are associated

rp-dependent pathway to |AA.
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4.10 Transgenic plants expressing IAA biosynthesis genes have been used to
study the effects of excess amounts of endogenous IAA

® when IAA production is enhanced, conjugation appears to play a key ro
regulating the size of the endogenous IAA pool and maintaining an «

- normal phenotype.

ations of IAA are typically accompanied by an increase
it was not initially possible to determine

duction were a direct res




excess adventi

increased phloem and

excess lignification,

leaf epinasty,

and abnormal flower prOdUCTlon FIGURE 17.47 FEight-week-old tobacco plants, N. tabacum cv. Petif
Havana SRI: wild-type plant (left}; IAA-overproducing plani ex-
pressing A tumefaciens izaaH and iaaM genes under the comtrol of
the CaMV 358 promoter {righi). Note the severe stunting associated
with production of IAA at about 500% of wild-type concentrations.
Source: Adapted from Nilsson et al. (1993). Plant J. 3:681-£89,




Ethylene

| - Ethylene

The phenotype of the Samsun double-transformants, in
which IAA overproduction is not accompanied by increased
ethylene biosynthesis, shows that apical dominance and leaf

epinasty are controlled primarily by IAA, whereas reduced
stem elongation is an indirect consequence of high ethylene
concentrations

FIGURE 17.48 Uncoupting of awxdhr and etfopens efects in cighi-
week-old transgenic N. tshacum ov. Samsun. (Left) An ethylene
deficiews plawt expressing a Pseudomonas ACC dearmimase gene
inider the control of the figwort mosaic virus 195 promoter. The
phenotype is indistinguishable from wild-type plants. (Middle) A doubie
iransformant with increased IAA content and decreased etfrplene
production. (Right} An IAA-overproducer expressing the A. amefaciens
iaaM geme under the conirol of the CaMV 355 promater. The phenoiype
indicates that apical dominance and leaf epinasty are primarily
confrolled by IAA, whereas athylene is parfially responsible for the
imhibition of stem elongation observed i IAA-overproducing plamis.
Source: Romano et al. {1993). Plant Cell 5:181-189.




4.11 GAs increase |IAA pools, whereas CKs may down-regulate |IAA synthesis

and turnover

Application of GA3 to Little Marvel dwarf pea seedlings enhances shoot growth with a concomitant
eightfold increase in IAA content of elongating tissues. Conversely, the size of the endogenous IAA p

educed in the Alaska pea seedlings dwarfed by treatment with uniconazole.

to GA3, CK reduce the size of endogenous IAA pools. Transgenic tobacco
iens ipt gene overproduce CKs. Compared with wild-type plants, the

oncentrations of free IAA and in most cases IAA conjugate




