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Abstract:

Extensive use of the auxinic herbicide dicamba (3,6-dichloro-2-methoxybenzoic acid) in Montana grain
production systems has selected for biotypes of Kochia scoparia that are insensitive to the herbicide.
Dicamba is thought to induce the same physiological responses as the natural phytohormone auxin
(indole-3-acetic acid), including changes in gene expression that may be involved in growth and
developmental responses. Since the mechanism of dicamba resistance in K. scoparia is currently
unknown, differential mRNA display techniques were conducted to compare patterns of
dicamba-induced gene expression in resistant (R) and susceptible (S) biotypes. Examination of >80,000
mRNA fragments showed that changes in mRNA abundance occurred within minutes after dicamba
treatment, and most changes were similar in R and S plants. From 106 cDNAs isolated, sequenced, and
used as probes on northern blots, 14 represented mRNAs whose abundance changed after dicamba
treatment. Of these 14 cDNAs, four were repressed similarly in R and S, two were similarly induced,
and eight responded differentially to dicamba treatment in R and S. Eight cDNAs were assigned
putative functions based on DNA or deduced amino acid sequence similarities to known genes, and
included enzymes involved in basic carbon metabolism, cellular chloride uptake, photosynthesis,
initiation of protein synthesis, synthesis and degradation of cell wall material, and a protein with a
chaperone function. A partial cDNA encoding choline monooxygenase (CMO), an enzyme involved in
the biosynthesis of the osmoprotectant glycine betaine (GB), was chosen for more detailed study.
Characterization of expression patterns indicated that levels of CMO mRNA were increased by osmotic
stress but rapidly declined after dicamba treatment. Levels of the CMO enzyme and GB were similarly
reduced in R and S plants following dicamba treatment. However, R and S plants prestressed with
NaClI showed differential CMO response after dicamba treatment, likely indicating a fundamental
difference in dicamba translocation, perception, or signal transduction between the two biotypes. This
research demonstrates that differential display is a useful technique for discovering changes in gene
expression that may be initially involved in basic plant responses.
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ABSTRACT

Extensive use of the auxinic herbicide dicamba (3,6-dichloro-2-

- methoxybenzoic acid) in Montana grain production systems has selected for
biotypes of Kochia scoparia that are insensitive to the herbicide. Dicamba is
thought to induce the same physiological responses as the natural
phytohormone auxin (indole-3-acetic acid), including changes in gene expression
that may be involved in growth and developmental responses. Since the
mechanism of dicamba resistance in K. scopatria is currently unknown,

. differential mMRNA display techniques were conducted to compare patterns of
dicamba-induced gene expression in resistant (R) and susceptible (S) biotypes.
Examination of >80,000 mRNA fragments showed that changes in mRNA
abundance occurred within minutes after dicamba treatment, and most changes
were similar in R and S plants. From 106 cDNAs isolated, sequenced, and used
as probes on northern blots, 14 represented mRNAs whose abundance changed
after dicamba treatment. Of these 14 cDNAs, four were repressed similarly in R
and S, two were similarly induced, and eight responded differentially to dicamba
treatment in R and S. Eight cDNAs were assigned putative functions based on
DNA or-.deduced amino acid sequence similarities to known genes, and included
enzymes involved in basic carbon metabolism, cellular chloride uptake, ,
photosynthesis, initiation of protein synthesis, synthesis and degradation of cell
wall material, and a protein with a chaperone function. A partial cDNA encoding
choline monooxygenase (CMO), an enzyme involved in the biosynthesis of the
osmoprotectant glycine betaine (GB), was chosen for more detailed study.
Characterization of expression patterns indicated that levels of CMO mRNA were
increased by osmotic stress but rapidly declined after dicamba treatment. Levels
of the CMO enzyme and GB were similarly reduced in R and S plants following
dicamba treatment. However, R and S plants prestressed with NaCl showed
differential CMO response after dicamba treatment, likely indicating a
fundamental difference in dicamba translocation, perception, or signal
transduction between the two biotypes. This research demonstrates that
differential display is a useful technique for discovering changes in gene
expression that may be initially involved in basic plant responses. ‘
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CHAPTER 1

INTRODUCTION

Since the introduction of 2,4-D (2,4-diéhlorophenoxyacetic acid) in 1952,
selective herbicides have been an integral part of modern agriculture, and are
used in essentially all non-organic cropping systems to help ameliorate the
impacts of weedy plants. While these herbicides have been generally ;/ery
effeqtive at reducing competiﬁon from weeds, the evolution of Weed populations
resistant_to specific herbicides poses a serious threat to global agricultural
production. In 1970, Ryan reported the first instance of herbicide résistan’ce in
Senecio vulgaris (Ryan, 1970), and by 2001, the International Survey of
Herbicide Res_istant Weeds documented o.ver 250 populations of weeds resistant' ‘

to different herbicides, with the numbers expected to continué to increase as -

"herbicide use and selection continues (Heap 2001). Despite the problems

herbicide—resistant weeds pose to agricultural production, these mutant
phénotypes can provide useful tools to aiss'ect important genetic and metabolic
pathways. Weedy species are problematic in agricultural systems largely -
because of vigorqus growth and reproduction, phénotypic plasticity, and the
ability to grow under conditions of diverse stress. Some of these characteristics
could be useful in an agronomic system if intrdduced‘ into crop species (Snow et
al., 1998), ‘and a great deal of basic and applied research has focused on one

weedy plant in particular (Arabidopsis thaliana; hereafter referred to as
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Arabidopsis). Mutants in tHis model plant have ‘beeh the focus of an unusual
amount of research, especially related to efforts fo elucidate genetic control over
plant hormone physiology and response to environmental stress. It ’is likely that
other weedy species may provide useful tools to address questions related to
both basic plant biology and potential agronomic; appliéations. This report
addresses changes in expression patterns mediated by a mimic of the natural .
phytohormone auxin in a mutant of the Wéedy plant K. scoparia, which has
evolved resistance to the synthetic auxin dicémba (3,6-dic':h|‘oro-2-

met\hoxybenzoicacid)f This-mutant may provide a"unique tool to gain insight into

the genetics of auxin physiology. Additionally, this report characterizes a gene
from K. scoparia that has received considerable attention as a potential target for

transgenic applications that aim to improve drought tolerance in crops.

Mechanisms of Herbicide Resistance

Mechanisms of herbicide resis.tanyce. vary greatly across plant species, but'.,_
all 'stem from changes in the physiologigal fate of the he'rbicide.: how it is |
absorbed, transported Within the plant, metabblized, or exerts ‘ité toxic effects. Iﬁ .
" most cases, herbicides exhibit their phytotoxic activities by ,b‘indin’g to and
inhibiting the normal biochemical activity of a single enzyme. Muhtations in the
genes encoding such enzymes that lower or abolish herbicide binding result in
plants that are no longer sensitive to the herbicide. This so-called target site

resistan.ce is most thoroughly documented for the triazine and phenylurea

herbicides, which normally inhibit photosynthesis by blocking electron transport
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from plastoquinone Q, (bound to the D2 protein in photosysterr‘]‘ Il) to
plastoquinone Qg (bound to the neighboring D, protein); this blockage is probably
mediated by displacement of-QB with the herbicide (Vermass et al., 1983). In
resistant plants, one or more mutations in the amino écid seque‘nce of D,
severely reduce the binding affinity of the énzyme for the herbicide, thereby
conferring resisténce. Plants that are herbicide resistant because of target—sife
enzyme mut'aﬁons (such asthe D, F‘Jrote‘i‘n, apetolactate synthase, and acetyl-
cdenzyme A carboxylase)‘ a'ccoﬁnt for Wéll. over half of the documer)téd cases to
date (Heap,-2001).

Altered herbicide movement has also been shbwn to confer the resistance
trait in several plant species. Slow absorption of herbicides through the cuticle is
thought to confer resistance to triasulfuron (2-(2-chloroethoxy)-n-[[(4-methoxy-6-
methyl-1,3,5-triazin-2-yl) amino]éarbonyl] benzene sulfonamidé) in Triticum
aestivum (Meyer and Muller, 1989), and several species of Equisetum exhibit
natural tolerance to the herbicide glyphosate (N-phosophonomethyl glycine) due
to similar mechanisms (Marshall et al., 1987). In Erigeron ph)‘ladelphicus and E.
canhadensis (Tanaka et al., 1986), Hordeum glaucum (Bishop et al., 1987),
Conyza bonariensis (Fuerst et al., 1985), and Lolium perenne (Faulkner, 1976),
resistance to.the herbicides paraquat (1 :1,-dim‘ethyl-4,4'-bipyridinium dichloride) .
and diquat (6,7-dihydroipyridol[1,2-a:2'1'-c]pyrazidinium dibromide) is due to
reduced translocation of the herbicide witHin the plant, even though rates of |

absorption were similar to susceptible biotypes.' Sequestration of herbicides into




4

vacuoles has been documented for 2,4-D resistance in soybean (Schmitt and
Sandermann, 1982) and is also thought to confer resistance ’;o diélofop-methyl
(methyl-2-[4-(2,4-dichlorophenoxy) phenoxyl] propanoate) in Avena fatua
populations (Bourgeois et al., 1997). Herbicide sequestration into extracellular
cell wall matrices is associated with resistance to difenzoquat (1,2-dimethyl-3,5-
diphenyl-1H-pyrazolium) in Avena fatua (Kern and Dyer, 1998a), and has been
hypothesized as a mechanism of resistance to paraquat (1,1'-dimethyl-4,4'-
bipyridinium ion) in other species as well (Norman and Fuerst, 1997).

Herbicide resistance can be caused by alterations in herbicide metabolic
pathways. In most cases, these metabolism-based cases of resistance stem
from increased rates of herbicide catabolism or conjugation of herbicides wﬁh
endogenous cellular components. - Cytochrbme P450—mediated hydroxylation,
sulfoxidation, and deesterification reactions are responsible formetaboiic
detoxification of herbicides in several species (Brown, 1991). Conjugation of
herbicides with reduced glutathione (Dean ét al., 1991), sugars (Gronnéau et al.,
1988), or other compounds (Gronwald, 1994) can quickly mitigate herbicidal
activity. The natural levels of tolerance exhibited to atrazine in Zea mays and
certain biotypes of Abutilon theophrasti (Timmerman, 1989, Gronwald et al.,
1989) are thought to be mediated by high levels of glutathione-S-transferase
activity. While most metabolism-based mechanisms of herbicide resistance are
due to increased rates of herbicide catabolism, other Work has shown that
decreased metabolism of certain herbicides like triallate (S+(2,3,3-trichloro-2-

propenyl) bis(1-methylethyl)carbamothioate) that require an in vivo activation




5

reaction also confer resistance (Kern et al., 1998b).

Under conditioné of extensive herbicidé_ selection pressure, the evolution
and increase of herbicide-resistant plants is hfdhly likely (Maxwell and Moﬁimer,
1994). In most case's, inheritance of resistance can _be explained by the action
of a single dominant gene, al;though .fecéssive (loss of function) alleles have
been docurﬁénted |n Setaria viridis and Avena fatua for resistance to .diclofop
and triallate, respectively (Jasieniuk et a:I., 1994;Kern etal., 2002). H'e_rbicide—
resistant weed populatiohs typically become resistant to qth.er members of the
herbicide class and mode of aétion to which tﬁey were repeatédly exposed; this |
characteristic is termed cross-resistance. Populations of Kochia. scoparia that
developed resistance to chlorsulfuron (2-chloro-N-[[(4-methoxy-6-methyl-1,3,5
triazin-2-yl)amino]carbonyl]benzenésuIfonamide) weré also rééistant to éeveral »
other sulfonylurea herbicides (Sivakuméran, 1992), and trifluralin (1 ,é-dinitro-
N,N-dipnopylr4-(trifluoromethyl) benzeneamine)-resistant populations of Eleusine
indica and Setaria viridis were also shown to be cross-resistant to nunﬁerous

- other dinitroaniline herbicides (Mudge et al., 1984). In some cases, however, the
evolution of resistance to one chemical class of herbicides may also confer
resistance to herbicides with different mechanisms of action. .Avernla fatua
populations resistant to the thiocarbamate herbicides triallate and diallate (S-
(2,3-dichloro-2-propenyl5 bis(1-methylethyl) carbamothioate) were shown to be
cross-resistant td the unrelated bipyridilium herbicide difehzoquat (Kern et al.,
19986, Blackshaw et al., 1996). Lolium rigidum populations from Australia were |

shown to be resistant to over 20 different herbicides from nine different chemical
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classes (Hall et al., 1994). However, multiple resistancé mechanisms, including |
target-site mutations and increased metabolism-based herbicide detoxification,

were present in resistant populations.

The adxinic herbicides

Auxnnlc herbicides have long played a key role in controlllng dlcot weed
species in grass crops Although the preC|se mode of action of the |nd|v1dual
auxinic herbicides is unknown, it is widely thought that they act as synthetlc
versions of the phytohormone auxin (indolle-3-ace't,ic éc_id’, 1AA; Sterling and Hall,
1997). In low.doses, the auxinic herbiCidés 2,4-D and dicamba are commonly
used to replacé auxin. in plant cell tissUe culture, supporting the idea that these
herbicides act as synthetic auxin mimics. In higher doses, auxinic herbicides |
cause cell and plant death through uncontrolled growth, vascular tissue
proliferation, and cell membrane destruction.(Devine, 1993).

Despite this evidence, ‘individual auxinic herbicides have chemicél
structures very different from auxin, although all have a carboxylic acid moiety
(Figure-1). The phenoxycarboxylic acids include MCPA (4-chioro-2-
methylphenoxy acetic a'éid), 2,4-D, 2,4-DB (4-(2,4—dichlor6phenoxy butanoic
acid), and meéopfop (2-(4-chloro-2-methylphenoxy) propanoic acid); dica‘mba
and chloramben (3-amino-2,5-dichloro benzoic acid) are derivatives of benzoic
aci‘d; picloram (4-amino-3,5,6-trich|oro 2-pyridinenarb05<ylic acid) and triclopyr
([(3,5,6-trichloro-2-pyridinyl] oxy)anetic acid) are pyridiné carboxylic acids, and

quinclorac’(3,7-dichloro-8-quinolinecarboxylic acid) and quinmerac (7-chloro-3-




/S ™ r ---~-CH2 COOH

Ut/

indole-3-acetic acid

Phenoxycarboxylic acids

O-CH2-CH2-Ch2-COOH
CH3

mecoprop 2,4-DB

Benzoic acid derivatives

COOH
chloramben
Pyridine carboxylic acids
H2N cl
Cl—~ ~— COOH
picloram
Quinoline carboxylic acids
COOH COOH
quinmerac quinclorac

Figure 1. Structures of auxin (indole-3-acetic acid) and representative auxinic
herbicides. Revised from Sterling and Hall, 1997.
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methyl 8-quinolinecarboxylic acid) belong to the quinoline carboxylic acid class of
compounds. | |
Recent reviews (Grossmann, 2000; Sterling ‘and Hall,'1997; Hansen and

Grossmann, 2000) suggest that mdltiple modes of action, coupled with diﬁerenf
perturbations in plant hormone homeostasis, exist for different aUxihic
herbicides. Soon aﬂer',applicatfoh of all auxinic \herbicides', the rate of ethy'lene"'
‘biosynthesié increases dramatically '(Sterling and Hall, 1997)‘.‘ This is primarily |

thought to be the effect of rapid induction,of‘-1 -aminocyclopropahe-1-carboxylic"
acid (ACC) Synthase (ACS), the énzyme that catalyzes the rate-limiting step in
ethylene biosynthesis (conversicn of S-adgnosyl methioﬁiné to ACC). Ih some
plants, induction of ethylene biosyr;thesis is thought to be theﬂpriméry
mechanism byywhich the auxinic herbicides cause leaf epinasty, stem curva’tﬁre,
and leaf abscission (Wei et al., 2000). Additionally, Arabidopsis mu’tahts |
defective in ethylene perception and tomato plants containing a-r'1 Q_verexpressed‘ :
antisense version of the ACS gene were not sensitive to auxin (Sitrit and
Bennett', 1998), whereas ethylene applications caused symptoms normally
associated with auxinic herbicide application. Other evidence suggests that
ethylene overproduction is not the causative agent of phytotoxicity after
treatment with aqxin: one byproduct of ethylene biosynthesis is cyanide, wI_‘xiCh is
thought to play a role in plant death after treétmeht with quinclorac (Grossman,
1998). As with IAA, the auxinic herbicides have been shown to increase proton .
pumping into the tonoplast within mihutés of application, "subsequently activatfng

cell wall degrading enzymes in support of the acid growth hypothesis (Salisbury
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and Ross, 1992). Activation of these enzymes may cause irreversible
degradation of plant cell wall materials, leading to necrosis and cell death

(Sterling and Hall, 1997).

Resistance to the auxinic herbicides

Despite extensive use for over 50 years, there are relatively few examplés
- of plant resistance to the auxinic herbicides. The few biotypes that have |

developed resistance generally have lower levels of fithess and'survivability,
makirig them Iesé likely to become a widespread threat to agronomic systems
utilizing these hell’bicides; In-1957, Commelina diffusa plants wére isolated in
Hawaii that were not controllgd by fiéld rates of 2,4-D (Hilton, 1957), but have not
been documented since. Populations of wild carrot (Daucus} carota) that were
resistant to 2,4-D were a similarly minor problem (Whitehead and Swit;er, 1963).‘ :
Other examples include 2,4-D-resistant Carduus species (Bonnér et al., 1998),
Centaurea so—lstitialis (Sabba et al., 1998) resistant to picloram, MCPA-resistant
populations of Cirsium arvense (Fogelfors, 1979; Sol)}mosi et al., 1987),
populations of K. scoparia resistant to dicamba, MCPA,‘buty'ra‘c, bicloram, and
2,4-D (Miller et al., 1997), as well as a few other cases (for review, see
http://www.weedscience.org). With the exception of 2,4-D-resistant Carduus
spp. and K. scoparia, most instances of auxinic-herbicide resistant weeds have
resulted in relatively few agricultural problems.

Little is known about the mechanism(s) of reéistance to the auxinic

herbicides, although there typically are sev_ere morphological effects associated
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with the resistance trait. R biotypes of Sinapis arvensis tend to be shorter more
branched, darker green, have poorly-branched roots, and had aberratlons in )
cytoklnln and other hormone levels (Hall and Romano, 1995). R S. arvensis
biotypés showed decreased binding of HIIAA to unidentified microsomal
proteins; hoWever, itis unclear‘if such binding' assays represent physiologically
relevant b|nd|ng activities (Webb and Hall 1995). Studles on mecoprop
resistance in Stellar/a media (Coupland et al., 1991) plcloram resistance in
Sinapis arvensis (Peniuk et al., 1993), picloram-resistance in Centaurea
solstitialis (Fuerst et al., 1996) and-dicamba resistance in K scopatria (Cranston

| et al., 2001) indicated that resistance to the auxinic herbieides’ was not due to

reduced herbicide uptake or translocation, or increased metabolism.

Arabidopsis auxin-related mutants
Insights into the mechanism of resistance to the auxinic herbicides may

be gained by understanding the biochemical and genetic differences between

Wild-type plants and plants with altered auxin responsiveness. Numerous mutant * |

phenotypes have been isolated from Arabidoesis and provide the opportunity to -
study auxin physiology at rhany different levels, and in some cases these studies
-have identified specific genes that result in altered auxin biosynthesis,
metabolism, transp'ort, or cellular perception/signal transduction. |
Auxin is produbed in plant meristems by transamination or
decarboxylation of the amino acid tryptophan (Salisbury and Ross, 1992), and is

 often subsequently conjugated fo free amino acids, short polypeptides, and
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sugars. Alterations in auxin biosynthesis and metabolism have been shown to
cause several auxin mutant phenotypes, including the Arabidopsis frp7 mutant,
which is deficien;c in tryptophan production and exhibits symptoms similar to
auxin deficiency .(Last et al., 1991). In contrast, other auxin-proddction mutants

" are overproducers: the sur? (s'uperroot1. ) mutant exhibits morphology suggestive
of severe auxin overproduction, including elongated hypocotyls, increased
adventitious root formation, and epinasty (Boerjan et al., 1995). The 'superroot2
mutant sur2, which also overproduces auxin and has a similar morphology to
sur1, was generated using transposon mutagenesis. Tagging studies indicated .
that SUR2 encodes a cytochrome P450 gene, and the gene is upregulated in
both sur1 and sur2 populations (Delarue et al., 1998). These mutants, along
with the #rp2 and #rp3 populations (Normanly et al., 1993), are thought to

' overproduce éuxin via upregulation of cytochrome P450-mediated oxidation of
indole-3-acetonitrile (IAN), suggesting the presence of a tryptophan-independent
pathway for auxin biosynthesis. Indeed, two P450 genes have'been isolated
from Arabidopsis that méy mediate this pathway (Hull et al., 2000), and other
auxin-insensitive Arabidopsis mutants are defective in the NIT7 gene, which is
also thought to catalyze the formation of auxin from IAN (Normanly et al., 1997).
The sur2 mutants reverted to wild-type morphology when treated with
exogenously—a'pplied auxin or when grown on an acidicigrowth medium;
concomitant decreases in both indole-3-acetonitrile and auxiﬁ content were
noted (Barlier et al., 2000).

Aside from auxin production, other auxin mutants appear to have altered
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auxin transporf characteristics. It is thought that auxin transport is mediated by
two important cellular protelns auxin efflux carriers, Wthh are located at the -
basal ends of cells and are responsible for basipetal flow of auxin in stems
(Palme and Galweiler, 1999), and auxin influx proteins, which are thought to
mediate cellular auxin uptake by a proton symport system (Lomax etal., 1995).
The latter system éuggests 'a plasmalemma-bound auxin receptor (an auxin
binding protein) responsible for initiation of cellular secondary messenger
cascades. The auxin binding protein ABP1 ‘has been purified from maize (L&bler
and Klambt 1985) and shows features characterlstlc of a protem located in the
lumen of the endoplasmic retlculum (ER) as it contalns a carboxy-terminal KDEL
motif (Tillman et al., 1989). However, an auxin receptor has been shown to be.
located on the surface of the plasma membrane (Nap‘ier and Venus, 1995), and
it is thﬁght that t_he ABP prdtein is stored in the ER and secreted to the cell
surface at levels which depehd on the phy_siological state of the cell ,(Shimdmura |

‘et al., 1999). - |
| Perhapé the most-studied of thése influx or efflux mutants is the aux1
mutant from Arabidopsis. Initially created by mutageﬁesis (Maher ahd
Martindéle 1960), the aux1 phenotype is charécterized by root agravatropism -
and reducéd Iéteral root formation (Pickett et al., 1990). Aux7 is.resistant to
auxin and 2,4-D treatment (Yamamoto and Yamamoto 1998); .but not to 1-
napthaleneacetic acid (NAA), which crosses membranes by simple diffﬁsi’on,
. suggesting a defect in cellular auxin upféke. Bennett ef al. (1996) recapitulated

- the aux?1 mutant from wild-type plants by transposon mutagenesis and showed
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AUXT has high sequence homology to amino acid permeases, which are also
proton symporters. Promoter-GUS fusions showed that AUX7 is expressed in
root tips and in emerging lateral roots, but not in shoots, further supporting the
hypothesis that the AUX1 protein is involved in root auxin ‘uptake (Marchant et‘
al., 1999).

Auxin efflux carriers are thought to be the driving force of auxin transport,
and physiological studies have shown that one of these proteins, pin1, exists on
the basal ends of vascular parenchyfna cells (Galweiler et al., 1998). Mutation in
the PIN1 gene results in altered inflorescence and vasculaf development
consistent with permutations in auxin trénsport. Additionally, treatment of wild-
type plants with auxin transport inhibitors yields phenotypes similar to pin1
mutants. These inhibitors (2,3,5-triiodobenzoic acid and N—1-napthylphtalami¢
acid; NPA) act as direct inhibitors of auxin efflux proteins: as in the tir3 auxiﬁ
transport mutant, which has fewer sites that bind NPA in microsomal i
preparations than do wild-type planté (Ruegger et al., 1997). Other research
suggests that reduced NPA binding is associated with reduced auxin polar
transport activity. The interfasicular fiberless/revoluta (ifl1/rev) mutant is
characterized by a pin-like inflorescence and lack of normal interfascicular fiber
differentiation (Zhong et al., 1997), altered xylem differentiation (Zhong and Ye,

.1999), and dark green leaves with delayed senescence. The ifi1/rev mutant
shows a 40% reduction in NPA binding to plasma membranes compared to the
wild-type, and expression of PIN3 and other putati've auxin efflux carrier genes is

reduced in ifl1/rev mutants (Zhong and Ye, 2001). The IFL7 gene encodes a
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homeodomain leucine-zipper, and it is thought that mutations in this gene are
re'sponsible‘for decreased exbression df the PIN aUXi;l efflux carrier(s) and S
- resultant phenotypes (Ratcliffe et al., 20005.' A second putative auxin efflux
carrier termed AGR (Utsuno et al., 1998) is allelic to £IR7 (Luschnig et al., 1998),
has been shown to be involved in root gr;avitrobism, and encodes a protein with
likely memb‘rane-sbanning domains that also has sequence homology to toxin
effluk systems in E. co}i (Luschnig et al., 1998). Other mutations in auxin efflux
carrier-associated proteins appear to have similar effects as mutations in the
efflux proteins themselves. The rén1‘ mutant |s deficient in protein phosphatase
.2A activity and exhibits ld‘efects'in root curling and other phenotypes requiring . )
differen‘tial‘cell elongation (Rashotte et al., 2001).~ ' v

While auxin influx and efflux mutants haVe been fairly well characterized,
less is known.about mutants that haVe altered auxin perception or signal
transduction, ‘Iikely because these pathways ha\}e yet to be elucidafe‘d. Mutants
of these types carry a variety of 'genetic lesions. The axr1 mutant'is one of only
a few that show reduced auxin sensitivity in all tissues, reduced induction of
auxin-responsive genes sucH as the SAUR genes (see below)’, and do not have
altered éndogenous auxin conce‘n‘tratio‘ns (Lincoln et al., ,1‘990).‘ Although the
AXR1 gene has been clloned aﬁd has 'seqyenqe' similarity with the uBiquitin-
activating enzyme E1 (Leyser et al.; 1993), itis not,cléar what role this gene
plays in reduced auxin sensitivity (Leyser, 1997).. The arg71 mutaﬁt was
generated through transpéson mutagenesis and has been proposed to be

deficient in signal transduction pathways after auxin treatment (Sedbrook et al.,
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1999). The ARG gene was positionally cloned using b'ulkea segregant analysis
(interestingly, ARG 7 was not tranéposon tagged, despite being generated using
| transposon mutagenesis; this may be due to a transpOsbn excision event,
leaving a footprint responsible for the mutant phenotype) and shown to encode a
DnadJ-like protein, suggesting it may modify protein kinase or calmodulin activity
by acting as a chaperone protein (Sedbrobk et al., 1999).
Certainly,'éuxin-respdnse mutants in Arabiddpsis have given insight into
auxin physiology and have provided strong evidence for an active transport‘
system which includes auxin eﬁl'ux and influx proteins.' Additi.onally,l studies ‘
investigating auxin autotrophs and auxotrophs show alternatiVé metabolib
pathways for auxin production_, and clearly indicate severe morphological effects
when in vivo auxin concentrafions are berturbe'd. Despite this, these mutants
provide limited information on the ultimate mechanism of auxin action (changes
in cell physiology that may be mediated by alterations in gene expression). It is
-likely that genetic studies investig'ating changes in gene expression as affected
by auxin will provide considerable insight into auxin action. Some of the
experiments repbrted here investigate'suc‘h changes in anléuxih-mimi‘c mutant of

K. scoparia.

Genes responsiVe to auxin and auxinic herbicides -
While it is not entifely clear if the auxinic hérbicides affect plants in ways
that are identical to IAA, numerous bioassays indicate both have similar effects

on various aspects of plant growth such as cell elongation, tissue differentiation,
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turgor pressure, and cell polarity (Abel and Theologis, 1996; Sitbon and Perrot-
| Rechenmann, 1997). Although molecular mechanisms (incontrovertible
verification of an auxin receptor, secondary messenger cascades, and changes
in gene expreséion that are uitimately responsible for alterations to plant growth)
by which auxin exerts its effects have not been identified, considerable research -
has concentrated on the roles that auxin and auxin mimics have oh changes in
gene expression. It is important to note that while auxin and the auxinic
herbicides (in particular, 2,4-D) are often used in these studies interchangeably,
in some cases the two have different effects on géne expressién (Mito and
Bennett, 1995).

. Most systems to date have used subtractive hybridization methodologies
in auxin-starved cell suspension cultures or auxin-treated elongating tissues to
isolate differentially-expressed genes. While dozens of these auxin-responsive
genes have been isolated, considerable effort has focused on the expression
events that occur within minutes e;fter auxin application (Abel and Theologis,
1996); these are termed primary-response genes. It is thought that changes iﬁ
the expression patterns of these priméw-respohse genes occur independently of

| de novo protein sy_nthesié, indicating that the cellular components necesséry to
change expression patterns are preexiéting in the cell. It follows that these |
genes may be some of the most important in initiating the cascade of
transcriptional events ultimately leading to the various physiological responses to
auxin, and may offer the most insight into auxin action.

Many of the genes isolated to date are members of large gene families,
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and horhology—based PCR cloning has enabled researchers to isolate and
identify mulﬁple members of these familiés. The majority Qf auxin-responsive
genes isolated to date are induced, or ‘up-reg-ulated, by auxin treatment and - |
loosely fall into one of eight catégories (Table 1).

Althqugh auxin has beevn only loosely implicated in the initiation of cell |
division (Kitamiya etal., 2000), several cell cycle-associated cDNAs have been |
isolated that are responsive to.auxin treatr_neht. Homoldgs of the protein kinase -
p34 (cdc2) have been iéolated from Arabidopsis (Martinez et al., 1990),
Medicago (Hirt et al., 1993), Nicotiaha (John et al., 1993), Pisum (Hemerly et al.,
1993) , and Glycine protoplasts (Miao et al., 1993). However, sincé cytokinin is
also required forfheir ihduction, and induction réquireé several hours, they are
probably not primary-response genes. In contrast, Xie et al. (2_000)‘suggests
that the rapidly activated TIR7 (Gray et al., 1999) and AXR1 (Leyser et al., 1993)
genes, both of which encode proteins involved in the p"athways’of protein
ubiqujtinatidn, allow pericycle cells (norrﬁally arrested in the G2 phase of fhe cell
cycle) to re-enter the "c':elvl cycle and initiate lateral root formation.

Most genes induced by auxin treatment apﬁéar to be directly involved in-
biochemical brocesses mediated by IAA Beca'use of‘the broéd array of Qene '
transcription events associatea with.auxin treatment, it is not surprising that
. transcription of several putative DNA-binding proteins is inducéd by auxin
" treatment. The histone ge>nes DBP and H3C-Il were induced within 4 hours after
auxin treatmént in Arabidopsis and Medicago (Alliotte et al., 1989; Kapros et al., .

1992), suggesting that expression of histones may be involved in auxin-mediated




Table 1. Representative auxin induced genes

. Modified and updated from Sitbon and Perrot-Rechenmann (1997)

"Gene Function Experimental system Effective auxins Response time Reference

Genes encoding DNA binding proteins

PS/IAA4/5 franscription factor Pisum hypocotyls 20 UM IAA, NAA, 24-D 10 min Theologis et al., 1985
DBP histone Arabidopsis peduncles 1 pM NAA <4 hr _ Aliotte et al., 1989
H3C-11 Histone Medicago callus 100 pM 2,4-D <1hr Kapros et al., 1992
AT-IAA1 transcription factor Arabidopsis seedlings 20 pM IAA, NAA,24-D 4 min Abel et al., 1995
SGBF-2 G-box factor Glycine hypocotyls 23 uM 2,4-D ) <2hr Hong et al., 1995
ATHB-8 homeobox protein Arabidopsis leaves 10 uM 1AA, NAA, 24-D <t hr Baima et al., 1996
Genes encoding calcium-modulated proteins

PCM-1 calmodulin ' Fragaria fruit 1 mM NAA 12 hr Jena et al., 1989
MBCAM-1 calmodulin Vicia leaves ' 500 KM IAA <3 hr Botella and Ateca, 1994
TCH3 calcium-binding protein Arabidopsis leaves 1 uM 1AA <30 min Antosiewicz et al., 1995
ARCAM calmodulin Vicia hypocotyls 1 UM IAA <thr - Okamoto et al., 1995
VR-CDPK1 Ca-dependent kinase Vicia seedlings 500 pM IAA “3hr Botella et al., 1996
Genes encoding cell cycle-associated proteins

CDC2 CDC2 protein kinase Arabidopsis roots 0.1 uM IAA <2d Martinez et al., 1990
CDC2MS CDC2 protein kinase Medicago cell culture 100 uM 2,4-D (pulse) >8 hr Hirt et al., 1993
P34CDC2 CDC2 protein kinase Pisum roots 50 uM 1AA <1 hr John etal.,; 1993
CDC2-S5, CDC2-S6 CDC2 protein kinase Glycine roots 0.5 mM NAA <24 hr Miao et al., 1993
Genes encoding cell wall-associated protiens and hydrolytic enzymes _ :

Ell B-glycanase Hordeum alurone 5 UM 1AA <20 hr Slakeski and Fincher, 1992
DCPRP1 proline-rich protein Daucus roots 10 UM IAA, NAA, 24-D 324 hr Ebener et al., 1993
SBPRP2 proline-rich protein Glycine roots 10 uM IAA, NAA,24-D <20 hr Suzuki et al., 1993
HGRPNT3 hydroxyproline-rich GP Nicotiana roots 10 pM 1AA 1-2 hr Vera et al., 1994

TCH4 xyloglucan transglycosylase  Arabidopsis seedlings 1 pM IAA <10 min Xu et al., 1995

EXT xyloglucan transglycosylase  Arabidopsis seedlings "~ 1uMIAA 10-30 min Xu et al., 1996

EGL1 B-1,4 glucanase Pisum hypocotyls 5pM 24-D <5hr Wu et al., 1996
DD21.4-1 a-expansin Pinus hypocotyls 10 uM IBA <24 hr

Hutchison et al., 1999

8l




Table 1 (continued). Representative auxin induced genes. Modified and updated from Sitbon and Perrot-Rechenmann (1997)

Gene Function

Experimental system

‘Effective auxins

Response time

Reference

Genes encoding hydrolitic enzymes

ATSEH epoxide hydrolase
VR-ACS6 ACC synthase
AT-ACS4 ACC synthase

ADC * arginine decarboxylase

Genes encoding oxidative enzymes

AOP1 ascorbate oxidase
AAO ascorbate oxidase
PS-ACO ACC oxidase
GERMIN oxalate oxidase

Genes encoding GSTs

GH2/4 GST
CNT103 GST
PARA GST
PARB GST
HMGST-1 GST

Genes encoding proteins of unknown function
SAUR

GH3

ARCA

SAR1, SAR2

MII-3

GO15-13

Arabidopsis plants
Vigna hypocotyls
Arabidopsis seedlings
Pisum ovaries

Cucurbita fruit

Zea roots

Pisum seedlings
Hordeum seedlings

Glycine hypocotyls

Nicotiana cell culture
Nicotiana protoplasts
Nicotiana protoplasts
Hyoscyamum culture

Glycine hypocotyls
Glycine hypocotyls
Nicotiana cell culture
Fragaria fruit

Vicia leaves
Nicotiana seedlings

. 100 uyM 2,4-D, 1AA

500 M 1AA
20 UM 1AA, NAA, 2,4-D
45 yM 2,4-D

4.5 M 2,4-D
5 uM 2,4-D
100 pM I1AA
10 uM 1AA

2.2 UM 2,4-D, NAA, 1AA

2.2 UM 2,4-D, NAA, 1AA -

4.5 UM 2,4-D, NAA, IAA
4.5 uM 2,4-D
10 yM 2,4-D, 2,4,5-T

100 uM 2,4-D, 1AA
100 uM 2,4-D, 1AA

0.9 UM 2,4-D, NAA

1 mM NAA
500 uM IAA
1 UM NAA

<1 hr
<4 hr
20 min
<12 hr

24 hr
<48 hr
<4 hr
<4 hr

15 min
15 min
10 min
<20 min
<24 hr

3 min
<15 min
2hr
2hr

<2 hr
<2 hr

Kiyosue et al., 1994
Yoon et al., 1997
Abel et al., 1995

Perez-Armador et al., 1995

Esaka et al., 1992
Kerk and Feldman, 1995
Peck and Kende, 1995

Hurkman and Tanaka, 1996

van der Zaal et al., 1991
van der Zaa! et al., 1987
Takahashi et al., 1991

Takahashi and Nagata, 1992

Bilang and Sturm, 1995

McClure and Guilfoyle, 1987

Hagen et al., 1985
Ishida et al., 1993, 1996
Reddy et al., 1920
Chen et al., 1996

Roux et al., 1998

N
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DNA replicatioﬁ. Other DNA-‘binding proteins with homblogies to transcription
factors have been isolated, and at least one (Psfiaa4/5) has DNA binding ‘
domains characteristic of repressor prote'ins‘(Abel et al., 1994).

Not surprisingly, genes encoding proteins thought to be invoived in
secondary-messenger cascades have been shown to be up;regulated after
exposure to auxin. Several sfudies have éﬁqwn that treat}nent with auxin
_increases calcium levels within the cytosol (Irving et al., i992; Gehr‘ing etal.,
1990), suggesting that calcium is involved iﬁ these signal tra‘ﬁsductionn pathWays. :
In support qf this idea, the calmodulin-homologs PCM-1 from: Fragaria (Jena et
al., 1989), MBCAM-1 and ARCAM from Vicia faba (Bofella and Arteca, 1994),
and TCH3 from Arabidopsis (Okamoto ét al., 1995) are induced by auxin
treatment, although the time required for induction ranges from one to 24 hours
(Antosiewicz et al., 1995). Similarly, the ca‘lcium-dependent protein kinase gene
VR-CDPK1 from Vicia was induced after auxin treatment, mechanical sﬁmuli, or
NaCl treatment (Botella et al., 1996). The role of these putative secondary
messenger proteins in auxin perception or‘ signal transduction has yet to be
elucidated. |

Glutathione-S-transferases (GSTs) are enzymers\ involved in the
detoxification 6f numerous herbicides and various other electrophilic substances
(Dean et al., 1991; Gréﬁwald'et al., 1989), and have been shown to be induced
by auxin, ethylene, and many stress treatments. ;PARA and PARB from “
Nicotiana (Takahashi énd, Nagata, 1992; Takahashi et al., 1991) are induced

within 20 minutes of auxin treatment, as are other GST-like proteins in Nicotiana
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and Glycine (Table 1). The role of GSTs in the auxin responsé is unclear, but
they may represent a general respdnse to cell stress rather than a primaryj
response gene (Abel and Theologis, 1996).

Cell wall-associated proteins such as hydroxyr;roline-kich glycoproteins,
glycoproteins, and glycine- and proline-rich g’lycoprotéins aré known to play a
role in pathogenesis and wounding by increasing the barrier to pathogen
infection and spread (Somssich and Hahlbrock, 1998). After auxin treatment,
expression levels of DCPRP1 in Daucus (Ebener et al., 1993),. SBPRP2 in
Glycine (Suzuki et al., 1993), and HGRPNT2 from Nicotiana (Vera et al., 1994)
were increased, suggesting that auxin may be involved in stress responses.
Activities of cell wall hydrolytic enzymes‘have independently been shown to be
elevated by éuxin treatment, possibly associated with concomiitant acidification of
the apoplast in preparation for cell elongatibn (Rayle and Cleland 1992). In
Arabidopsis, TCH4 and EXT (Xu et al., 1995, 1996), both encoding xyloglucan
transglycosylases, were induced within 30 minutes after auxin treatment,
although tch4 is well known to be responsive to mechanical stimuli as well. A B-
1,4-endog|ucana'se (_EGL1) from Pisum increased almost 10-fold after treatment -
with 2,4-D (Wu et al., 1996). Similarly, the B-glucanase EL1 from Hordeum
vulgare is up-regulated after treatment with IAA (Slakeskiand Finéher; 1992).

Increases in ethylene production have beeﬁ- documenteﬁ wifhin minutes of
auxin treatment (Devine et al., 1993). Peck and Kende (1995) indicated that the -
Pisum sativum PS-ACO gene, éncoding ACC oxidase (the rateélimiting step in

ethylene biosynthesis), was induced within 4 hours aft_er treatment with 100 uM
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IAA. Also, the Arabiddpsis AT-ACS4 gene encoding ACC synthase was induced |
within 20 minutes after-auxin tfeatment.

While the majority.of auxin-responsiQe genes investigated thus 'far‘ are :
induced by auxin treatment, there are several examples of auxin down-reguIAated' |
genes (Table 2). The most dramatically attenuated genes are the ADR family L o
from Glycine (Datta et al., 1 993),‘ with transéript Ievélé drobping over 100-fold | H
within 24 hours after whole-plant treatment with 2,4-D. Wh'ille‘ this family of auxin
down-regulated genes has no knqwn function, genes encoding enzymes of
common metabolism like tryptophan deparboxylase (Goddijn et al., 19'92),
chalcone synthase and phenylalanine ammonia lyase (Qzeki et al., 1990), and
strictodine synthase (Pasquali et al., 1992) were down-regulated within 6 hours
of auxin or 2,4-D treatment. While it is unknown why these aspects of plant
metabolism are inhibited b)II auxin and auxin mimics, the attenuation of other
genes involved in plant defense may proyide more insight. An endo-f3-1,3-
glucanase from Nicotiana (GL43) is dowh-regulated by trace amounts of NAA
(Mohnen et al., 1985), and both the mRNA and enzymatic activity of a class of
chitinases (exemplified by CHN50) are reduced by NAA (Shinshi et al., 1987). |
Transgenic expression of the proteinase PIN2 promoter indicated that this
promoter region is responéive to auxin down-regulation within 18 hours after
treatment (Ke}nan and Thornburg, 1989), and similar work suggests' that another
endo-3-1,3-glucanase from tobacco (GLB_1 ) is down-regulated by auxin
| treatment (Vogelie-Lange et él., 1994). It is not clear what role‘the attenuation of

these genes may have in response to auxin treatment, but these results are




Table 2. Representative auxin repressed genes.

Gene Function

Modified and updated from Sitbon and Perrot-Rechenmann (1997)

Experimental system Effective auxins -

Reference

Genes encoding pathogenesis-related proteins

GL43 B-1,3-glucanase
CHN50 chitinase -
CA125 unknown PR protein

Genes encoding enzymes in secondary metabolism

TDC tryptophan decarboxylase
. 88§ strictodine synthase
CHS chalcone synthase
PAL phenylalénine ammonia lyase
CGS cystathione-y-synthase

Genes encoding miscellaneous proteins

SARS unknown function -
SAM46 superoxide dismutase
GB8 ribosomal protein
ADR1-12 unknown function

VSP vegetative storage protein
NI-POX peroxidase/GUS fusion

Nicotiana pith culture
Nicotiana pith culture
Capsicum leaves

11 uM NAA
11 uM NAA
IAA, Xanthomonas -

Catharanthus culture 0.1 uM NAA, 2,4-D, IAA
Catharanthus culture 10 uM NAA

Daucus culture 0.5uM24-D
Daucus culture 0.5uM24-D
Fragaria fruit 1 uM NAA (spray)
Fragaria fruit 1 mM NAA (spray)
Glycine culture 10 UM NAA

Pisum shoots 10 uM NAA

Glycine seedlings 2.5 mM 2,4-D (spray)
Glycine leaf petioles 1 M NAA

Nicotiana protoplasts

30 M 1AA, NAA

Response time

<7d
<7d
<24 hr

<2hr
<6 hr
<3 hr
<3 hr
<24 hr

<2 hr
<4 hr
<24 hr
<24 hr
<6 hr
<30 min

Mohnen et al., 1985
Shinshi et al., 1987
Jung and Hwang, 2000

Goddijn et al., 1992
Pasquali et al., 1992
Ozeki et al., 1990
Ozeki et al., 1990
Marty et al., 2000

Reddy and Poovaiah. 1990
Crowell and Amasino, 1991
Stafstrom and Sussex, 1992
Datta et al., 1993

DeWald et al., 1994 °

Klotz and Lagrimini, 1996

€




24

consistent with the fihding that wounding leads to réduced auxiﬁ levels
(Thornburt and Li, 1990; others), and causes increased expression of
pathogenesis-related genes. Thesé findings, pcoupled with the observation that
the activities of other stress-related enzymes (superoxide dismutase and
peroxidasé) are alsd reduced upon treatment with 2,4-D (Crowell and Amasino,
1991; Klotz and Lagrimini, 1996), suggest that auxin percebtion may act as an
“all-clear” sigﬁal, indicating that limited étresses are being placed upon the plant.
Other evidence that auxin may counteract stress-related signals in plants .
can be found in studies of the physiological and génetic changes mediated by |
the plant hormone abscisic écid (ABA), whicH can be reversed by auxin
treatment. Heat, drought, salt, and cold stress on. plants are all thought to cause
a decrease in cellular fur_gor pfessure (Tamminen et al., 2001), and this decrease |
in cellular water content causés significant responses in many plants. A well- ‘ .
known rapid effect of :&r@ught stress is an ‘-in.cr'easue in ABA levels vyhiph in turn
_lead to stomatal closure (fdr reVieW, sée Jensen et al., 1996). Long-terrh growth
under drought condition‘s or after treatmeht with ABA results in smaller storriata'
in Tradescantia virginiana (Franks and Farquhar, 2001), while treatment with
auxin rapidly overcomes these effects, possibly me&iated by increases in
.ethylene production (Merritt et al., 2001). Several ABA-inducgd stress genes aré
down-regulated 'by auxin treafment. For example,_inductioh of GAD1 and GAD2
mRNAs, encoding wound-induc,;ible proteinase inhibitors, is inhibited by auxin |
pretreatment (Jacobsen and Olszewski, 1996). The dessication-related LEA

(late embryogenesis—abundant) protein' EDP31 mRNA is also induced by ABA,
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while transfef of developing embryos to auxin-free growth media also induces
expression, suggesting a repressor role for au_xin in the éxpression of this gene
(Kiyosue et al., ‘1 992). As a corollary, the auxin-induced expression of various
gehes encoding ACC synthases (Yoon et al., 1999; Botella et al., 1992; Kim et
al., 1992) are ‘suppressed by ABA treatment. | |

D_espite these examples of the reciprocal control of ‘physiplogical and
genetic responses bgtween auxin and ABA, there are numerous repqrts that
confound our understanding"of plant hormone interactions. As mentioned
above, many auxin effects are thought to be mediated by induction of ethylene
produétion, and aUxin t_reatment has been shown to increasé in in vivo ABA
levels (Grossman, 1998). ' Certainly, additional r‘esearc.h. is needéd to help

elucidate the roles of both hormones:in controlling plant'responsé 1o stress.

Water deficit in plants

Water deficit is one of the most common environmental limitations of plant
productivity (Boyer, 1982), and can be caused by drought, cold temperatures, or:
excessively saline soils. In all cases, plants must respond to decreased water
potential in the soil, which limits water uptake into tiséues. Of special interest are
the stresses imposed on a plant ‘és a ‘result of saline soils, which not only
decreas'e' so>ill water potential, bﬁt also contain ‘p(v)tentially toxic concen’tratidns of
sodium, carbonate, and chloride ions. At high concent’rat'i'ons, these ions
(especially sodium) exert their toxic effects primarily by the denaturation of

proteins and cell membranes (Cheesman, 1988), and plants have evolved
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specnallzed strategies to overcome these effects. Some halophytes (plants that
grow naturally in saline environments) have developed succulence to dllute
sodl,um concentrations; as sodium content in the plant increases, the plant
main;cains turgor pressure and osmotic potential by absorbing more water
(Salisbury and Ross, 1992). Other halophytes (such as Atriplex and members of
the Chloridoideée) exude excess salt on the surface of leaves, and have
developed specialized salt glands to actively pump sodium out of the cytoplasm
(Troughton and Donaldson, 1972; Marcum, 1999). Since charged molecules do
not typically move through a lipid bilayer by diffusion (Schachtman and Liu,
1999), plants must use active fransporter systems to absorb micro:- and
macronutrients. Salt tolerance in some species can be attributed to the’ spemes
ability to exclude sodlum while stlll absorblng essential nutnents in particular
lpotassnum (Mumms 1993). It has been shown that sodium i ions compete with
the active uptake of potassmm and potassmm is typically present in the soil at
much lower concentrations than sodium. Some halophytes such as mangrove
exclude nearly 106% of the sodium in the soil (or brackish weter), limiting cellular
exposure to sodium (Ball, 1988). Genetic variation in salt tolerance in Triticum
has been attributed to differing affinity of cation uctake channels, with tolerant
cultivars excludin‘g more sodium than sueceptible cultivars while still maintaining
potassium uptake (Davenpon and Tester, 2000), and other cereals have been
- shown to accumulate scdium in old leaves and acfively transport potassium to
young leaves (Wolf et al., 1991, Colmer et el., 1995). Certain plants also actively

pump sodium out of the cytoplasm and into the vacuole, probably powered by
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the pH gradient across the tonoplast,.utilizing Na;h/H+ antiporters (Darley et al.,
2000). The increased salt tolérance observed in wild Lycopersicon over that of
cultivated varieties has been attributed to variability in these antiporters (Taha et
al., 2000). Additional molecular evidence for the importance of vacuolar
sequestration of sodium was found in transgenic maize suspension cells, where
overexpre_ssion of a Na+/H+ antiporter significantly increased NaCl tolerance
(Gruwél ef al., 2001). Similér results have been noted in transgenic‘: Arabidopsié
overexpressing the AVP1-1 and AVP1-2 vacuolar proton pumps (Géxiola et al.,
2001). | |

A more common way for plants (especially nohhalqphytes) to avoid
sodium toxicity and asso”ciated dessication is by the production and
accumulation of certain organic solutes,'which maintéin a more neéative osmotic
poteﬁtial in tissﬁes than in the soil and thus increase the ability of cells_ to retain
water. These compounds, termed compatible solutes, can exist in cells at high
concentrations without denaturing enzymes and cell membranes (Yancey et al.,
1982). The sugar-alcohols glycerol, pinitol, mannitol, and arabitol have been
identified as compatible solutes in yeast (Blomberg, 2000) and in the algae
Dunaliella ('Gimmler, 1989), the plant Mesembryanthemum crystallinum
(Vera-Estrella et al., 1999), and other prokaryotic and fungél species. The amino- |
acid proline has long been known to act as a compatible solute in plants, and |
dozens of plant sp_écies accumulate proline to high levels in response to drought
or salt stress (for review, see Yoshiba et al., 1995; Csonka and Hanson, 1991).

Not surprisingly, genes encoding proline biosynthesis in Arabidopsis are induced
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in response to droﬁght and water stress, and this response ’appé_ars, to be
dependent on ABA percépﬁon (Strizhov et al., 1997).7 'Thefé is considerable
interest in genetic modification of crop plants '.co increase prqlin‘e production in
response to drought or salinity stresé; however, the unavailability of appropriéte
genes is currently a major constraint in this effort (Jiban-Mitra and Mitra, 2001).
To date, geneti_c_: modification to overproduce proline has met with limited
success, except in the case of overexpression of the defense- and drought-
related polyp,epfide osmotin (Barthakur et al., 2001).

Another compatible solute common i'n‘ a wide variety of plant species is
the quater'néry ammonium compound gl‘yc'ine betaine (GB; for review, féee
Rhodes and Hanson, 1993). GB is z‘witt.erio'nic‘ but electrically neutral at
physiological pH‘ and appears to be a particularly effective cbmbatible' solute
(LeRudulier et al., 1984). In addition to acting as an osmoregulant, GB acts as
an osmoprotectant in stabilizing the structure of cell membranes in vitro as well ‘
as the tertiary and quaternary structures of enzymes like ribﬁlosé bisphosphate- .
carboxylase and components of photosystem |l (Papageprgiou and Mutafca_,
1995) against salt stress (é-o,rham, 1995)., GB may protect the cell against
damage induced by free radicals (Jolive;[ et al., 1982), and lemstrom etal.
(2000) noted that GB protects photosyrithetié mac’hiﬁefy against Iig'ht-indgced
damage in tobacco. Sakamoto and Murata (2001) suggested that enhanced
tolerance to temperature stress in transéenic GB-producing Arabidopsis is due 1o
a similar protection of membrane integrity. Bourot et al. (2000) showed that GB

behaves Iiké a chaperonin, and suggested that GB may stabilize the transcription
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and translatibn machinery under conditions of stress. lnj this light, Aliard etal.
(1998) showed that exogenous GB: activates different cold-inducible genes.
Additionally, GB lowers the melting temperature of double-stranded DNA, which
may facilitate transcription and DNA replication in high-salt environr_pents
(Rajendrakumar et al., 1997).

In all cases studied to date,' GB is synthesized frdm choline utilizing one or
two enzymes to cafry out the oxidation of_choline (Figure 2), and three distinct
pathways are known. In Arthrobacter glob)'fonmfs and Arthrobacter pascens, the
oxidation réaction and synthesis of GB are carried out by the flavoenzyme
choline oxidase (COD), releasing hydrogen peroxide (Ikuta et al., 1977). In
mamrﬁalian cells and in E. coli, choline undergoes a dehydrogenation reaction
me.diated/ by the oxygén—dependent -enzyme choline dehydrogenase (CDH),
broducing the toxic intermediate befaine éldehyde, which is then c_onverted to
GB by the NAD"-dependent enzyme betaine aldehyde dehydrogenase (BADH,;
Landfald and Stfom,. 1986). In plants, choline is oxidized by the enzyn'we' choline
monooxygenase (CMO), a ferredoxin-dependent soluble protein which is
localized primarily in the chloroplast stroma (Rathinasabapathi et alj, 1997), to
produce betaine aldehyde. As in mémmaliaﬁ cells, the toxic betaihe aldehyde
intermediate is then converted to GB via the activity of BADH, which is also
localized to thé ch‘lofoplést stroma in mehwbers of the Chenopodiaceae. GB
accumulates almost exclusively in the chloroplast of thel' chenopods, and likely

. serves to protect the photosynthetic machinery (McNeil et al., 1999). In contrast,

BADH appears to be localized to the peroxisomes in members of the
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1. Plants
CH20H CHO Ccoo"
| |
Ho CH2 CH2
H3C— Ni-CH3 H3C— Ni - CH3 H3C— NA—CH
' CMO ' BADH d
CH3 CH3 CH3
choline betaine glycine
aldehyde betaine

2. Escherichia coli

CH20H CHO <|300"
|
CH2 (in CH2
H3C— NA-CH3 H3C— N7-CH3 H3C— Ni - CH3
CDH BADH
CH3 CH3 CH3
choline betaine glycine
aldehyde betaine

3. Arthrobacter globiformis

CH20H coo"
|
CH2 CH2
H3C— N-A-CH3 H3C-N ~C H 3
COD
CH3 CH3
choline glycine
betaine

Figure 2. Biosynthetic pathways leading to GB production. Choline is oxidized
by two enzymes in plants and E. coli and by a single enzyme in Arthrobacter
globiformis. Abbreviations: CMO1choline monooxygenase; BADH, betaine
aldehyde dehydrogenase; CDH, choline dehydrogenase; COD, choline oxidase.
Revised from Sakamoto and Muratal2000.
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Graminaceae'(Nakamura et al., 1997).

GB is only produced by certain members of the Chenopodiaceae,
C-_}ramineée, and Amaranthaceae (McCue and Hanson, 1992) and GB levels
increase on exposure. fo drought or salt stress. 'Levels of GB increase
approximately 10-fold in salt-stressed leaves of Hordeum vulgare'(Arakawa et
al., 1992), and is preferentially produced in young leaves (Nakamura et al.,
1996). A similar induction was noted in sorghum, whgre GB levels increased up
to.as high as 70 umol GB g d& weight (Grieve and Maas, 1954). Other grasses‘
that accqmu-late GB in response to drought or salt stress include Triticum
aestivum, Secale cereéle, and Zea mays, although there is considerable
variation bétween cultivars. In corn, thislvariat-ion is due to a nonsense mutation
in the CMO-geng in some maize genotypes, and the mutation is correlated with a
decreased resistance td dry conditions (Lerma et al., 1990). Certain members of
the Chenopodiacéae and Amaranthaceae appear to be the ‘mbst vigorous
producers of GB. For example, salt-stressed sugar beet and amaranth
accumulate GB to >30 umol GB g™ fresh weight (Russell et al., 1998).

AIthough nUMerous studieé have documented increases in cellular GB
concentration in respdnse to water deficit (for review, see Rhodes and Hanson,
1993), only a few studies have investigated concomifant CMO and BADH
expreséion in natural systems. The abundance of BADH mRNA was shown to

‘increase under conditions of water stress in mangfove (Hibino et al., 2001),
.sugar beet (McCue and Hanson, 1992), rice (Kishitahi gt al., 2000), amaranth |

‘(Legaria et al., 1998), sorghum (Wod et al., 1996), spinach (Weretilnyk and
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Hanson, 1990), and barley (Arakawa et al., 1992). Most of these studies
reported a 2- to 10-fold increase in BADH mRNA under water stress conditions
as compared to control plants. Immunological and in vitro assays for detecting
BADH levels and activity have yielded similar results, althoﬁgh have only been
performed in barley (Arakawa et él., 1992): and Amaranthus tficolor (Wang et al.\,
1999). Treatment with ABA also increased BADH mRNA levels in barley
(Ishitani et al., 1995). However, no other studies have Ilooked at the effects of
ABA or other plant hormones on altering expression of BADH or other enzymes
involved in GB biosynthesis. To déte, CMO has only been isolated and cloned
from members of the Chenopodiaceae (Spinacia oleraceae, Beta vulgaris
(Russell et al., 1998), and Atriplex hortensis (Shen and Chen, 2001)) and
Amaranthaceae (Amaranthus tricolor (Wang et al., 1999), and ifs expression
patterns seem to follow that of BADH. CMO mRNA levels increased 7-fold in

" salinized leaves of spinach, with CMd rénzyme activity increasing approximately
4-fold (Rathinasabapathi et al., 1 997). Similar results were seen in Beta vulgaris
and Amarénthus caudatus (Russell et al., 1998), as well as in Amaranthus
tricolor (Wang et al., 1999).

As mentioned above, the chemical characteristics of GB make it an
attractive target for use in the genetic modification of crops to increase their
drought and salt tolerance (Sakamoto and Murata, 2000; Sakamoto and Murata,
2001), and attempts have been made us'ing both bacterial COD genes and plant
BADH and CMO genes. A spinach BADH controlled by the CaMV 35S promoter

was introduced into tobacco and targeted to chloroplasts (Rasinasabapathi et al.,
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1994). BADH activity effectively conferred resistance to betaine aldehyde (the
toxic intermediate in GB production), evidently by its conversion to GB.
However, trénsgenic plants failed to accumulate’ GB in the absence of
exogenously supplied betaine aldehyde, evidently because tobacco has no in
vivo CMO activity and could not produce betaine aldehyde. Tobacco
transformed with a barley BADH cDNA showed increased levels of BADH mRNA
in response to salt and ABA (Ishitani et al. 1995). In é similar study, Ki'shitani et
al. (2000) introduced a barley BADH cDNA into rice and noted that transgehic
lines were able to convert exogenous betaine aldehyde to GB, and showed an
increased tolerance to salt, cold, and heat stress over untrans_formed lines.

To date, only one study has attempted to introduce CMO into a GB noﬁ-
accumulator. Nuccio et al. (1998) used a spinach CMO cDNA under the control
of the CaMV 35S promoter to transform tobacco. Although high CMO
expression levels were noted (nearly as high as CMO mRNA in salinized spinach
leaves), the tdbacco plants were only able to synthesize GB to:~50 nmol g’ FW,
which is far-below the levels seen in'natural accumulators. Although the authors
| did not speculate what role the absence of é functioﬁal BADH enzyme played in
GB production, they did note that CMO enzyme levels ('as indicated by Western
blot) increased 3- to 5-fold upon salinization of the transformants, leading to the
conclusion that post-transcriptional events modify CMO expression. Indeed, the
authors verified an unusually fast disappearance of the CMO protein upon

release from salt stress, a finding noted by other researchers (Russell et al.,

1998).
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The Nuccib study (1998) also provides interesting evidence that the -
endogenous supply of choline (the precursor to GB) étrongly i_nfluences GB
production. In this study, supplying exogenous choline incréased GB production
by about SO-foId in the transformed plants, suggesting that the endogenous
choline supply Ii:mits GB-production. Subsequent studies (McNeil et al.; 2000;

_ Huang et al., 2000) yerified that choline production in tobacpo must be increased

-before appreciable GB can be synthesized in this normally non-accUmuIafing
spécies. Indeed, in vivo choline productio'n ‘is increased in spinach plants
undergoing saItAstress (Summers and Weretiinyk, 1993; Weretilnyk et al., 1995),
and the drought-induced enzymes involved in choline production have been |
recently characterized (Were’_cilnyk et al., 2001). Despite this potential limit,
Sakamoto and Murata (2000) pofnt out that tobacco contains only a-small
amount of choline, whereas rice and Arabidopsis have 10- to 30-fold higher
concentrations of. endogenous choline (Nuccio et al., 1998; Sakamoto et al.,
1998; Hayashi et al., 1997), suggesting that some species are better targets for
genetic modification to increase GB production.

In addition to using plant-derived enzymes for the production of GB, other
research has utilized the bacterial COD gene to transform plants. The major |
advantage of this approach is that only a single transformation with the rele\{aﬁt
gene (codA) is needed to introduce the pathway to convert endogehous choline |
to GB. Hayashi et al. (1997) produced transgenic Arabidobsis that
overexpreésed-the codA gene from Arthrobacter globiformis, and noted that GB

accumulation was as high as 5 umol g™ fresh weight in salt-stressed plants.
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Despite this relaﬁvely low production, the authors"no'ted significantly enhanced
tolerance to salt anq cold stress, Iikelybecause the majority of GB was localized
to chloroplasts, leéading to physiologically significant GB concentrations in that
organelle (Sakamoto-et al., 2000). Subsequent work has shown that
transformed plants had increased seed gefm‘iﬁation under high salt conditions

‘(Hayashi et al., 1998), were less susceptible to photosynthetic inhibition under
salt and cold stress (Sakamoto et al., 1998), were more tolerant of high
temperatures (Aiia et al., 1998a), had higher germination rates and better growth

“under cold stress (Alia‘ et al., 1998b), and _shpwed d.ecreased.susceptibility to
freezing temperatures (Sakamoto et al., 2000) than wild-type plants.
Endogenous choline levels did not decrease in the transformed plants, although
in vivo hydrogen péroxide levels doubled (Alia; et al., 1999). O’;her studies
utilizing the CODA gene have note‘d similar broad protection from stress in
Brassica juncea (Prasad et al., 2000a, Prasad et al., 2000b) Di_ospyros khaki

' (Gao et al., 2000), and Nicotiana (Holstrom et al., 2000), even ;[hough GB
production was nearly 1000-fold lower in these plants than in natural GB-
acdumulating plants. Clearly, cellular localization plays an important role in GB-
mediated stress protection; targeting the.codA prbtein to the chloroplasts had a
more significant protective effect against salt-induced ph'otosyntﬁesis
deactivation in rice plants than targeting it to the cytosol (Sakamoto et al., 1998).
While the one-enzyme cédA system has been explored for transgenic

applications fo increase crop tolérance to drought stress, otﬁer researchers

suggest that plant-derived systems (CMO and BADH) are a better choice for
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manipulation for tw_o reasons. First, CMO requires reduced ferredoxin, which
links GB production to the Iight reactions of photosynthesis. This coupling would
increase GB production during the day, when demand for osmotic adjustment is
highest. Secohdly, the CMO and BADH g.enes.presumably have stress-
responsive cis regulatory.elements, vyhich are needed to reproduce the naturél |
pattern of drought-induced GB accumulation (Rathinasabapathi et al., 1997) and '
-enable genetically modified plants to produce GB only when needed. The
authors concluded that the isolation and characterizétion of CM.O genes from -

J

new plant sources is an important step in bioengineering GB synthesis in crops.
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- CHAPTER 2

ISOLATION OF DIFFERENTIALLY EXPRESSED GENES IN RESPONSE TO
DICAMBA TREATMENT IN DICAMBA-RESISTANT AND
SUSCEPTIBLE K. SCOPARIA

.Introduction

Auxiﬁ and other phyfohormones rﬁediateé diversé array of plaﬁt growth
and develobmental responses. Althouéh numerous physiologica'l studies have
documented these effects, the molecular mechanisms of hormone action remaiﬁ
Iarge[y unknown. One strategy to invéstigéte hormone-mediated signal
transduction pafthways is through the study'of genes that respond rapidly to
hormone trea‘tménts. Until recently, isolation of hormoné-responsive genes
_‘r‘elied on interpreting physiological responses and subsequently cloning génes
likely invoI;/ed fn'these responses. For instanée, it has long been known that
auxin treatment dramatically inéreéses éthylene production (Bonner et al., 1‘980).
Molecular evidencé for this induction carﬁ‘e from assaying and .purifying' the ACC
synthase enzyme, deterrﬁining its amipo acid sequence, and designing
| degenerate PCR primers to isolate thé corresponding cDNA (Nakagawa etal.,
1991). Induction at the mRNA level was verified by northern blotting.

Subtractive hybridization screening strategies of cell lines trea’_[ed with auxin have
also led to the discovery of several éuxin—rgsponsive genés, such as t'h-e Aux/IAA

gene family (Ainley et al., 1988, Conner et al., 1990, Yamamoto et al., 1992), the
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SAUR gene farhily (McClure et al., 1989), and several genes encoding GSTs ~ |
(Hagen et al., 1988, Takahashi and Nagata, 1.992, Van deb Zaal et al., 1987; see
Table 1, pp 18- -19). Although PCR-based cloning approaches have led to |
lsolatlon of homologs of these genes from dlfferent species (Van der Straeten et
al., 1992, Kim et al., 1992, Treb'itsh et al., 1997, Abel et al., 1995; Chen and
Singh, 1999; de Billy et aI 2001), few other hormone-responswe genes in plants
-had been |solated untll falrly recently |
in 1992 a new molecular technique was developed to isolate genes that
are differentially expressed in response to specific treatments, or in different |
tissues in response to deyelopmental cues (Liang and Pardee, 1992).
Differential Display (DD) is a reverse transcription/PCR-based approach to
amplify mRNAS and radiolabel the resulting partial cDNAs, which are then run in
adjacent lanes on a denaturing polyacrylamide sequehcing. gel, followed by
autoradiography. Combarisons of ibdividual band intensities between treatments
potentially identifies mRNA species whose abundance has changed as a result
of the treatment in QUestion, and their cDNAs can be isolated from the -gelv, |
subcIo‘ned" and used as probes on northern b‘lofs. Because it utilizes PCR, DD
is thought to be an |mprovement over traditional subtractive hybrldlzatlon .
methodologles because of a lack of dlscrlmlnatlon agalnst rare messages and |ts A
technlcal ease of use (Yoshida et al., 1994). |
DD relies on amplificetion of a subset of mRNASs primed at 1) the site of
the polyadenylated 3' tail (the anchqred primer),’ and 2) a random site en the

first-strand cDNA upstream from the 3' tail (the arbitrary primer). Briefly, total -
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RNA éamples are prepared from separate tissues undergoing the treafment of
interest, and a subset of the mRNA is primed for reverse transcription of first-
strand ;cDNA' with an oligo-dT primer such as 5'-T,,CA-3'". In theory, this wolu‘ld. :
only prime mRNAs endiﬁg with the sequence 5'-TGAAAAAAAAAAA-3'. Each _")
anchored r;rimer.would thus recognize one-twelfth of the total mRNA popﬁlation

(4x3 possibilities for the two 5' nucleotides, excluding thymidine from the

penultimate position), permitting reverse transcription of only this subpobulatidn. _

After reverse transcription, partial second-strand syntheéis is performed by
annéaling an arbitrary 10-mer, strand extension, and PCR amplification in the
presence of "”3P-dATP.;

Like most developihg technologies, DD has seen many im‘provements
since its introduction in 1992. A common problem with early DD screens was the

generation of false positives (messages that appear to be.differentially

'exbressed by PCR amplificéti,on, but prove to be otherwise when examined by

northern blotting). In 1997, Zegzbuti et al. refined the technique by suggesting 1)

the use of an anchored.primer with only one selective base, such as T1'1C,".and 2) '

that PCR reactions be split prior to amplificatio—n and subsequenfly run-in
adjécent lanes on the.DD gel. These changes were thought to reduce the
percentage of false positives from as high as 70% down to perhaps 25% by
scréening for, and avoiding, amplification patterns that are not reproducibie.

Since 1998, DD has seen significant utilization for the study of gene

expression in response to plant hormone treatment, and this technique has more

than doubled the number of hormone-responsive genes previously
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characterized. More than 20 elhylene—respons_ive_ genes (Zégzouti ét al., 1999;
Hajouij et al., 2000), 14 ABA-responsive genes (Yoshida et al., 2001, Deleu et al.,
1999, Karkthik et al., 2000), a gene indoced‘by cytokinin‘treatment (lwahara et
al., 1998), and ten auxin-responsive Qenes have been isolated from various plant
species. Interestingly, the recent DD-based studies show that significant
numbers of such genes are down-regulated after hormone treatment, in contrast
with earlier methodologies that isolated primarily hormone-induced genes. Of

- the ayxin-responsive genes isolated using DD, six have homology to the Aux/IAA
. gene family (Dargevioiute et al., 1998), one’is an expénsin involved in acid-
induced loosening of cellulose and xyloglucan networks (Hutohison et al., 1999),
one has sequence homology with thé SAUR genes (Wétillon ét al., 1998), and
two others show sequence homology fo the auxin-induced aldo-keto reductases
(Mazeyrat et al., 1998) and lignin degrading enzymes (Watillon et al., 1998). All .
ten of these genes isolated by DD are. induced by treatment with auxin or auxin
analogs.

The research reported here used DD to screen two inbred biotypes of K.
scoparia that were either susceptible (S) or resistant (ﬁ). to the auxinic herbicide
dicamba. Previous experiments in our lab showed th‘at dicamba resistance was
not due to altered herbicide uptake, translocation, or metabolism patterns
(Cranston et al., 2001). Since auxin is known to have rapid effects on the
expression of specifio genes and subsequent plant developmental responses
(Guilfoyle et al., 1998), we hypothosized that dicamba (an auxin-mimic herbicide)

would have similar effects on gene expression patterns in'K. scoparia plants and
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that the‘se changes may be characteristic of auxin treatment. U'sing DD as a
screening tool, these studies investigated 1) if dicamba treatment hés arapid
effect on gene expression patterns in K. scoparia; 2) which genes ére induced or
repressed shortly after treatment; and 3) whether there is 'a'c.iiffer'ence in gene
expression patterns beMeen_S and RK. sbopéria as a résult‘of dicamba

treatment that may provide insight into the mechanism of dicamba resistance. -

' Methods and Materials

Plant material

The R biotype was derived from a population collected in a cultivated field
near Fort Benton, MT, in 1992. The initial R population, degignated as line R99,
was derived from cuttings taken from 25 -plants that survived field dicamba . |
treatment. About 12% of the progeny from these cuttings showed no injury
symptoms when treated with 70 g ai ha™ of dicamba in the greenhouse.
Eighteen of the urﬁnjufed p]e‘mts were individually transplanted into 15-cm
~ diameter 3.8 L poté .contéining greenhdusé soil mix (1:1:1 Bozeman silt
loam:washed sand:peat moss), fertilized wéekly, and watered as needed. At
maturity, seeds from these plants were bulked and planted 0.5 cm degp in 54 by
26 by 6 cm flats and grown for 4 weeks in the Montana State University Plant
Grthh Center greerihdusés under natural light supplemented Wit‘h mercury

vapor lamps (14 hour daylength; 24/18°C day/night; 165 pmol m?2 s PPF) and
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fertilized and watered as above. After 4 weeks, 3- to 5-cm-tall plants were
sprayed with 70 g ai ha™ dicamba (formulated as the dimethylamine salt;
Banvel® herbicide, BASF Corporation) using a greenhouse belt sprayer
delivering a carrier volume of 94 L water ha™. Plants were ret_urned:to the
greenhouse and evaluated 21 days after treatment. Bulked seeds from 20
plants that showed no injury symptoms were designated as line R99 and used as
the R phenotype in all experiments reported here. Even after two generations of
selection, the R99 Ii'ne contained about 10% S individuals. The $254 line was
generated from K. scoparia plants that were susceptible to dicamba treatment
and seeds were ébtained by growiné untreated plants under isolation conditions
for two generations as described above. ‘Iéoth R and S lines were maintaiﬁed as
families rather than developed using single-seed descent in order o ayoid
symptoms of inbreeding depression, as previously observed in this highly
outcrossing species (Mulugeta, 1991). Previous reports (Cranston et al., 2001)
showed that R99 is about 5-fold more tolerant to dicamba treatment than S254.
Interestingly, the R phenotype of K. scoparia does not exhibit significant
mofphological changes, as do dicamba-resistant Sinépis arvensis plants (Hall
and Romano, 1995), which are shorter, more branched, dérker green, and more
tolerant to cold temperatures than S plants. Similarly, auxin- and 2,4-D-resistant
Arabidopsis mutants are typically stunted, show reduced apical d'ominance, have

reduced lateral root formation, or are agravitropic (Leyser, 1997).
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RNA extraction

Four-week-old R99'and S254 plants were sprayed with 70 g ai ha'1'
_dicamba as above and shoot tissue was harvested at O (untreated), 30, 60, 90,
or 120 minutes after treatment and -fro;en in liquid nitrogeh. Frozen tissue (0.5 g
fresh weight) was pulverized unqer liquid nitrogen using-a préchilled mortar and
pestlé and trénsferred to a 1.5-ml centrifuge tube. Total RNA was extracted
using a ph_enol/chloroform extraction procedure modifiéd from Ausu‘bél et al.
(1994). TLE (0.5 ml) extraction buffer (0.2.‘M Tris, pH 8.2, 0-.1 M lithium chlori_de,
5 mM EDTA), 0.15 ml TLE-equilibrated phenol and 0.15 ml chloroform were '
added to the frozen pdwder, and thlé tube was vortexed and incubated at 50°C
for 30 minutes. After centrifugation at 1;1,0009 at room temperéture to remove
cell debris, the équeous phase was transferred to a new tube co‘nt'a‘ining 0.3 mi
‘ phenol:chloroforrﬁ (1:1), vortexed, and céntrifugéd as before. The aqueous layer .
" was again removed and extracted in 1 volume of phénol:chloroform (1:1) Mo
more times as above, and total RNA was precipitated by adding 0.33 volumes of
8 M LiCl and incubating for '16 hours at 4‘fC. After centrifugation for 30 min at
14,000g at 4°C, the RNA péllet was washed with 0.5 ml 2 M LiCl, resuspended |
in 100 ul sterile water, and ethanol precipitated. The RNA was again recovered
by centrifugation as above énd resuspended in 100 pl sterile wafer and stored at
-80°C. RNA obtained by this method was judged to be intact by denaturing

agarose gel electrophoresis and ethidium bromide staining.
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Differential display RT-PCR

Two approaches were utilized in the DD screens reported here. Initial
efforts in 1997 and 1998 used the two-base selective anchored primer as
described by Liang and Pardee (1992). After reports of reduced false positives
by the' Zegzoﬁti group (1997) using the protocol changes mentioned above, a
single-base discriminatory anchored primer coupled with parallel PCR reactions“
became the method of- choicé in '1 998 to 2000. All other procedures were
identical between the two screens. Total RNA extracied as abové was treated
with RNase-free DNase | (16 units/25 ug RNA; Promega Corp.) in 100 mM Tris-
HCI (pH 8.0); 100 mM KCl, and 15 mM MgCl, for 60 min at 37°C. Samples were
thén extracted with an equal volume of water—saturated‘ phengl:chloroform‘ (1:1)
~and once witH'chIoroform. RNA was ethénol prec'i‘pitated, centrifuged 30 min at
14,0009 at 4°C, washed with 70% ethanol, and resuspehdéd in diethyl
pyroca'rbonate-treated water. Quantification of RNA samples was determined
spect‘rophotométripally and by using denaturing agarose gel electrophoresis.

DNA-free RNA (2 pg) from the timepoints described above was incubated
at 80°C in the presence of the anchored primer (2 uM; Table 3) for 5 min, cooled |
to 37°C over 20 min, and re\'/erse-transcribed in a 20 pl reaction containing 50
mM Tris-Hcl (pH 8.0), 50 mM KCI, 5 mM MgCIz', 10 mM DTT, 1‘00'ul\/i each-
dNTP, and 200 units MMLV Superscript® reverse transcriptase (GIBCO-BRL) for
120 min at 37°C. Reactions were stopped by heating to 75°C for 10 min. cDNA

(10 ng) from each treatment was amplified in a 10 pl PCR reaction containing
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Arbitrary primers used with
mononucleotide anchored primers

Name
OPAO01
OPAO2
OPAO03
OPA04
OPAO5
OPA06

| OPAQ7
OPAO08
OPA09
OPA10
OPA11
OPA12
OPA13
OPA14
OPA15
OPA16
OPA17
OPA18

OPA19 .

OPA20

Sequence
CAGGCCCTTC

TGCCGAGCTG
AGTCAGCCAC
AATCGGGCTG
AGGGGTCTTG
GGTCCCTGAC
GAAACGGGTG
GTGACGTAGG
GGGTAACGCC
GTGATCGCAG
CAATCGCCGT
TCGGCGATAG
CAGCACCCAC
TCTGTGCTGG
TTCCGAACCC
AGCCAGCGAA
GACCGCTTGT

- AGGTGACCGT

CAAACGTCGG
GTTGCGATCC

- Name
H-AP1
H-AP2
H-AP3
H-AP4
H-AP5
H-AP6
H-AP7

H-AP9
H-AP10
H-AP11
H-AP12
H-AP13
H-AP14

- H-AP8

H-AP15:
H-AP16

Sequence
AAGCTTGATTGCC

AAGCTTCGACTGT
AAGCTTTGGTCAG
AAGCTTCTCAACG
AAGCTTAGTAGGC
AAGCTTGCACCAT
AAGCTTAACGAGG
AAGCTTTTACCGC
AAGCTTCATTCCG
AAGCTTCCACGTA
AAGCTTCGGGTAA
AAGCTTGAGTGCT
AAGCTTCGGCATA
AAGCTTGGAGCTT
AAGCTTTAGAGCG
AAGCTTACGCAAC

Table 3. Primer sequences used for differential display. (Left) Arbitrary 10-mer
primers used in combination with dinucleotide-specific primers T,,GC, T,,CA, or
T,,GA for a total of 360 PCR reactions. (Right) Arbitrary 13-mer primers used in
.combination with mononucleotide-specific primers T,,G, T,,C, or T,,A for a total
of 576 PCR reactions.
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A

0.5 unit AmpliTag Gold® DNA polymerase (Perkin Elmer)', 60 mM Tris-HCI (pH
8.9), 18 mM (NH,),SO,4, 2 mM MQCIZ, 3 uM each dNTP, 2 yM anchored primer, 2
uM arbitrary primer, and 2 uCi ?3P-dATP (DuPont-NEN). Cycling conditions
included an initial 5-min denaturation step at 94°C, followed by 35 cycles of
94°C for 30 sec, 42°C for 601 sec, 72°C for 30 sec, and a final extension étep at
72°C for.10 min in a Perkin Elher 9600 thermocycler. When two parallel PCR |
‘reactions were use‘d, the 20 ul reaction volume was split into two 10 pl reactions
prior to thermocycling. |

After thermoﬁycling, 3 ul from each reaction was heated.for 5 min at 95°C
with loading dye (95% formamide, 20 mM EDTA, 0.01% bromophenol blue, and
0.01 %._xylene cyanol FF) and separated by electrophoresis on a denaturing 6%
polyacrylamide/7 M urea gel in Tris-borate-EDTA buffer at 50°C until optimum
separation of bands in the 200- to 500-bp range was achieved (about 5 hr at
'1900.volts constant voltage). The gel was blotted toWhatman '3MM paper, fixed -
with 10% acetic aéid/5%‘ methanol forv 10 min, dried at 60°C on a slab gel dryer
(Hoefer Scientific), and exposed to Kodak X-OMAT AR film for 6 to 16 hours at
room temperature.
Differentially displayed cDNA bands were excised with a scalpel from the

dried gel by aligning the exposed film over the'gel (premarked with 0.001% *°S-
dATP [DﬁPont—NEN] in India ink) and eluting the cDNA in 100 ul water at 37°C
for 60 min followed by 15 min at 94°C. cDNAs were recovered by ethanol

precipitation, redissolved in 20 pl nuclease-free water, and a 1 pl aliquot was
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used for reamplification in a 50 pl PCR reaction using the above conditions,
except that *P-dATP was omitted and the dNTP concentration was increased to
- 200 uM.

Ten pl of the PCR reactlon was analyzed on a 1% agarose gel with
ethidium bromlde staining to verlfy the expected fragment size and specnflmty of
ampllflcatlon. One i of successful PCR reactions was then subcloned into the
pCR 2.1/TOPO TA® clo.ning vector (Invitrogen Corp.) end used to transform
competent cells (TOP10 E. celi; F- mcrA A(mrr-hsdRMS-mcerBC) ®80/acZAM15
AlacX74 recA1 deoR araD139 A(ara-leu)7697 galU galK rpsL. (Str~) endA1
nupG). After culture and selection on Lurie-Bertani medium (10 g tryptone, 5 g
yeasf extract, and 10 g NaCl per L, pH 7.0) supplemented with 100 ug/mi |
ampicillin, master plates were made from: 10 white colonies from eech
transformation, andthe resulting insert sizes were determined by’PCR as above,
except that the M13 Universal Forward and Reverse primers (1 ul of 0.1 ng |
primer/ul) werel used in a 20 .ul PCR reaction. Anticipated ineert sizes were
verified t-Jy' agarose gel eIectrophoresis/ethidiurri bromide staining as above, and-
corresponding single colonies were used te inoculate 3 ml cultures in Terrific
Broth (0.017 M KH,PO,, 0.072 M K,HPO,, 12 g tryptone, 24 g yeast extract, and
4 ml glycero‘l per L) eupplemented with 100 pg/mi ampic"illi‘n‘. Plasmid DNA
purifications were perfOrmed using the SET/aIkaline lysis buffer method
(Sambrook et al., 1989), and plasmids were dlgested W|th EcoRI (New England
Biolabs) under standard conditions. DNA mserts were |solated by

electrophoresing the digestion mix on a 1.5% agarose gel, excising the insert
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with a scalpel, and purifying the DNA from the gel matrix using the QIAQuick®
Gel Extraction Kit (Qiagen Company). DNA inserts were resuspended in 50 i

sterile water and stored at -20°C.

Northern blot analysis

Analysis of differentially exposed bands Was carried out by using the
appropriate cDNA as.a probe on northern blots. RNA (12 ug‘;‘)er lane) was
denatured for 5 hin at 65°C in 50% formamide/6% formaldehyde,
electrophoresed at 50 volts constant voltage for 90 min in a 1% agarose gel
containing 2% formaldehyde, stained witH ethidiur_n' bromide to verify equal
loading, transferred overnight to a positively charged nylon membrane

'(Osmonics Magna® nylon transfer membrane, 0.45 um pore size), and béund to.
the membrane by UV-crosinnking. To make cDNA probes, 40 ng 6f purified
insert was labeled with 50 uCi *P-dCTP (specific activity 3000 Ci/mmol;
DuPont/NEN) using a random hexamer priming kit (Ready;To-Go® labeling
beads, Amersham Pharmacia) and unincorporated nucléotides were removed
using G50 Sephadex columns (ProbeQuant® G50 micro columns, Amersham
Pharmacia). After verification of labeling efficiency (> 50% incérporation of label
using a Geiger-Mueller counter), the probe was denatured by boiling for 5 min
and added to RNA blots preincubated for 4 hours at 57'°‘C in 4 ml of aqueous
hybridization buffer (Sambrook ét al., 1989). Bloté were hybridized ovemight at
57°C, washed once for 15 min in 100 mi 2X SSC (0.3 M NaCl, 0.03 M Nagcitrate

(dihydrate), pH 7.0) at room temperature, followed by three 20 min washes at
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57°C in 100 ml 2X SSC11X SSC, and 0.5X SSC, respectively. Blots were
sealed in plastic bags while wet and exposed to film as above for 10 minto 1
week, depending on signal intensity as detected by a Geiger-Mueller counter.
For rare messages, film was exposed at -80°C in the presence of an intensifying
screen (DuPont Lightning Plus®). Equal loading of lanes was determined by

visual inspection of ethidium bromide-stained RNA on nothern blots (Figure 3).

Figure 3. A representative northern blot containing RNA isolated 0, 60, or 120
minutes after dicamba treatment of susceptible (S) or dicamba-resistant (R) K.
scoparia, showing intact RNA and uniform RNA loading of each lane.
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Sequencing
| Sequencing of isolated cDNA fragments in the pCR 2.1/TOPO TA plasmid |
waé performed at the Washington State University DNA Sequencing Facility
(Pullman, WA) using the BigDye dideoxy terminatioh m'ethod. In all casés,

primers used for sequencing were the M13 Forward (-40) and Reverse primers.

Sequence alignments

DNA sequences of selected cDNA_fragments were compared to sequence
databases using the National Center fdr Biotechnology Information’s BLASTN
and BLASTX algorithms (Altschul et al., 1997) using default settings. For further
anélyses, sequences were co‘mpafed to published sequences using the Genetics

Computer Group (Madison, WI)-GCG® (v 10.0) PILEUP program.

DNA extraction

Genomic DNA was isolated from S254 K. scbbaria using a method
modified from Sambrook et al. (1989). Tissue was harvested, "frozen, and
bulverized aé above. Extraction buffer (0.5 mi; 100 mM Tris, pH 8.0, 50 mM
EDTA, 100 mM NaCl, 1% (w/v) sodium dodecyl sulfate, 10 mM B-
mercaptoethanol) was added and the sample was placed at 65°C for 30 min with
occasiqnal gentle mixing. Polysaccharides and protein were brécipitated by “
adding 0.33‘volume 5 M potassium acetate. The sample was incubatéd on ice

for 60 minutes, centrifuged 20 min at 14,0009 at room temperature, and the
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supernatant removed and added to a new tube. DNA was precipitated by adding
1 volume ice-cold isopropanol, centrifuged as ébove, and washed with 0.5 mi ,
ice-cold 70% ethanol. fhe DNA pellet was redissolved in 100 pl sterile water
and stored at 4°C. Quality of genomfc DNA obtained by this method was

deterimined by agarose gel electrophoresis and ethidium bromide staining.

Cloning a gene fragment of 1-aminocyclopropane-1-carboxvlate synthase

Auxins are known.to stimulate ethylene production in a vafiety of plant
tissues (Abeles, 1973), and numeroué systems have shown that the mRNA for
1-aminocyclopropane-1-carboxylate synthase (ACC synthase), the enz.yme’
mediating the rate-limiting step in ethylene production, is induced after auxin
(Kim et al., 1992, Yoon et al., 1997, Arteca and Arteca, 1999) or 2,4-D (Jones
and Woodson, 1999) treatrﬁent. Although dicamba is known to induce ethylene
production in dicamba-su.sceptible Sinapis but notin'R bi‘otypeé (Hall et al.,
1993; Peniuk et al., 1993), the molecuiar basis fdr the diéarﬁba—mediéted K | Y
induction. in ethylene production has not béen examined. To addreés this -
question, efforté were undertakén to clone the K. scoparia ACC 'synthase gene
_ and determine whether dicamba treatment causes accumulation of the ACC
* synthase mRNA. Such studies would add'ress 1) what role ‘ACC synthase mRNA
accumulation plays in ethylene biosynthesis inR and‘ S K; scoparia, and 2)
whether dicamba is perceived similarly to auxiﬁ by K. scoparia (as measured by
an induction of ACC synthase transcript ‘accumulation).

ACC synthase has been cloned from dozens of plant species and has




52
seven highly conserved regions, including the active site domain (Henskens et
al., 1994). Because two of these conserved domains (amino acid sequences
TNPSNPLGTT and MSSFGLYV) do not span introns, PCR amplificétion using
DNA as a template was successfully used to clone 290- and 328-bp fragments of‘
ACC synthase genes from Malus and Vigna, respectively (Kim et al., 1992).
Under my direct guidance, Mr. Thomas Emborg attempted a parallel study in K.
scoparia while enrolled in BCHM 489 (Undergraduate Research Methods) at
“Montana State University.

ACC synthase DNA and inferred amino acid éequences were aligned by
hand, spanning the conserved domains listed .abc‘we from Malus ‘(Kim etal.,
1992), three Vigna cDNAs (Kim et "al., 1992, Botella et al., 1992, Yoon et al.,
1997), Lycopersicon (Rottman et all, 1991; Olson et al., 1995), Dianthus
(Hénskens et al., 1994), Cucumis_ (Trébitsh etal, 1997), two Pelargonium
" ¢DNAs (Wang and Arteca, 1995), and Arabidopsis (Van Der Straeten et al.,
1992). Two degenerate primers corresponding to the highly conserved amino
acid sequences TNPSNP (5' AC(CGA)AA(TC)CC(ATG)TC(AGC)AA(TC)CC 3)
and KMSSFG (5' TCC(AG)AA(GA)CTNGACAT(TC)'I"I' 3") were designed to limit
degeneracy but account for all wobble seen in each codon in the above species.
Primers were synthes.ized by integrated DNA Technologies (Coralvillle, IA) and
used ‘in PCR amplifications of K. scoparia DNA. A PCR master mix (240 pl)
containing 100 ng genomic DNA, 1 uM each primer, 50 mM Tris (pH 8.6), 50 mM
KCl, 1.5 mM MgCl,, 200 M each dNTP, and 6 units AmpliTag Gold® DNA

polymerése (Perkin Elmer) was split into12 aliquots and amplification was done
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on a thermal gradient block in a RoboCycler® (Stratagene Co'mpan‘y)
thermocycler. Cycling conditions included an initial 5-min denaturation step at
‘94°C, followed by 30 cycles of 94°C for 30 sec, 40°C to 62°C (gradient) for 30
sec, 72°C for 30 sec, aﬁd a final extension step at 72°C for 10 min.
Amplification‘products were-'énalyzed on a 1% agarose gel, and the 305 bp clone
TACC1-6 from the 58°C annealing terhperatur,e was gel-purified, subcloned,

sequenced, and used as a probe on northern blots as above.
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Results and Discussion

Differential Display using di- and mono-nucleotide-specific anchored primers

Use of dinucleotide-specific anchored primers, coupled with individual 10-
mer arbitrary primers, typically resulted in 20 to 70 radiolabeled amplification
‘products per reaction in the 200-bp to 600-bp size range (Figure 4). A total of
about 20,000 message fragments were eva!hated using this experimental
approach. A wide variety of message abundance and expfession pattems was
noted. Most messages.(>90%) were not affected by dicamba treatment in R or
S_ and‘ therefore were not differentially expressed between the two biotypes,
(constitutive messages). About 1,000 (5%) of the messages were amplified in
only R or S, and about 600 (3%) of the messages were induced or fepressed
equally in R and S up td 120 minutes after dicamba treatment. The relatively few
messages that were differentially expressed betweéh the two biotypes as a
result of dicamba treatment were given priority for subclohing and verification of
expression patterns by northern blotting. Of 44 cDNAs reamplified and used as
probes on northern blots, 17 proved to be constitutively expressed (in contrast to
the expre’ssion patterns noted on the DD film), 15 did not recognize a detectable
message after 1 week of eprsure, nine gave unusable northern blot results due
to _nonspecific hybridization (typically to ribosomal RNA), and three exhibited
expression pattefns consistent with the DD gel. Not including the cDNAs with an
undetectable signal, these numbers in’dircate the occurrence of false positives to

" be nearly 90%.
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Figure 4. mRNA amplification and
differential display using dinucleotide-
specific anchored primers.

DD was performed using the
anchored primer T2IGC and arbitrary
primer OPAO7 (group 1) and OPAQS8
(group 2). The six lanes in each
group correspond to RNA from S (left
three lanes in each group) and R
(right three lanes in each group) K.
scoparia isolated 0, 60, or 120
minutes after treatment with dicamba.

In most cases, expression
remained essentially unchanged as a
result of dicamba treatment, as in “A”.
In other cases, expression patterns
changed as a result of treatment but
were not different between R and S,
as in the example shown by “B”. “C”
and “D” denote cDNAs whose
expression patterns differ between R
and S and were changed as a result
of treatment. In “C”, the message is
more abundant in untreated S than in
R, and is transiently induced in S and
only slightly in R. In “D”, the
message accumulates in S but only
until 60 minutes after treatment,
whereas it continues to increase in
abundance in R up to 120 minutes
after treatment.
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DD using 'single-nucieotide discriminatory anchored primers and arbitrary
13-mers yielded similar patterns of expression, but this methpd proved to be
- more useful. As expected, the numbers of amplification products rose
significantly, yielding about 80 to. 200 émplification products per PCR reaction.
Occurrence of differentially expressed messages remained low, and performing
parallei PCR reactions..éﬁecti\}ely removed about 5(')% of the bands from further
consideration, as they failed to give repeatable amplificatidn patterns.
Approximétely 60,000 message fragments were screened using this DD
technique, and 62 were selected and succéssfully reamplifiéd for use as probes
in northern blots. Of these, 21 proved to be constitutively expressed, é4 did not
recbgnize a detectgble message after 1 week of exposure, six gave unusable
northern blot results, and 11 exhibited differential expression patterné consistent |
: with the DD gel. Not considering undetectable messages, ;che rate of false
positives with this approach was about 70%.

mRNAs that were detectabl'e and not constitutively expressed after
dicamba treatment could be assigned to one of three categories: 1) mRNAs that
were similarly up-regulated in R and S, 2) mRNAs that were similafly down-
regulated in R and S, or 3) mRNAs that were differentially expfessed‘ between R
and S after dicamba treatmeht. The cDNAs for two constitutively expressed
mRNAs were also sequenced because of unusually high expreésion lévels and
this writer's interest. In all cases réported here, changes in gene expression were

inferred from changes in steady-state mRNA levels as determined by northern
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blotting. While other mechanisms may affect mRNA abundance, such as a
change in the rate of mMRNA degradation, the expression level of most genes is
determined primarily by the rate of transcription (Alberts et al., 1989). 1 assumed
that steady-state (“bas:al” levels of expression) mRNA abundance for each gene

was exemplified in untreated tissue (i.e., 0 minutes after dicamba treatment).

mRNAs down-regulated by dicamba treatment

CO01R120

The 287-bp cDNA C01 R1 20 represe-nts a 550-b message expressed at
moderate levels (16-hour film exposure) that is down-regulated in R and S after
dicamba treatment (Figure 5). It is. attenuated about 8-fold in S and 5-fold in R,
and this down-regulation occurs somewhat more quickly in S than in R. No |
significant sequence identities were detected at the nucleotide or translated

amino acid levels.

D416S0

cDNA D41686 |s a 245-bp fragrhent recognizing a 1.9-Kb message that is
relatively abundant in untreated tissue (16-hour film exposure; Figure 6). By 120
minutes after dicamba treatment, the messaée |s decreased about 7-fold in S
and 10-fold in R. I-iigh sequence similarity was noted at the nucleotide (>80%)
and translated amino acid levels (>77% identical; 88% similar) to the

chloroplastic enzyme choline monooxygenase from Spinacia oleracea, Beta
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S R
r A \ r A
550 bp
A
40000
Resistant
o~ 30000
B ™ 20000
I t Susceptible
< 10000
Time after treatment (min)
C

agcttgattgccnaacatatgcatgatcaactttgatggacctattcaaagttttttttt
ataaatattcgtgttgagagagtgttctattttatatttatgntgtttcgttttcgtttc
aatgtataaantatggtttcgcatgtgtttgtggttattatgaattcaaagttttatttg
tatttgccttcgtggngtggntgtattcattttattatatatatatatatatcaataaat

ggagtcttgtaatacccnttttatttgtttgtcgaaaaaaaaaa

Figure 5. Expression of CO1R120 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) cDNA sequence of clone C01R120.
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R

A
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O 60 120 0 60 120

19 Kb

A

20000

Susceptible
c 15000 —V
10000
Time after treatment (min)

C

ttgccgagctggcgaagggaaagtgcatgcatttcacaacgttgtactcatcgtgcttcg
attctcgcttgtggaagtggcaaaaagtcctgctttgtgtgcccttaccatggatgggtt
tttggcatgaatggagatctcacaaaagcaacccaagctgaaactcaaacttttgatgect
aaggaacttgggctagtggccctaaaggttgcagtatggggaccattcgttctgatcagec

tcggc

Figure 6. Expression of D416S0 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) Nucleotide sequence of cDNA D416S0.
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vulgaris, Amaranthus tricolor, Atriplex hortensis, and a predicted protein from
Arabidopsis. This enzyme is invo'lved in the biosynthésis of the osmoprotectant
glycine betaine in certain members of the Chenopodiaceae and Amaranthaceae

(Russell et al., 1998) and is the subject of Chapter 3.

A05S0

The 382-bp A05S0 cDNA recognized a 1.4-Kb message .in bothRand S
that was expressed at high levels in untreated tissues (16-hour exposure; Figure
7). The corresponding mRNA decreased in abundance by 30 minutes after
treatment, and was-attenuated about 10-fold in both R and S by 120 minutes
after treatmeAnt. Détabase searches revealed no significant sequence identities

at'the‘ nucleotide or translated amino acid levels.

C03S0

Clone C03S0 is a 328-bp fragment that recognizes an abundant 2.1 Kb
mRNA (Figure 8). Atfter dicamba treatment, this méésage is down-regulated
within minutes to levels nearly 20-fold lower than basal levels in'both R and S.

Seqijence identity searches re\)e,aled no sequence homologies at the
DNA level, probably because the clone is mostly 3' untranslateﬁ sequence
(Figure 9). However, a portion of the deduced amino acid sequencé indic_ated ‘
strong homology to a short domaiﬁ at the carboxyl terminus of several genes in
the methylenetetrahydrofolate reductase (MTHFR) family of enzymes. MTHFRs

have been found in bacteria and Saccharomyces (Hanson et al., 2000),
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cttcgactgtgggatctcgacttcaaaatttcaccagtccgagtatgagaatgagatgaa
caacatatatatgcgatcatatcatactgtgatcatctttttccgtttatttttttactc
ttctgtttaatttccctgttcttcgagtactctgtataatatgcgcatgaaaaatgctgec
ttatgtacaataaggagaccatcatccttccttgttttcttttcttatgttcgttcttgc
aagctaacggatacgattaatcgccttttgaatgattagtcatgccgtaagcctgtaaga
catatgtaatctcattattatatcaatccatatactgtatggttttaattaatgtactct

gtaattattcacaaaaaaaaaaa

Figure 7. Expression of AO5S0 after dicamba treatment. (A) RNA isolated from
S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with the
radiolabeled cDNA. (B) Phosphorimager analysis of message abundance from
blot (A). (C) Nucleotide sequence of cDNA A05S0.
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S R
f A \ f A
A
30000
20000
Susceptible
Resistant
Time after treatment (min)
C

agctttggtcagcgtggttgacaatgattacatcaatggtaatttgttttcggttttcg
ttaaatttgagatgagacttcgatacgtcattgttcctacattcatatcttcttcctac
ttgtatcccattgggcttttactttccattgtttcaagtgttgtattgttagatgtagt
gagtttgtaatggcataaatcttgtgggattttgcaaatctcccaagcctcccaatgca
attgcatggcgagttgatgtaatgcgcccttcagtctatttgtttcgataaaaatagat
tttgcttctggttttggaaaaaaaaaa

QO 0 D

Figure 8. Expression of CO3S0 after dicamba treatment. (A) RNA isolated from
S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with the
radiolabeled cDNA. (B) Phosphorimager analysis of message abundance from
blot (A). (C) Nucleotide sequence of the C03S0 cDNA.



63

A

" 3 gctttggtcagegtggttgacaatgattacatcaatggtaatttgtttteggtttteget
.A L V 8 V V D ND Y I NGNTUILVF S V F A

63 taaatttgagatgagacttcgatacgtcattgttcctacattcatatcttcecttectacat
* ' :

.123 tgtatcccattgggcttttactttccattgtttcaagtgttgtattgttagatgtagtag
183 agtttgtaatggcataaatcttgtgggattttgcaaatctcccaagecteccaatgcaaa -
243 ttgcatggcgagttgatgtaatgecgccecttcagtctatttgtttegataaaaatagatat -
303 ttgcttctggttitggaaaaaaaaaa 328

Kochia ALVSVVDNDY INGNLFSVFA*
Arabidopsis AL138647 YLVSLVDNNY INGDIFSVFADL*
Arabidopsis AF370515 YLVSLVENDY INGDIFAVFADL*
: Zea YLVSLVDNDY VQGDLFAAFKI*

Figure 9. C03S0 is mostly 3' unfranslated region. (A) DNA (lower case) and in-
frame translated amino acid sequence (upper case) of the C03S0 partial-length
cDNA. The stop codon is indicated by an askterisk. (B) PILEUP analysis of
C03S0 and similar amino acid sequences as recovered by BLAST. Amino acid
sequences similar between the cDNAs are in bold; the stop codon for each is
indicated by an asterisk.
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Arabidopsis and Zea (Roje et al., 1999), and now Kochia, but the vast majority of |
the research on these enzymes has been in humans. MTHFRs irreversibly
catalyze the reduction of 5,10-methylenetetrahydrofolate (produced from glycine,
serine, or 5,10-methényitetrahydrofolate) to 5-methyltetr.;:1hydrofoléte, which
constitutes the major form‘ of folate in tissues and is the primary donor of methyl
groups in one-carbon (C,) metabolic pathways. Many C, transfers are mediated
'by the coenzyme tetrahydrofolate, which is produced by the transfer of a methyl

| group from 5-methyltetrahydrofolafe to homocysteine (mediated by methionine
- synthase), creating methionine. Methionine is then used in pfote_in synthesis or
converted to S-adenosylmethionine, which acts as a universal donor for other
methylation reactions. Reduced MTHFR activity 'r_esults in an inability to produce
5-methyltetrahydrofolate, and therefore decreased homocysteine catabolism.
Although there are sevéral kﬁown MTHF‘R mutations in humans, the most
common and severe mutation (Ala222Val) causes increased blood homocysteine
Ievels‘and corresponding drops in folate and vitamin B, levels. MTHFR
mutations cause severe hyperhomocysteinemia, preniéture atherosclerotic
vascular disease, have been implicated in colorectal cancer ((=3hoi,'2001), and can
cause severe neurological disorders, especially in developing fetuses (Verhdeff et
al., 1998). Because of variability in the activities of human MTHFRs, folate
supplements are commonly suggested for pregnan’; humans. MTHFRs and other
enzymes involved in plant C, metabolism have recently been suggested as
targets for plént metabolic enginéering, although biochemical data on these

enzymes in plants are scarce (Roje et al., 1999).
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In plants, methyl units are needed to synthesize amino acids,
pantothenate, nucleic acids, lignin, alkaloids, énd numerous other compounds.
Auxin has been shown to induce DNA synthesis (Nagata, and Takahashi, 1992),
and presumably a larger pool of nucleotide precursors would be needed under
such conditions. ‘Fivé,10-methylenetetrahydrofolate is also used as a methyl
donor for thyrmidine monophosbhate (a precursor required for DNA synthesis) by |
thymidylate synthase, which transfers a methyl group from 5,10-
methylenetetrahydrofolate to deoxyuridine mo‘nophos‘phate (Cox et al., 1999).
Since MTHFRs may compete with thymidylate synthase fqr the available 5,10-
methylenetetrahydrofolate pool, it is possible that MTHFRs are down-regulated in
response to auxin in order to incréase substrate availability for subsequent DNA‘ ,

and RNA synthesis.

mRNAs up-requlated by dicamba tfeatment

- C075120

The 325-bp C07S120 clone was initially selected as a differentially
expressed message (based on DD results) but proved to b~e regulated similarly in
R and S (Figure 10). It recognizes a 2.7-iKb mRNA that is initially relatively scarce
| (48-hour film exposure) but increases in abundance about 5-fold ih both R aﬁd S
in response‘to dicamba treatment. Deduced amino acid Séquence comparisons

indicated that it has 75% identity with a 20-amino acid region near the carboxyl

" terminus of chloride channel proteins in Nicotiana and Arabidopsis (Figure 11).
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ttaacgaggcaagatttgagagctcacaatatttagcatgtgttccctcatatagcgagg
tccaaaggcagagaaaagcaaaaatgagttcttcaatatactcgatcagatatcttcgta
attaatatacttgcatattcttttcacaattttcatttttgcaaattgttacttgtgtac
aagattgtagattgtaagaaatagtcacgatgaaagtttgtgtaggataccaaaatatta
cagttccgctaccaactacgaaagaacactctgtacaaaagtagcagcaactcagatgtc

aagtttcttgtatgaaaaaaaaaaa

Figure 10. Expression of C07S120 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) Nucleotide sequence of the C07S120 cDNA.
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1 ttaacgaggcaagatttgagagctcacaatatttagcatgtgttccctcatatagcgagg
L T R Q D L R A H N I * H V F P H I A R
61 tccaaaggcagagaaaagcaaaaatgagttcttcaatatactcgatcagatatcttcgta
S K G R E K Q K *
121 attaatatacttgcatattcttttcacaattttcatttttgcaaattgttacttgtgtac
181 aagattgtagattgtaagaaatagtcacgatgaaagtttgtgtaggataccaaaatatta
241 cagttccgctaccaactacgaaagaacactctgtacaaaagtagcagcaactcagatgtc
301 aagtttcttgtatgaaaaaaaaaaa 325 '

Kochia LTRQDLRAHN I*HVFPHIAR SKGREKQK*

Nicotiana LTRQDLRAHN ILSVFPHLEK SKSGKKGN*
ArabldeSls AP001312 LTRQDLRAYN ILQAFPLLEK SKGGKTH*
Arabidopsis- 271445 LTRQDLRAYN ILQAFPHLDK HKSGKAR*

Figure 11. C07S120 is mostly 3' untranslated region. (A) DNA (lower case) and
translated amino acid sequence (upper case) of the C07S120 partial-length
cDNA. Potential stop codons are indicated by asterisks. (B) PILEUP
comparisons of C07S120 and similar amino acid sequences as recovered by
BLAST. Amino acid sequence identities between the cDNAs are in bold; the
stop codon for each is indicated by an asterisk. Note the possible single base
-pair substitution in (A) that introduces a premature stop codon.

Other similarities are to gated anion channel proteins from Arabidopsis. No
similarities at the DNA level were noted.

Auxjn is known to cause proton extrusioﬁ into the apoplast, leading to
loosening of non-covalent bonds in the cell wall. Harling et al. (1997) suggest -

that this electrochemical gradient also drives solute uptake into the cytosol,
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which is Iikeiy a prerequisite for osmotically—driven cell expansion and
subsequent elohgation.and fropic reéponses. Oth“er ﬁhdings suggest that |
chlorine is iﬁvolved in stomatal 'movement, turgor, and poséib.ly signal .
transductioh (Tye_rman; 1992, Schroeder, 1995). There is evidence that auxin
direcfly stimulates chloride uptéke in protoplas_ts by activation of plasma
: membrane chlofide channels (Babourina et al., 1998). Similarly, it has long been
known that auxin stimulates chloride uptakeﬂinto Avena coleoptiles (Rubinstei'n-
and Light, 1973) and thisy uptake is an active ‘p‘rocéss (Assman, 1993).
Additional evidence for auxin-induced chloride influx into plant cells comes from
studies showing that anion channel blocke‘rs prevent growth inhibition mediated
by high auxin concentrations (Thomine et al., 1997), possibly by preventing |
excess chloridé uptake. Additionally, Keller and VanVolkenburgh (1996) provide
evidence fdr auxin induced Chloride.cha.nnelé, and suggest that these channels
are central in céntrolling the auxin-induced H‘;-ATPase-mediatéd '
hyperpolarization of tﬁé cell membrane. |

Given these reports; it is possible that dicamba iﬁduces expression of |
these chloride channel proteins, possibly as a response to mediate chloride
uptake across the plasma membrane. ‘However, the hyperpolarization response
to auxin is é)dremely fast'in pfotoplasts (Keller and Van Volkenburgh, 1996),
occurring within seconds. The much slower induction' of this putative chIori‘cjie
transporter by dicamba treétment may represent part of a long-term growth -

response.
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G148120

The 280-bp G14S120 clone hybridized with a 1.5-Kb mRNA that was
quite rare (1-week exposure) and induced in both R\and S (Figure 12). Induction
in S was about 8-fold .while induction in R plahts was about 25-fold. Basal
expression levels were higher in S than in R. In both cases, peak induction
came at 60 minutes after treatment, and mRNA abundance decl‘ihed thereafter.
Sequence identity searches revealed no significant similarities at either the DNA

- or.amino acid level.

mRNAs differentially expressed between R and S
K. scoparia after dicamba treatment

~ A025120

Basal levels of cDNA A025120 were highér in S than in R, and increased
in S but declined in R after dicamba treatment (Figure 13). S plants had about 3-
fold higher levels of this 1.2-Kb mRNA by two hours after treatment than R '
plants. Sequence analysis of the 213-bp cldne found no significant similarities at
the nucleotide level; however, deduced amino acid sequehce showed 84%
identity to the nuclear-encoded chloroplast thylakoid lumen 5 kDa protein
(Kapazoglou et al., 1995). Additi(;nally,'the same fragment showed >70% amino
acid identity to the Spinacia PSII-T protein and to the carboxyl terminus of the
Gossypium psbT gene (Figure 14), as well as to the large polycistronic

chloroplastic transcribt encoding the psbB-psbT-psbH-petB-petD suite
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ataattaaaatgtggttaagcataatgtgtgtctgctttgcttaattgtgtacttgagtg
taaggtgctaataatgactattataaataaacaccatggcacccccttcccctaaatagt
tttcaaatattttggggggttaagcgaagaatagatcgcttatgaatgttttatctagtc
atgtatggttttcattagttaagtacatgaggaaaacattattgtgtgttgaatacagca
tattaatacaacatattatcagttgtagtaaaaaaaaaaa

Figure 12. Expression of G14S5120 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 30, 60, 90, or 120 minutes after treatment and
probed with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence ofthe G14S120 cDNA.
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aagcaaacgagggactgcagaagctaagaagaagtatgcgcccatttgcgtcactatgcc
aactgccaggatctgttacaagtgaggcatctcttgaaattccgatatgaaaatcagtag
caatatctaataatgttgatattatgtttgtaatgttctgtaaaacttgtactactttaa

tgcattatgcgtcatttttgcgaaaaaaaaaaa

Figure 13. Expression of A02S120 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) Nucleotide sequence of the A02S120 cDNA.
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2 agcaaacgagggactgcagaagctaagaagaagtatgcecgcccatttgegtcactatgeca
S K R 6 T A E A K XK K Y A P I C V T MP
62 actgccaggatctgttacaagtgaggcatctettgaaattccgatatgaaaatcagtage
T A R I C Y K *
122 aatatctaataatgttgatattatgtttgtaatgttctgtaaaacttgtactactttaat
182 gcattatgcgtcatttttgcgaaaaaaaaaaa 213

Kochia SKRGTAEAKK KYAPICVTMP TARICYK*

Arabidopsis (AY050320) PKRGTEAAKK KYAPVCVTMP TAKICRN*
Arabidopsis (AF339682) PKRGTEAGKK KYAQVCVTMR TAKICRY* .
Gossypium PKRGSAEAKK AYAPVCVTMP TARICRN*

Spinacia PKRGTPEARKK KYAPVXVTMP SARIXYK*

Figure 14. A02S120 is mostly 3' untranslated region. (A) DNA (lower case) and
inferred amino acid sequence (upper case) of the-A02S5120 partial-length cDNA.
The stop codon is indicated by an asterisk. (B) PILEUP comparisons of
A02S120 and similar amino acid sequences as recovered by BLAST. Amino
acid sequence identities between the.cDNAs are in bold; the stop codon for each
is indicated by an asterisk.

of chloroplastic proteiné from Arabidopsis (Meurer et al., 1996). Based on amino
acid similarities, it thus appears that A02S120 encodes a fragment of a light-
regulated photosystem Il component. The sigﬁi,ficance of the observed
differential expression of this gene in R and S K, scoparia after dicamba

treatment is unknown.
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C07S60

- The 1.0 Kb mRNA recognized by the 434-bb C07S60 clone was present
in S but not detectable in R after a 48-hour film eprsure (I'-'fgure 15). C07S60
also hybridized at moderate levels to rRNA in both Rand S sa;n‘p'les. DNA |
sequence analysis indicated this clone has >80% sequence identity to the
translation initiatién factor elF-1 from Sporobolus stapfianus (Neale et 'al., 1999),
and to homologs of the translation initiation factor SUI1 from Arabidopsis, Salix,
Eucalyptus, and Pimp)'nella, and to the Zea translation initiation. factor GOS2 (de
Pater et al., 1992; Figure 16). At the deduéed émino acid level, the seqUence _
“was >80% identical and 90% similar to translation initiation factors from a variety |
of organisms including Arabidopsis, Oryza, yeast, human, Mus,
Schizosaccharomyces, and others.
'While most translation initiation factors are expressed at very low levels
. (Neale et al., 1999), the mRNA for the C07S60 appears to be relatively abundant
and may be sllghtly induced by 90 minutes after treatment. The eiF-1 transla’uon o '
initiation factor is induced upon drought stress in Sporobolus butitis not known
whether dicamba treatment presents a similar challenge to S K. scoparia. Of the
106 clones generated by DD and used as probes on noﬁhern blots in the studies
reported here, CO7S60 is one of only two that hybridized to one K. scoparia
. biotype and nét' the other. One possible explanation is that the clone was , | (
originally generated from a chA from the S biotype, and allelic differences

between R and S were significant enough to prevent hybridization fo R RNA.




74

C £ 15000 Susceptible  y~x X

/ X
/ "

/
B @~ 10000
4

Se
J5 to
m A 5000
&
Resistant
O — o e A A *
0 30 60 90 120

Time after treatment (min)

C

aagcttcgactgttcaaggtctgaagaaggatttcagctacgagaagatactcaaagacec
tcaaaaaggagttctgctgcaacggcaatgttgtacaggacaaggagctagggaaggtta
tccaactgcaaggcgatcagcgtaagaaggttgcgaatttcctgacccaagccgagtcttg
tgaagaaggatcggatcaaaattcatggtttttaagctttgattcgtgctgttgagatac
aagagcgattgatttgttcttggatagtttctgttttcgtttagggtttggtcgtttgat
gttgttggtttcagttgctttcgtttctgttgagtgttaatgcatccccatggatggecac
tggtagtctgttatgtattgagctttcgaactcgttgctattaaataaaatcggatgectt
acgtaaaaaaaaaa

Figure 15. Expression of C07S60 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 30, 60, 90, or 120 minutes after treatment and
probed with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence of the CO7S60 cDNA.
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3 gcttcgactgttcaaggtctgaagaaggatttcagctacgagaagétactcaaagacctc
§ A 8§ T VvV Q G L 'K K D F S Y EK I L K D L
63 aaaaaggagttctgctgcaacggcaatgttgtacaggacaaggagctagggaaggttate
K K E F ¢ C N G N v v ¢ b K E L G K V I
123 caactgcaaggcgatdagcgtaagaaggttgcgaatttcctgacccaagccggtéttgtg
Q L Q ¢ D QR K KV ANUPF LT QA G L V
183 aagaaggatcggatcaaaattcatggtttttaagctttgattegtgetgttgagatacaa
K X D R I K I HG F * :
243 gagcgattgatttgttcttggatagtttctgttttcgtttagggtttggtcgtttgatgt
303 tgttggtttcagttgctttcgtttctgttgagtgttaatgcatccccatggatggcadtg
363 gtagtctgttatgtattgagctttcgaactcgttgctattaaataaaatcggatgcttac
423 gtaaaaaaaaaa 434.
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TVQGLKKDFS
TVQGLKKEFS
TVQGLKKEFS
TVQGLKKEFS
TVQGLKKEYS
TVQGIADDYD

51

FLTQAGLVKK
FLVQAGIVEKK
FLVQAGIVKK
FLVOAGIVKK
FLVQTGIAKK

FLVEIGLAKD

YEKILKDLKK

YSKILRKDLKK
YSRILKDLKK
YNKILKDLKK
YERILKDLKK
KKKLVKPFKEK

68
DRIKIHGF*
EHIKIHGF»
EHIKIHGF*
EHIKIHGF*

DQIKIHGF* -

DQLKVHGF*

EFCCNGNVVQ
EFCCNGTVVQ
EFCCNGTVVQ
EFCCNGTVVQ
DFCCNGNVVQ
KFACNGTVIE

DKELGKVIQL

DPELGQVIQL
DPELGQVIQL
DPELGQVIQL
DKELGKIIQL
HPEYGEVIQL

QGDQRKKVAN
‘QGDQORKNVSN
QGDQRENVSN
OQGDQRKNVSN
QGDQRKKVSQ
QGDORKNICQ

Figure 16. C07S60 has high sequence similarity to SUI1 translation initiation’
factors. (A) DNA (lower case) and translated amino acid sequence (upper case)
of the C07S60 partial-length cDNA. The stop codon is indicated by an asterisk.
(B) PILEUP comparisons of C07S60 and similar amino acid sequences as
recovered by BLAST. Amino acid sequence identities between the cDNAs are in
bold; the stop codon for each is indicated by an asterisk.

AItematiVer, this may be a member of a multiple gene family that is expressed in
S but not R. Both these explanations seem soméwhat ,unAIiker,, however, given

the high similarity across diverse species seen in Figure 16B.
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 GO7RO

_ Figuré 17 shows the expression patterns of the 1.2-Kb mRNA'thaf
hybridized to the 657-bp clone GO7R0. The message appears to be differentially
expressed in S' but levels do not changé in R In S, the message is reduced by
about half at 30 minutes after treatment, but increased to about 3 times basal
. levels by 60 minutes aﬂer treatment. |

. DNA sequence analysis of the clone indicated 82-89% similérity to

xylo_glucén‘ endotransglycosylases (XETs) from Arabidopsis, Carica, aﬁd Fagus.
The predicted amino acid sequence (Figdre 18) was about 65% identical or 74%
similar to dozens of xyloglucan endotransglycosylases (also known as
endoxyloglucan transferases) and xyloglucan énd'o-1 ,4-B-D-glucanases from
Arabidopsis and other dicots. 'Clone GO7RO0 has several characteristics that
further sﬁggest it is a xyloglucan endotransglycos'yllase, -iﬁcluding the
HDE(IN)D(F/I/M)EFLG motif (uﬁderlined in Figure 19) and the four irivarian;t
cysteine residues thought to be involved in disulfide bridge formation (Xu et. al., |
1995a). |

Xyloglucan endo-1,4-B-D-glucanases have a céllulase activity and
catalyze the internal hydrolysis of long xyloglycan chains, whereas XETs transfer
a xyloglucaﬁ molecule onto another polysaccharidé after the same internal
cleavage (Arréwsmith and de Silvé, 1995). Such enzymes-éppear to. be critical
in the creation, modification, and degradation of plant cell wallg, which are |
composed of cellulose microfibrils embedded in a matrix of hemicellulose,

proteins, and pectin (Xu et al., 1995b). In dicots, the primary hemicellulose is
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aacgaggttacactgctggagttataacagcattctatctttcgaacaaccaagttcatcccgggcaccacg
atgaagtagacatggaattccttgggacaacatttggaaaaccatatgttttgcaaacaaatgtgtacataa
ggggtagtggagatggcacaattattggaagagagatgaaatttcatctatggtttgatccaactaagggat
ttcaccattatgccattttttggagtcccaaagaaatcatatttttggtagatgatattccaataagaagat
atcctagaaagagtgcagccacatatcctctaaggccaatgtgggtgtatggctcaatatgggatgcatcat
cttgggcaaccgaagatggaaaatacaaagcaaattataattaccaaccatttgttggtcaatacactaatt
ttaaagctagtggttgctccgcctacgccccacgctcatgtcgecccggtgteccgtctcgecctaccggtecg
ggggccttacccaaaagcaaacctacgtgatgaagtgggtacaaagacattacatgatttataactattgca
aggaccgtaaaanggaccattcacataccccggaatgttggttacgtcgccgttaataattaaagttatata

atggtgg

Figure 17. Expression of GO7R0 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) Nucleotide sequence of the GO7R0 cDNA.
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3 cgaggttacactgctggagttataacagcattctatctttecgaacaaccaagttcatece
R G Y T A GV I T ATV F UYL S NN Q V H P
63 gggcaccacgatgaagtagacatggaattccttgggacaacatttggaaaaccatatgtt
G H H D E V D M E F L, G T TV F G K P Y V
123 ttgcaaacaaatgtgtacataaggggtagtggagatggcacaattattggaagagagatg
' L Q@ T N V Y I R G 8 G D G T I I G R E M
183 aaatttcatctatggtttgatccaactaagggatttcaccattatgeccattttttggagt
K F H L W F D PTX G F HHVYATITFW S
243 cccaaagaaatcatatttttggtagatgatattccaataagaagatatcctagaaagagt
P K E I I F L VDUDTIUZ®PTIURT®ERTY PTRIEK S

303 gcagccacaﬁatcctctaaggccaatgtgggtgtatggbﬁbaatatgggatgcatcatct
A A T Y P L R P M WV Y G S I WD A S S

363 tgggcaaccgaagatggaaaatacaaagcaaattataattaccaaccatttgttggtcaa
W A TE DG K Y XK A N.YNY Q P F V G Q

423 tacactaattttaaagctagtggttgectecgectacgecccacgctcatgtegeccggtg
Y T N F K A 8 G ¢C S A Y A PR S CR PV

483 tccgtetegecctaceggtecgggggecttacccaaaagcaaacctacgtgatgaagtgg
S v 8 P ¥Y R 8 G 6L T Q K Q T Y v M K W
543 gtacaaagacattacatgatttataactattgcaaggaccgtaaaanggaccattcacat
vV Q R H Y M I ¥ N Y ¢ K DR K X D H S H
603 accccggaatgttggttacgtcgeegttaataattaaagttatataatggtgg 655
T P E C W L R R R * *

Figure 18. GO7R0 open reading frame. DNA (lower case) and deduced amino
- acid sequence (upper case) of the GO7RO0 partial-length cDNA. Consecutive
stop codons are indicated by asterisks.

xyloélucan, which is structurally similar to cellulose but has numerous xylosy!
side chains. Since xyloglucans form tight hydrogen bonds with cellulose, it has
been proposed that modification of xyloglucans and subsequent turgor-mediated
;:ell expansion is necessary for cell growth (Fry et al., 1992, McCann et al., 1992,
others). Xyloglucan degradation and turnover is associated with auxin-mediated
cell elongation in Pisum (Labavitch and Ray, 1974), Vigna (Nishitani and

Masuda, 1982), and Oryza (Revilla and Zarra, 1987).
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. 1 : 50
Kochia RGYTAGVITA FYLSNNQVHP GHHDEVDMEF LGT TFGKPYV LQTNVYIRGS
Arabidopsis PGYTAGVITS LYLSNNEAHP GFHDEVDIEF LGT TFGKPYT LOTNVYIRGS
Carica PGYTAGVITS FYLSNNEDYP GNHDEIDIEF LGT TPGEPYT LQTNVFIRGS
Tropaeolum SGYTAGVITS FYLSNNQDYP GKHDEIDIEF LGT IPGKPYT LOTNVFIEGS
Oryza PGYTAGVNTA FYLSNTEQYP GHHDEIDMEL LGT VPGEPYT LQOTNVYVRGS
Nicotiana GGDSAGVVTA FYLSSNN... AEHDEIDFEF LGN RTGQPYI LQTNVFTGGK
51 100
Kochia GDGTIIGREM KFHLWFDPTK GFHHYAIFWS PKEIIFLVDD IPIRRYPRKS
Arabidopsis GDGKIIGREM KFRLWFDPTK DFHHYAIXLWS PREIIFLVDD IPIRRYPKKS
arica GDRNIVGREV KFHLWFDPTQ DFHNYAILWT PSETVFFVDD VPIRRYPRKS
Tropaeolum GDYNIIGREM RIHLWFDPTQ DYHNYAIYWI PSEITFFVDD VPIRRYPRKS
Oryza GDGNIVGREM RFHLWFDPTA GFHHYAILWN PDQILFLVDD VPIRRYEKKV
icotiana @D..... REQ RIYLWFDPTK GYHSYSVLWN TFQIVIFVDD VPIRAFKNSK
101 ‘ ‘ 150
Kochia A..ATYPL.R PMWVYGSIWD ASSWATEDGK YRANYNYQPF VGQYTNFKAS
Arabidopsis A..STFPL.R PMWLYGSIWD ASSWATEDGK YKADYKYQPF TAKYTNFKAL
Carica D..ATFPL.R TMWVYGSIWD ASSWATDDGK YKADYQYQPF VGRYKNFKIA
Tropaeolum D..ATFPL.R PLWVYGSVWD ASSWATENGK YKADYRYQPF VGKYEDFKLG
Oryza E..GTFPE.R EMWAYGSIWD ASDWATDGGR YRADYRYQPF VSRFADLRVG
Nicotiana DLGVKFPFNQ PMKIYSSIWD ADDWATRGGL EKTDWSNAPF TASYTSFHVD
151 200
Kochia GCSAYAPRS. ..CRPVSVS. .P.YRSGGLT QKQTYVMEKWV QRHYMIYNYC
. Arabidopsis. GCTAYSSAR. ..CYPLSAS. .P.YRSGGLT ROQHQAMRWV QTHSMVYNYC
Carica ACRADGQAS. .CRPPSVS. ..P.SGFGVLS PQQESAMEWA QRNSLVYNYC
Tropaeolum SCTVEAASS. ..CNPASVS. .YGOLS QQQVAAMEWV QKNYMVYNYC
Oryza GCATAAPPA. ..CSPVPAS. .SGGGSAALS PQQEAAMAWA QRNAMVYYYC
Nicotiana GCEAATPQEV QVCNTKGMRW WDQKAFQDLD ALQYRRLRWV RQKYTIYNYC
201 219 °
Kochia KDRKXDHSHT PECWLRRR*
Arabidopsis KDYKRDHSLT PECWR¥*
Carica LDPXKRDHTPT PEC*
Tropaeolum DDPTRDHTLT PEC*
Oryza QDYSRDHTFY PEC*
Nicotiana TDRKRYPTLP PECTKDRD*

Figure 19. PILEUP comparisons of GO7R0 and similar amino acid sequences as
recovered by BLAST. Amino acid sequence identities among the cDNAs are in
bold and stop codons are indicated by asterisks. Residues involved in the
putative active site are underllned (Xu et al., 1995). Invarlant cysteine residues
are shown with a A
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The mRNAs for the XETs TCH4 and EXT were induced within 10 minutes

in Arabidopsis seedlings treated with low conéentrations of auxin (Xu et al.,
1995, Xu ét al., 1996). Similarly, RNAs for two endo-1,4-B-D-glucanases frorp
Hordeum (Slakeski and Fincher, 1992) and Pisum (Matsumoto et al., 1997) were
inducéd after treatment with auxin and 2,4-D, respectively. In contrast, XET in S
K. scoparia appears to be initially down-regulated by 30 minutes after tréatrﬁent,‘
followed by the induction noted by Xu et al. The difference in expression
‘péﬁerns between R and S K. scoparia i$ consistent with the resistance frait in
‘that S plants become epinast'ic within a few hours afte'r treatment. In some
species, epinasty is thought to be. the result of uncontrolléd cell elongation.
(Sterling and Hall, 1997), and the induction of this XET in S but not R plants may
partly account for this symptom.

XETs énd endo-1,4-B-D-glucanases are large families of enzymes ih
Arabidopsis and other dicots, and different members appear to respond to
various stimuli (including auxin treatment) differently. Expression of the CEL1,
CELS5, and BAC1 genes, which encode endo-1 ,4-B-'D-glucanases, is thought to
be involved in the abscission process and these eﬁzymes are induced by
ethylene treatment. As this induction is .strongly./ inhibited by auxin (Tucker et al.,
1988, Wu et al., 1996), there appears to be complex regulation of these classes

of enzymes.
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CO08R60

The 522-bp clone CO8R60 recognizéd a moderately-abundant (24 Hour
exposure tim‘e)J .4-Kb message in both R and S (Figure 20). Basal mRNA _
'Ievels were somewhat higher in S than in R, and levels fell slowly in S. Howéver,
mRNA levels declined rapidly in R by 30 minutes after treatment before returning
to basal levels by 60 and 90 minutes after treatment. Sequence analysis of
CO8R60 indicated no nucleotide sequence similarities to any known genes; but
the translated amino acfd sequence was 71% identical and 83% similar to'a
" hypothetical profein in Arabidopsis (Figﬁre 21). Somewhat Wéaker similarities
were noted between this clone and the human translation initiation factor
HSPC1 82 (5_2% identical; 76% similar) as Well as the human (50% identical; 68%
similar) and yeast (40% identical; 59% similar) transcription initiation factor
SSU72 (Pappas énd Hampsey, 2000). Sequence similarities to these divefrse
genes prevents a putative identification qf CO8R60, but a‘more detailed analysis
~ of the full-length clone could provide more information on the presence of
- functional domains common fo translation or transcription initiation factors. If the
apparently differential résponse betweeh R and S can be confirmed on

independent blots, this cDNA should be studied further.
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gcttctcaacgctggcaagacaacgcacttgatggtgcttttgatgttgtgcttacatttgaagaaaaggtc
tttgatatggttgttgaagatctataccaccgtgagcatgtacaaatgaagcctgttgtcatcatcaacctt
gaggtaaaagacaatcacgaggaagcagctattggcggtcgccttacactagattttatgccaagagattga
agagactgctgattcatgggaagacaagatcgatgagatcattgctgcttttgagagacaccataggcgcaa
gattgtctacactatttccttttattgaacataagatattgttttgtaggcaatgaccaacaatttgtaaca
gttctgttttacatgagcacagattcccgcatttcatcatattcatgcggtcacaaacgtgacatattgtat
agttctagcctatgttactttgactcgtatacgagatgtccgactcggctaatttatgaaaattacctagat
tttagccaaaaaaaaaaa

Figure 20. Expression of CO8R60 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 30, 60, 90, or 120 minutes after treatment and
probed with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence of the COB8R60 cDNA.
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1 gcttctcaacgetggcaagacaacgcacttgatggtgettttgatgttgtgettacattt
A 8 QR W QQ DNAL DG AU FDV V L T'F .
61 gaagaaaaggtctttgatatggttgttgaagatctataccaccgtgagcatgtacaaatg
E E K v F D M VvV VvV EDL Y HR E H VYV Q M

121 éagcctgttgtcatcatcaaccttgaggtaaaagacaatcacgaggaagcagctattggc
K P V V I I N L E V K-D N HEZEAA I G

181 ggtcgecttacactagattttatgccaagagattgaagagactgetgattecatgggaaga
_ G R L, T L. D F M P R D *

241 caagatcgatgagatcattgctgcttttgagagacaccataggcgcaagattgtctacac
301 tatttccttttattgaacataagatattgttttgtaggcaatgaccaacaatttgtaaca
361 gttctgttttacatgagcacagattcccgcatttcatcatattcatgcggtcacaaacgt
421 gacatattgtatagttctagcectatgttactttgactegtatacgagatgtecgactegg
481 ctaatttatgaaaattacctagattttagccaaaaaaaaaaa 522

‘ -1 Co 50

Kochia ASQRWQDNAIL DGAFDVVLTF EEKVFDMVVE DLYHREHVOM KPVVIINLEV
Arabidqpsié APQRWQDNAG DGVFDVVMTF EEKVFDSVLE DLNNREQSLT KTILVMNLEV
Hbm¢ KPRPERFQNC KDLFDLILTC EERVYDQVVE DLNSREQETC QPVHVVNVDI
Saccharomyces APEKWQEST- -KVFDFVFTC EERCFDAVCE DLMNRGGKLN KIVHVINVDI

51 ‘ - 79
Kochia KDNHEEAAIG GRLTLDFMPR D* )
Arabidopsis . KDNHEEAATIG GRLALELCQE I*
Homo QDNHEEATLG AFLICELCQC IQHTEDMEN
Saccharomyces KDDDENAKIG SKAILELADM LNDKIEQCE

Figure 21. Translated amino acid sequence of the CO8R60 cDNA. (A) DNA
‘(lower case) and translated amino acid sequence (upper case) of the entire
'CO8R60 partial-length cDNA.. The stop codon is indicated by an asterisk. (B)

PILEUP comparisons of CO8R60 and similar amino acid sequences as

recovered by BLAST. Amino acid sequence identities between the cDNAs are in -

bold; the stop codon for each is indicated by an asterisk.
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CO8R60-2

Clone CO8R60-2 recbgnized a ‘m‘ode‘rately abundant (16'hour exposure)
1.2-Kb message in both R and S that waé induced over 20-fold by 30 minutes |
after treatment in R (Figure 22). Message levels remained high at 60 minutes
after treatment, but dropped to nearly basal levels by 120 minutes after
treatment. Iﬁ S; the message remained at very low levels throughout the time
course. |

Sequence»analysis showed that this 479-bp clone has‘80% DNA
sequence identity and 92% amino acid identity to an unknown, hypothetical |
proteiﬁ in Arabidopsis (NCBI accessioﬁ AF375454; Figure 23). Other amino acid
similarities are to unknown, hybothetical proteins from Volvox (63% identical)

| and Synechocystis (64% identical). Hypothetical proteins are typically derived |
from large-scale genome sequencing efforts, and are identified by the presence
of open reading frames recognized by sequence analy'/sis software. These
proteilns have not been charaqterized biologically, so no putative function can be
assigned to them. The dramétic increase in MRNA levels specifically in R plants
after dicamba treatment suggests that this clone deserves further attention and
may provide important insights into the bhysiological r-esponses dccurfing ih R

plants.
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ccgacccgggcgcagcccatgatgaagaatgttaatgaagggaaaggtatatttgctcctgtggtggttgtg
actaggaacatcattggcaaaaagaggttcaatcaacttagaggcaaagccattgcccttcactcacaggtt
ataacagagttttgcaagtcaataggagcagatgcaaagcaaagacaaggcttgattcgattggcaaagaag
aatggagagaaattagggttccttgcataattaaatttgaacatttgtttgaatttgtcaaatgaaattgtt
gagacttgtgtaaaaccttatgtatacatttcttgtgtagaagtaatctgtagaaatttctgttgcaattgc
aattgcaaaattcatctaaatttggggattaaacttcaaattgatggtattattattttaggtttagtaaaa
tcaaattagcaattttgtagttgttattgttattataaaaaaaaaaa

Figure 22. Expression of CO8R60-2 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 30, 60, or 120 minutes after treatment and probed
with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence of the CO8R60-2 cDNA.
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1 ccgacccgggcgcagcccatgatgaagaatgttaatgaagggaaaggtatatttgctcct
P T R A Q P M M K N V N EG K G I F A P
61 gtggtggttgtgactaggaacatcattggcaaaaagaggttcaatcaacttagaggcaaa
vV v VvV VvV T R N I I @ K KR F NOQOQOUILR G K
121 gccattgcccttcactcacaggttataacagagttttgcaagtcaataggagcagatgca
A I A L H 8 Q VvV I T EU F C K S8 I G A D A
181 aagcaaagacaaggcttgattcgattggcaaagaagaatggagagaaattagggttcctt
K QO R 0 G L I R L A K XKDNGEI KTLGTFL
241-gcataattaaatttgaacatttgtttgaatttgtcaaatgaaattgttgagacttgtgta
A *
301 aaaccttatgtatacatttcttgtgtagaagtaatctgtagaaatttctgttgcaattgc
361 aattgcaaaattcatctaaatttggggattaaacttcaaattgatggtattattatttta

421 ggtttagtaaaatcaaattagcaattttgtagttgttattgttattataaaaaaaaaaa 479 -

i - : 50

Kochia PTRAQPMMKN VNEGKGIFAP VVVVTRNIIG KKRFNQLRGK AIALHSQVIT
Arabidopsis ATIRAVPMMKN VNEGKGLFAP LVVVTRNLVG KKRFNQLRGK AIALHSQVIT
Synechocystis ~e~~~wmmmmn ~cnomone MFAP IVILVRQQLG KAKFNQIRGK AIALHCQTIT
Volvox PRRKPVIMMG NKATTGPFAP LVVVVRGAIG EKEFNQFRGK AISLHSQVIK

51 . 81

Kochia EFCKSIGADA KQRQGLIRLA KRNGEKLGFL A%*
Arabidopsis EFCKSIGADA KQRQGLIRLA KKNGERLGFL A%
Synechocystis NFCNRVGIDA KOQRONLIRLA KSNGKTLGLL A*
Volvox DFCKLLGVDN KQVQGVIRLA KEKNGEKLGFL A*

‘Figure 23. CO8R60-2 is similar to hypothetical proteins in several photosynthetic
organisms. (A) DNA (lower case) and translated amino acid sequence (upper
case) of the CO8R60-2 partial-length cDNA. The stop codon is indicated by an
asterisk. (B) PILEUP comparisons of CO8R60-2 and similar amino acid
sequences as recovered by BLAST. Amino acid sequence similarities are in

. bold; the stop codon for each gene is indicated by -an asterisk.
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B16R120

Clone B16R120 recognized a moderately abundant (16 hour film
exposure) 2.2-Kb message in both R.and S Kochia (Figure 24). By 90 minutes
after treatment there was about 8-fold more of the mRNA iﬁ Rthanin S K.
scopafia. Exbressien was essentially constitutive in S plants after herbicide
treatment, but increased about 3-fold in R. The 263-bp fragment showed no

sequence similarity to known sequences at either the DNA or deduced amino

acid level.

A13S60 -

Expression levels of the moderately 'abundant_ (16 hour film exposure) o
A13S60 message increased in S and remained censtitutive in R (Figure 25).
The 231-bp fragment recognized a 1.9-Kb mRNA, which was induced about 5-
fold in S by 60 minutes after treatment; Sequence analysis found no significant

similarities to known sequences at the DNA or inferred amino acid level.
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cgaaacaaacacgtcttctgattgtacttggaggatatcatatagattaatggtctttgttatgtttgtaga
aatttaaggatctattgggtttgtagtggccactgtgacattaattcataacagattcagaaagttgtatca
attatccaagaagtctggttagcaggataaccttttgctttttaggaattaggatgtttactatagttaagt
ataatgataataataataaaaaaacatcttttattagaaaaaaaaaa

Figure 24. Expression of B16R120 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia O130, 60, 90, or 120 minutes after treatment and
probed with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence of the B16R120 cDNA.
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agtaggccatgagtgttggtcggttggttaacaagagatcattatgcatgtaatgtaataattaaggtgtga
ttaaattaaaatgtacttttaagaagctaagcattgttgatttgattggaaaagggttgttaaaacttaggg
tttgtgtgttatatgcggaggtaaattaaattttatgtataatgcaaagcaaaagcaatgtatttttgtgtt

gcggaaaaaaaaaaa

Figure 25. Expression of A13S60 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 30, 60, 90, or 120 minutes after treatment and
probed with the radiolabeled cDNA. (B) Phosphorimager analysis of message
abundance from blot (A). (C) Nucleotide sequence of the A13S60 cDNA.
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C04R60

Clone 'CO4R60 recognized a 1.5-Kb messa‘ge in Rtissues but was not
‘detectable‘ in S (Figure 26). Levels of the mRNA épproximafely doubled in R by
120 minutes after treatment. This is an exceedingly rare message, requiring a
one-week exposuré to detect. Sequence analysis 6f the 231-bp fragment
showed 37% identity (52% similarity) over 52 amino acid residues to a
Plasmodium DnaJ-like gene (NCBI accession H71602). DnaJ genes have been
identified in dozens of species including plants, bacteria, yeast, and humans
(Luke et al., 1991, Ahu et aI.,,.199‘3, Caplan and Dpuglas, 1994). The gene ‘
products interact with the chapérone Hsp70 family of proteins, with specific
. interactions among individuals to perform certain cell functions related to
molecular chaperones. Several DnaJ proteins respond to heat shock (élumberg
and Silver, 1991, Cyr et al., 1994), and 6ne was shown to be induced by the
synthetic auxins .2,4-D énd naphthalene acetic acid (Frugis et al., 1999). |

Despite the relatively low sequence homology between this clone and
other DnaJ-like protein_s, C04R60 méy indeed represent a member of the diverse
DhaJ family of heat shock proteins. Most DnaJs isolated to date are cytosolic,
but two mitochondrial and chloroplastic forms have been isolated in Arabidopsis
(Kroczynska et al., 1996). Kroczynska et al. (1996) and Schlicher and Soll
(1997) report that these plastidic forms have very I\ow overall sequence |

homology to cytoplasmic versions.
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cttctcaacgggaagtggattttagcgtaagtgatttaagggtgtaaacgagcacggcatttaaaattgatt
ttaagactagtaatgtgtaatttcatttaaaattatttcgcttaatttgttcgtttatatcttaactagtgt
tataagcacgcgatgcgtgcgtgtatttattaaaatgttgcagtgatgtatgatttgtttagttactatgaa
ttttatttctttgtg aaaaaaaaaaa

Figure 26. Expression of C04R60 after dicamba treatment. (A) RNA isolated
from S and R K. scoparia 0, 60, or 120 minutes after treatment and probed with
the radiolabeled cDNA. (B) Phosphorimager analysis of message abundance
from blot (A). (C) Nucleotide sequence of the CO4R60 cDNA.
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Cloning a fragment of the ACC synthase gene from K. scoparia

Translation of the 305-bp TACC1-6 clone revealed a 303-bp open reading
frame potentially encoding a 101-amino acid polypeptide. DNA sequence
anaiysis of the fragment showed strong similarity to ACC synthase genes from
Dianthus (82% identical), Citrus (83% identical), Solanum (93% identical), Ca_wrica
(83% identical), and other species. Aminq acid sequence inferred from the DNA
sequerice also showed strong similarities to ACC synthase protein séquenées
from Dianthus (80% identical, 90% similar), Petunia (71‘.% identical, 86% similar),
Pelargonium (74% identical, 86% similar), and at least a dozen other species
including Arabidopsis, Cucumis, i/igna; Populué, Lycopersicon, and Passiflora
'(Figure 27). The deduced amino acid sequence includes a highly conserved
active site present in all ACC synthase genes isoléted to date. Based on
nucle_otide and amino acid similarity, it is likely that TACC1-6 enéodes a fragment
of a K. scoparia ACC synthase gene. In particUIar, the active site has an inferred
dodecapeptide sequence common to all ACC synthasé genes isolated to date
(SLSKD[M/L]IG[L/FIPGFR), including the invariant lysine residue which binds
pyridoxal 5' phosphate, a cofactor for this enzyme (Kende, 1989). ACC
synthases occur in large gene families, and a few members are not induced by
auxin treatment (Kim et al., 1992, Arteca and Arteca, 1999). To address whether
the gene corresponding to TACC1-6 is induced by a synthetic auxin, the
fragment was hybridized to a northern blot on RNA isolated frdm dicamba-

treated S and R K. scoparia. As shown in Figure 28, the mRNA corresponding
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1 50
Kochia TNPSNPLGTV 'LDRETLSTII SFSTEKNIHL VCDEIYGATV FGYPNFVSIS
Dianthus TNPSNPLGTV LDKETLINIL EFTNEKNIHL ICDEIYGATV FGEQKFISIS
Lycopersicon TNPSNPLGTT LDKDTLKSVL SFTNQHNTHL VCDEIYAATY FDTPQFVSTIA
Petunia TNPSNPLGTT LDRDTLKSLL NFTNERNIHL VCDEIYAATV FNTPQFVSIA
Citrus TNPSNPLGTT LDRDTLKSLV SFINDKNIHL VCDEIYAATV FSSPKFTSVA
Passiflora TNPSNPLGTI LDRDTLRSIV HFVNEKNIHL VCDEIYAATV FROPDFVSIS
51 100
Kochia EIMLDQDY.. .NPELIHIVY SLSEKDLGFPG FR VGIVYSYN DRVVSCARKM
Dianthus EVIIDQPH.. .NPDLVHIVY SLSKDLGFPG FR VGIVYSYN DNVVNCARKM
Lycopersicon. EILDEQEMTY CNKDLVHIVY SLSKDMGLPG FR VGIIYSEN DDVVNCAREM
Petunia EILNDEKSNF .NKDLVHIVY SLSKDMGLPG FR IGIVYSYN DAVVNCARKM
Citrus EVIQEMD... CNRDLIHIIY SLSKDMGLPG FR VGIVYSFN DTVVNCGRKM
Passiflora EILQEDDIE. CNLDLIHIVY SLSKDMGFPG FR VGIIYSYN DAVVSCARRM
101
Kochia SSFG
Dianthus SSFG
Lycopersicon SSFG
Petunia SSFG
Citrus SSFG
Passiflora -SSFG

Figure 27. PILEUP analysis of the deduced TACC1-6 amino acid sequence and
ACC synthase sequences from other species. Highly conserved reS|dues are in

bold; the active site of the enzyme is underlined.

to TACC1-6 is induced about 5-fold in S and 7-fold in R by 30 minutes after

treatment. However, expression levels decline qujckly, reaching basal levels in S
and near-basal levels in R by 60 minutes after treatment. Auxin induction of

ACC synthase is rapid in many species, occurring within 2 hours after auxin

treatment in isolated Vigna hypocotyls (Botella et al., 1992, Yoon et al., 1997)
and Pisum shoots (Peck and Kende, 1995), and within 6 hours of 24-D
treatment of Pelargonium leaves (Wang and Arteca, 1995). The studies -

reported here indicate that dicamba has similar effects, although it appears that
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acaaacccgtcgaacccattaggcacggtcctagacagggagaccttgtcaactatactgtctttcagcact
gagaagaacatccacttggtgtgcgatgagatatacggagccactgttttcgggtatcctaacttcgttage
atatccgagatcatgcttgaccaagactataaccccgaactcattcacattgtgtacagcctttctaaagac
ttgggattccccgggtttagggtggggattgtgtactcgtacaacgatagagtcgtgagttgtgcacgtaaa
atgtcgagtttcgga

Figure 28. ACC synthase gene expression is induced by dicamba treatment.
(A) Northern blot of RNA isolated from S and R K. scoparia 0, 30, and 60
minutes after dicamba treatment and probed with the radiolabeled TACC1-6
fragment. (B) Phosphorimager analysis of message abundance from the blot
shown in (A). (C) Nucleotide sequence of the TACC1-6 cDNA.
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the induction is mdre rapid than in the above systems. A‘dditiona'lly, the rapid -
.attenuation seen in Figure 28 has not been reported for other species or auxin
analogs, suggesting that ethylene production may be a trénsient effect of
dibamba treatment in K. scéparia. |

| AIthbugh several studies have compared tﬁe kinetics of ethylene
: prodﬁction after herticide treatment of susceptible-and auxinic herbicide-resistant
plants (Hall et al., 1993; Peniuk et al., 1993), none have used molecular tools to
note changes in expression of Qenes encoding ethylene biosynthetic enzymes.
Ethylene production did not increase in biotypes of Sinapis resistant to 2,4-D,
dicamba, and mecoprop in responSe to 2,4-D application, whereas ethylehe
production increased about 10-fold in S plants (Peniuk et .al., 1993). H=OWever,
this increase was not significant until 24 Hours after treatment. In contrast,
Coupland and Jackson (1991), using the same Sinapis biotypes, reported' that
ethylene production in R plants was greater V\./'ithin 6 hours of treatment with
mecoprop,l but S plants produced significantly more ethylene after 24 hours.
Although these results are consistent with the greater induction of ACC synthase
mRNA seen in R K. scoparia than in S (Figure 28), differeht auxinic herbicides
were used |n the two studies, énd the résults may not be comparable. The K.
scoparia results indicate that ACC synthase ié similarly induced in Rand S
biotypes, and thus it appears'unlikely that reduced or altered ethylene production
plays a role in dicamba resistance. .Further, the induction of ACC synthase in
both biotypes indicates that dicamba is perceived similarly “to auxin in K |

scopatria.
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CHAPTER 3

EXPRESSION OF K. SCOPARIA CHOLINE MONOOXYGENASE IN
RESPONSE TO SALT STRESS AND DICAMBA TREATMENT

Introduction

In Chapter 2, clone D4;iSSO was shown to be rapidly dcwn-regulated in
response to dicamba treatment in R and S K scoparia, and sequence éhalysis
revealed strong similarity to genes encoding choline monooxygenase (CMO) ' A
from Spinacia oleracea, Beta vngéfris, Amaranthus tricolor,‘ and Atriplex
hortensis. .(')h’oline mcnooxygehase oxidizes choline to betaine aldehyde, which
is subsequently oxidized by betaine aldehyde dehydrogenase (BADH) to
produce glycine betaine (GB). GB serves as a compatible solute to protect
proteins and membranes frcm the damaging effects of salts as well as
functioning in cytoplasmic osmoregulation (Yancey, 1994, Papageorgiou and
Mutata, 1995). CMO is unique to plants (Rathinésabapathi et al., 1997) and
appears to be a soluble ferredoxin- and oxygen-dependent protein localized
primcfily in the chloroplast stroma. In other organisms, flavoprotein
dehydrogenases or oxidases (Sakcmoto and Murafa, 2001) catalyzc the choline
oxidation reaction. CMO is an unusual oxygenase, heing insensitive to carb.on
'mo'noxide gnd haviné characteristics cf an iron-sulfur Rieske-type protein that is.
not related‘to cytochrome P450-type monooxygenases (Burnct et al., 1995).

|t is established that salinizatioh or drought treatments increase the levels
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of CMO mRNA (Russell et al., 1998), protein (Rathinasabapathi et al., 1997),

and the endproduct GB (Nakamura et al., 1996). Despite the fact that plant -
responses to abiotic stresses are often mediated by plant hormones like ABA
(Franks and Farquhar, 2001), the effects of phytohormones on GB production
are poorly understood. Studies to date have only investigated the effects of
_phytohormones on the 'expressic‘)n of BADH. Legaria et al. (1998) showed that
BADH mRNA and protein were induced by both osmotic stress and abscisic acid
in Amaranthus hypochondriacus. Similarly, Ishitani et al. (1 995) foqnd that
~ BADH mRNA was induced in Hordeum vulgare leaves by salt stress and
treatment with ABA. ;rhe effects of phytohormone treatment on CMO expression
have not been examined. Therefore, the goals. of these studies were to: 1)
characterize CMO expression in response to osmotic stréss; 2) more fully
characterize the dicamba-mediated ‘a"ctenuation of CMO expression in the
absence of osmotic stress; 3) detérmine whether dicamba treatment can
| override osmotic stress-induced CMO expression; and 4) compare the

responses of R and S K. scoparia to the above treatments.
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| Method_s and Materials

3' RACE

Sequence analysis of clone D416S0 indicated that it had sequence
~ similarity to internal sections of CMO cDNAs from other species and was not
afnplified from the 3' end of the message, as would be expected from clones
generated using differential disptay. In general, the regions of similarity
corresponded to bases 500 to 745 of 1 .9-Kb ‘fgll-length cDNAs from Spinacia
oleraeea, Beta vulgaris, Amaranthus tricolor, and Atriple_x‘ hortensis. In order to:
verify the identity of D416S0, 3' RACE (Bapid_ ‘Arhplificatilon. of cDNA Ends) was :
performed withh.the assjstance of Mr. Harwood Cranston to isolate a longer cDNA
for use in further studies. | |

Poly(A)* RNA was purtfied from untreated S254 K. éceparia total RNA,-' ‘
isolated as described above using the Straigh_t A’e® mRNA isolation systemv
(Novagen Inc.). Fifty ug total RNA was m|xed with 10 mg oligo(dT)-coated-
Magnetite® magnetic beads in a 1.5-ml centrifuge tube using manufacturer— '
supplied extraction buffer (pH 7.0) at room temperature. Magnetic beads were
captured using a magnet, the supernatant r‘emoted, and beads were washed_ 3
times using the manufacturer‘s wash buffer. Poly(A)* RNA was recovered by
incubating the beads in nuclease-free water at 60°C for 10 min, recapturing
magnetic particles, and precipitating the supe‘rnatant with isepropanol. mRNA
was peIIeted by centrifugation at 14,0009 for 10 min‘at 4°C and the pellet

washed with 0.5 ml 70% ethaf_tol. The final pellet was redissolved in100 pl
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nuclease-free water and subjected to another round of magnetic p'urification as
‘a‘bove. Typical yields were 1 to 2 ug poly(A)" RNA per mg of total RNA. Purity
of poly(A)" RNA generated using this method was verified by agarose gel
.electrobhoresis, ethidium bromide stainihg, and northern blotting using
radiolabeled D416S0 as a probe.
| . 3' RACE was performed using the 3' RACE System for Rapid

Amplification of cDNA Ends® cDNA amplification i(it (Gibco Life T'echnologies)l.
Poly(A)* RNA (50 ng) was incubated at 70°C in the presence of 0.5 yM anéhored
primer 5'-GGCCACGCGTCGACTAGTACT(17)-3' in 12 ul nuclease-free water for
10 min, followed by 5 min on ice. Reverse transcription was’ -performed ina 20
gl reaction containing 20 mM Tris-HCI (pH 8.4), 50 mM KClI, 2.5 mM MgCl,, 10
_mM DTT, 1‘00 uM each dNTP, and 200 units querScript II® ReVérse
-Transcriptase (Gibco Life Teéhnologies) ét 42°C for 50 min. Reactions were
terminated by heating to 70°C for 10 min followed by RNase H digestion. cDNA
(5 ng) was then amplified in a 50 pl PCR feaction containing 1 unit AmpliTag
Gold® DNA polymerase (Perkin Elmer), 20 mM Tris-HCI (pH 84.4), 50 mM KClI,
1.5 mM MgCl,, 200 nM HJC3 primer (5'- AGTGCATGCATTTCACAACG-3';
dec;;igned from the D416S0 sequénce), 200 nM universal amplification primer (5'-
GGCCACGCGTCGACTAGTAC-3Y), and 200 M each dNTP. Cycling conditions
incILjded an initial 3-min denaturation step at 94 °C, followed by 35:cycles of 94
°C for 30 sec, 55 °C for 60 sec, 72 °C for 30 sec, and a final extension step of 72
°C for 10 min in a Perkin Elmer ‘9600 thermocycle'r. Twenty ul of the PCR |

reaction was analyzed using agarose gel electrophoresis and ethidium bromide
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staining to verify the exbeeted famplification product (1.2 Kb), and the band was -
excised, ligated into the pCRII/T OPO cloning vector, and sequenced as

described previously.

- NaCl treatment

Six—Week—oId R99 and S254 plants grown under the greenhouse-
conditions described previously were subjected to os'motic'strese by adding
solutions of NaCl dissolved in tap water. | Plants were treated with increasing
NaCl concentration by sequentially adding two soilfvelumee (4 L) of t50 mM', 300 “
mM, 500 mM, and 750 mM NaCl every 2 deys. Plant materia‘l (10 g) from at
least six plar_tts was bulked and harvested into liquid nitrogen 0, 2, 4, 6, and 8

days after NaCl treatments began. -

Dicamba treatment of NaCl-treated plants

Eight days after NaCl treatments began, R99 and S254 plants were '
sprayed with 70 g ai ha™ formulated dlcamba as previously descrlbed and
 harvested after O, 0 5 1, 1.5, 2 6, 12, 24 and 48 hours by bulklng shoot tlssue

(10 g) from at least six plants as above.
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Northern blot analysis

Analysis of CMO mRNA levels was perfdrmed' as previously described,

except that 80 ng D416S0 was used-as a probe for all northern blots.

'Protein extraction

Frozen shoot tissue (1 g fresh weight) was pulverized to a powder under
liquid nitrogen using a prechilled nnoriar and pestle, transferred into a 50 ml
Falcon tube,_ and extracted with 20 ml ice-cold exiraction buffer containing 100‘
mM Tris-HCI (pH 8.0), 1 mM ‘EDTA, 20 rnl\/i sodium borate, 50 mM ascorbic acid,
: 1 mM phényimethylsulfonyl fluoride (PMSF), 10 m‘M DTT, 15"p‘l antifoam A, and |
0.2 g polyvinylpolypyrrolidone (PVPP) by homogenization wiih a ‘F;olytron® tissue
homogenizer (Brinkmann Co.). Samples were filtered through 4 layers of |
cheeseclotn and one layer of Miracloth® (Calbiochem-Novabioc‘hem Corp.) and
centrifuged at 10,000g and 4°C for 10 min. The supernatant was transferred to
a new c.entrifuge'tuber and precipitated by adding 8 volumes of -20 °C acetone.
Protein was recovered by centrifugation at 10,000g and 4°C i‘or 15 min, and tne
pellet was redissolved in 0.5 ml sample buffer containing 100 mM Tris-HCI ('pH
8.0), 1 mM EDTA, 20 mM sodium borate, 50 mM ascorbic acid, and 16 mM DTT.
Total protein was determinéd using the Bradford method (Bradford, 1976) using
BSA as a standard. Prior to storage at -20 °C, samples were diluted 1:1 with 2X
- SDS sample buffer (50 mM Trié—HCl, [pH 6.8], 2% [iiv/v] SDS, 10 mM EDTA, 20%
[vivl glyéerol, 20 mM DTT, and 100 ug/ml bromophenol blue), boiled for 5 min,

centrifuged at 14,0009 for 5 min at room temberature, and the supernatant
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transferred to a new 1.5 ml centrifuge tube.

Western blot analysis

Unless otherwise noted, 15 ug total protein from each sample was
separatedby SDS-PAGE on 12% acrylamide gels following the procedures of |
Davis (1964). Samples were electrophoresed at 50 volts constant voltage for 16
hours and separation verified by Coomasie blué staining. For western analysis,
proteins electrophoresed as above were transferred to polyvinylidene fluoride-
coated nylon membranes (BioTrace® PVDF.; Pall Gelman Sciences) by
electrophoretic transfer at 50 volts constant current for 4 hours in transfer buffer
containing 10 mM Tris (pH 8.3), 200 mM glycine, and 15% (v/v) methanol.

Detection of CMO protein was performed by adding 4 pl mouse ‘polyc‘lo‘nal
antibody raised against the Spinacia CMO protein (graciously provided by Dr.
Andrew Hanson, University of Florida) to protein blots preincubated for 3 hours in
4 m| T-TBS (100 mM Tris [pH 7.5], 0.9% [w/iv] NaCl, 0.1% [v/v] Tween 20)
supplemented with 5% (w/v) nonfat dried milk. Blots were incubated with gentle
agitation at room temperature for 16 hr with the CMO antibody and washed three
| times for 5 min each in 5 ml T-TBS. Next, 2.5 yl goat anti-mouse IgG/alkaline
phosphatase (Sigma Chemical Co.) in 5 ml T-TBS blus 5% nonfat dried milk Was
added and the blot was incubated with gentle agitation at room temberature for 2
hr. The blots were washed three times for 5 min eéch in 5 mi f-TBS followed by

fwo washes for 5 min each in alkaline phosphatasebuffer (100 mM Tris [pH '9.5],
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100 mM NaCI, 5 mM MQCIZ), and developed.using a 5-bromo-4-chloro-3-indolyl |
phosphate/nitro blue tetrazolium salt substrate systém (Sigma Chemical Co.).
_Intensity of CMO protein bands was quanvtified{by scanning densitometry of biots

using 1'D Molecular Imaging® software (v. 3.0.1, Kodak Digital Sciences).

Glycine betaine extraction

GB was extr'acted from K. scoparia plants using a method modifiAed from
iFan et al. (1993). Frozen shoot tissue (1 g fresh wei;i;ht) was pulverized to a
powder under liquid nitrogen using a prechilled mortar and pestle, transferred to
a 15-ml centrifuge tube, and extracted with 3 ml 5% (v/v) perchloric acid in water
at 0°C for 60 min. Twénty Ml of AntifoamAA (Sigma Chemical Cb.) was added |
and the extracts adjusted to pH 7.0 by adding 165 pl of 5 M K,CO,. The extracts
were céntrifuged at 10,000g ahd 4°C for 20 mi’n and 1 ml of the sup.ernétant was
lyophilizéd and redissolved in 0.5 ml deuterium dioxide. An internal NMR
standard of alanine (10.r‘ng) dissolved in deuterium dioxide was added to each

sample just prior to NMR analysis.

'HNMR

Nucleér‘ Mag‘netic Resonance used to dletermihe GB levels in K. ‘scoparia'
was performed by Dr. Scott Busse, Interim NMR birector inthe
Department of ¢Hemistw and Biochemistry at Mpnfané State Uﬁiversity.
Because of the free rotation of the methyl group in GB, the.reéulting peaks were

very sharp due to the relatively long relaxation time and the peak areas were
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large due to the presence of six equivalent protons thét gave rise to the signal.
All NMR spectra were collected on a Bruker DRX500 NMR spectfometér
operating at a proton frequency of 500.13 MHz. The time .domair.1 data waé
collected with. a spectral width of 6000 Hz and 32k~comp‘le$< points. A total of’ 16
scans wére avefaged for each spectrurh. The proton pulse length was 8 psec
and a 7.7 sec recycle was used. The spectra were zero filled and Fourier
transformed to give a final fréduency domain size of 16k real points. The
'spectra's chemical shift scale was referenced to the residual water peak at 4.8
ppm, and GB concentrationé in samples were determined by comparing sample

peak areas to a standard curve generate& from known amounts of GB dissolved -

in d‘edterium dioxide.
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Results and Discussion

Analysis of the CMO 3' RACE product

RT-PCR 3' RACE of the D416S0 bartial-length cDNA yielded a PCR
product 1.2 Kb in size, and was designated as WCMO. DNA‘ sequengihg
revealed a 870-bp oben reading frame potentially coding_290 amino acids and a
311-bp 3' untranslated region (Figure 29). PILEUP sequence analysis indicated
that the deduced amino acid sequence had strong similarity (>80% identical,
>00% similar) to choline monooxygenase sequences from Spihacia, Atriplex,
Beta, and‘Amaranthus (Figure 30), and weaker identity (55%) to a hypothetical
protein from Arabidopsis. The deduced amino acid sequence contains several
motifs present ip CMOs from. other plants and related prokaryotic genes
encoding proteins with oxygenase functions. First, the lcysteine/histidine
consensus sequence for a Rieske-type [2_Fe—28]‘ cluster (Cys-X-His-X,5 ;-Cys-X,-
His) is present in the K. scoparia CMO reported here, as it is in all CMOs isolated
to date (Figure 30). Secondly, CMO cDNAs from Beta and Spinacfa (Russell et
al., 1998), Amaranthus, Kochia, and Atripléx (Figure 30), as well as numerous
bacterial monooxygenases contain é proposed c'onsensus sequence for
coordination sites of mononuclear, nonhem‘e iron (Glu/Asp-X, 4-Asp-X,-His-X, 5
His; Jiang et al., 1996). The same r'no’.tif‘ is present in-plant CMOS except that the
central_ asparagine and histidine residues are three residues apart instead of two.

Further evidence that WCMO encodes a stromal enzyme could be gained by
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tgccgagctggcgaagggaaagtgcatgcatttcacaacgtttgtactcatcgtgcttcg
¢C R A G E G XK V HA F HN UV C T HZR A S
attctcgcttgtggaagtggcaaaaagtcctgctttgtgtgccCttaccatggatgggtt
I L. A CG S GG K K sSsS CVF VvV Cc P Y HG W V-
tttggcatgaatggagatctcacaaaagcaacccaagctgaaactcaaacttttgatgct
F GM N GD L T XK AT QA E T Q T F D A
aaggaacttgggctagtggccctaaaggttgcagtatggggaccattegttetgatcage
K E L. gL, Vv AL K V AV W& P F Vv L I 8
ttggacaaaactctccctgaaactgatgttggcactgaatggettggcaaatctgetgaa
L b XK T L P E TD V G T EWIUL G K S A E
gatgtcaaggcccatgecctttgatccctcectecaattcatccataggagtgaattecee
DV KAUHGB AZFUDUP S L Q F I HR S ETF P
atggagtgcaattggaaggttttctgtgacaactatctggatagétcataccatgtccct
M E CNW X V F ¢C DN Y L D S S8 Y HV P
tatgcacacaaatactacgcaactgaactcgactttgacacatacgacactcaaatgatt
Y A H K Y Y A T EE UL D F D T Y D T Q@ M I
gagaatgttgtgattcaaagggttggaggtaacaaaaacaagactgatgggatcgataga
E N V V I QR V G G N KNI KTD G I D R
cttggaaatcaagcattctatgectttgettatcccaactttgectattgaaaggtatgge
L 6 N Q A F Y A F A Y P N F A I E R Y G
ccttggatgaccacaatgcatgttcaaccattgggactaaggaaatgcaagettgttgtt
P WM T TMH V Q P L G L R K C K L V V
gactattatattgaagactctaagttggaggacaaggactacatagagaaaggtategea
by ¥y I E D SsS K L ED K DY I E K G I A
atcaacgataacgtacagagtgaagataaggtgttatgtgaaagtgtccaaagggggtta

I N D NV Q S ED K V'L C E S V Q R G L

gagactccatcatacagcacagggagatatgtgatgccaattgagaaaggaatccaécac
E TP S Y 8§ T G R Y VM P I E K G I H H
ttecactgetggttgeaccaagtgttgecagtgattttecatagatetettecatggatate
P H C W L H Q V L Q *
aattacgacgcataattaaaatgtggttaagcataatgtgtgtctgetttgettaattgt
gtacttgagtgtaaggtgctaataatgactattataaataaacaccatggecacccectte
ccctaaatagttttcaaatattttggggggttaagecgaagaatagatcecgettatgaatgt
tttatctagtcatgtatggttttecattagttaagtacatgaggaaaacattattgtgtgt
tgaatacagcatattaatacaacatattatcagttgtagtaaaaaaaaaaaaaaaagtac
tagtcgacgcgtggccaa 1219

Figure 29. WCMO 3' RACE producf. DNA (lower case) and deduced amino
acid sequence (upper case) of the WCMO partial-length cDNA. The stop codon
is indicated by an asterisk and the putative polyadenylation signal is underlined.
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IDRLGNOAFY
FDRVGIQAFY
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FDRLGTEAFY
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KLEDKDYIEK
MLDDKDYIEK
KL.LDDKDYIEK
MLDDKAYIDK
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50
FGMNGDLTRA
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100
.DVGTEWLGK
GDVGTEWLGT
GDVGSEWLGS
ADVGTEWIGK
EDVGKEWIGS

150
HVPYAHKYYA
HVPYAHKYYA
HVPYAHKYYA
HVPYAHKYYA
HVPYAHKYYA
% IS

200
AFAYPNFAIE
AFAYPNFAVE
AFAYPNFAVE
AFIYPNFAVE
AFIYPNFAVE

250
GIAINDNVQS
GIAINDNVQR
GIAINDNVQK
GIAINDNVQK
SIMINDNVQK

293

VLQ*
TLK*
VLK*
TLQ*
TLN*

Figure 30. PILEUP comparisons of WCMO and similar amino acid sequences
as recovered by BLAST. Amino acid sequence identities among the cDNAs are
in bold and the stop codons are indicated by asterisks. Conserved
cysteine/histidine pairs involved in the putative Rieske-type cluster are indicated
by a *. Conserved asparagine/histidine residues involved in mononuclear iron
binding are underscored by a ¢.
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isolating the remainder of the cDNA and checking for chloroplast stroma
targeting sequences that are poorly conserved but rich in polar amino acid
residues (Cline and Henry, 1996). Experiments are underway to isolate the 5'

end of the K. scoparia CMO cDNA.

CMO expression in response to NaCl stress

-GB production in response to _osmotic stress is widespread among
membersléf the Chenopodiaceae (Russell et al., 1998), although the molecular
details of induction are "unknown. To date, in‘ducti‘on 'of CMO mRNA or protein in
res;ibnse to osmotic stress has been documented in Spinacia (Rasinasabapathi
. etal., 1997), Beta (Russell et al., 1998), and Amaranthus (Wang et él., 1999). In

K. scoparia, osmotic stress similarly induced expression of CMO mRNA, protein,
and GB (Figures 31 and 32). Basal CMO m‘RNA levels weré r'no,de_rately
abundant as they could be detected'with overnigﬁt film ekposures. of northern
blots (Figﬁre 31A). This finding is consistent with reports that some members of
the Chenopodiaceae accumulate modeljate levels of GB regardless of stress
condiﬁons (Weretilnyk and Hénson, 1990). The radiolabeled .D41680 probe |
recognized a 1.9-Kb message that Was,relatively abundan;t in unsalinizedv blants,
and increased gréatly (>20;fold in S) after pllénts had been treated witH 500 mM
NaCI for 2 days (Figure 31B). In R plants, the CMO mRNA was induced more
-slowly and mRNA levels increased by a 'maxirlnum of about 12—f6|d.

Mouse ponCIor'léI antibodies raised against Spinacia .CMO (Russell et al.,
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Figure 31. Expression of CMO mRNA in response to salt stress. (A)RNA
isolated O, 2, 4, 6, and 8 days after salinization treatments began and probed
with the radiolabeled D416S0 cDNA. (B) Phosphorimager analysis of message
abundance from blot (A).
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Figure 32. Accumulation of CMO protein and glycine betaine in response to salt
stress. (A) CMO protein as detected with mouse anti-CMO antibodies 0O, 4, 6,
and 8 days after salinization treatments began. (B) Densitometry analysis of
protein bands in (A). (C) Corresponding GB levels in shoot tissues used in (A).
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1998) recc‘gnized two p-rotein bands of about 42 and 43 Kd i_n brotein extracts |
from K. scobaria (Figure 32A). CMO enzyme levele followed the pattern of
mRNA induction, and the enzyme accumulated more slcwly asexpected. By 4
- days after treatment, S and R plants had about 8- and 9-fold more enzyme than
untreated plants, respecttvely. After 8 days, CMO levels in R and S plants were
about 15 times their original levels. CMO protein levels increased similarly in
salt-stressed Amaranthus tr/color (Wang etal., 1999) Beta vulgarls and
Amaranthus caudatus (Russell et al 1998) plants by 4 days after treatment W|th
300 mM ‘NaCI. However, it is evident that K. scoparia has the ability to continue
accumulating CMO pr_otein undet conditions of more eevere osmotic stress (750 _
mM NaCl).

Other studies using SDS-PAGE and western blotting have detected a
single CtVIQ ptotein of about 45 Kd in Beta vulgaris and Amaranthus cauc’atus .
(Russell et al., 1998), as well as in Amaranthds tricolcr (Wang et al., 1999).
While it is possible that the presence of two CMO bands in K. ecoparta isa
degradation artifact, it is also reasonable to speculate that the two bands
represent products of two different genesthat may form a dimeric holoenzyme in
vivo. Consistent with this idea, Southern blotting indicated that there are two to
four CMO genes in the K. scoparia genome (data not shoyv‘n}.

Glycin"e betaine Iaccurhul’ated irt both ’.biotype;sl.in response to-salf
treatment (Figure 32C). Prior to salinizaticn, GB was present at about 10 pmol

g’ tresh weight, a finding consistent with the idea that GB is a constitutive




112

chemical combonent of the Chénbpbdiaceae (Grieve and Maas, 1984). After 8
days of NaCl treatmént; GB levels increased about 6-fold to more than 60 pmol |
g fresh weight, and were apparently still increasing. Treatment of Amaranthus
tricolor with 300 mM NaCl caused GB values to rise to about 30 umol g™ fresh
~ weight (Wang et al., 1999), the highest va!ue reported so far in the literature.
The increases in CMO-mRNA, protein, and GB'cdrite'ht in responée to salt
stress are consistent wfth the'. natural drought tolerance of K. scoparia, which
grows very well in xeric environments. In Montana, K. scoparia is often the only
plant found growing in saline seeps, and the plant is esp;écially well-adapted to
the dry climate of the western U.S. where i;[ infests millions of hectares of
~ cropland and rangeland (Eberléin and Fore, 1984). Even given the ektreme
NaCl stréss in thése exberiménts, neither ‘K. scoparia biotype displayed any
outward symptoms of drought stress (such as wilting), although growth '
essentially stopped. One céuse of this stunting may due to thé metabolic costs
* of GB production. At the end of these experiments, GB had accumulateq to2to
3% of thé tétal plant dry weight (data not shown), and thus Iiké'ly represents a

significant carbon and nitrogen sink.
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CMO expression in response to dicamba treatment in R and S K. scoparia

Initial differential display results indicated that the message for clone
D416$0 was attenuated rapidly after dicamba treatment (page 59). To more
thoroughly investigate the kinetics of this apparent down-regulétion, CMO
mRNA, protein, and GB levels were determined at sevefal timés after dicamba
treatment of Rand S K. scoparia. These experiments were designed to
determine the éﬁect of dicamba treatment on CMO expression in plants that had
not been previously subjected to NaCI stress.

As noted before, steady-state.CI‘VIO'mRNA levels were moderately high in
untreatéd plants (Figure 33). Treatment of R and S plants with 70 g ai ha” of
dicamba resulted in a rapid attenuation pf the CMO message, with the apparent
down-regulation occurring somewhat mq‘re rapidly in R than in S. By 90 min
after treatrﬁent, ‘b'oth biotypes exhibited a >10-fold reduction in‘the CMO mRNA,
which remafned low in S plants through the Aco‘urse of this experiment, but
recovered slightly in R by 6 and 24 hr after treatment. The difference in CMO
mRNA Ievels at 24 hr after treatment may be associated with the different
physiological responses to dicamba treatment in R and S plants. By this time, S
plants began to show injury symptoms associated with dicambé treatment such
as severe epinasty, whereas R plants did not. The failure of CMO mRNA levels
to recoverin S 'plants may thus be due to the eventual lethal effects of dicamba.

Westerh énalysis indicated that 'CMO enzyme levels closely followed the
kinetics of mMRNA abundance (Figure 34). Basal protein levels were low, aﬁd‘

became nearly undetectable by 6 hr after treatment, even when 25 pg total
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Figure 33. Expression of CMO mRNA after dicamba treatment of unstressed
plants. (A) RNA isolated 0, 0.5, 1, 1.5, 2, 6, and 24 hours after dicamba
treatment and probed with the radiolabeled D416S0 cDNA. (B) Phosphorimager
analysis of message abundance from blot (A).
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Figure 34. Reduction of CMO protein and glycine betaine levels in unstressed
plants after dicamba treatment. (A) Western blots of CMO protein isolated 0, 1,
6, 24, and 48 hours after dicamba treatment. (B) Densitometry analysis of
protein bands in (A). (C) GB levels in tissue used in (A).
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protein was used for SDS-PAGE as in Figure 34. Enzyme levels remained low
in S plantg‘ up to 48 hours after treatment, whereas levels increased slightly in R
plants by this timepoint.' It is evident that levels of CMO protein declineT rapidly in
response to dicamba treatment in both R and S K. scoparia, although thesg
studies do not address the molecular mechanism of attenuation. A similar
decline in the CMO protein levels was reported in Beta after rémova‘l of drought
stress (Russéll et al., 1998). However, it is unknown whether the mechanism of
CMO mRNA and protein‘ decline seen in resbohse t‘o .dicamba treatment is
similar to that caused by release from drought stress. |

' If thé value for R plants at 1 hr after treatment is disregarded, GB levels in
unstressed tissues increased transiently following dica'mba treatment, and then
steadily declined to about one-half their initial levels after 24 hr. GB is
metabolized very slowly, if at all, in members of the Gramineae that produce low
levels (< 5 ymol g™ fresh weight) in response to drought or salt stress (Grieve
and Maas, 1984; Nakamura et al., 1996). However, some GB catabolism Was
noted in Beta vulgaris (Russell et al., 1998) and Sorghum bicolor (Wood et al.,
1996), but tissue GB levels remaihed higher than in unstressed plants, even
several days after release from osmotic stress. These findings suggest that GB

may also be catabolized slowly in K. scoparia.
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CMO expression in response to dicarrtba treatment in salt-stressed K. scoparia |
Since the auxinic herbtcides dicamba end‘2,4-D (data net shown) cause a
} rapid decline in CMO mRNA and protein levels and GB content in unstressed |
'plattts, experiments were conducted to determine whether these herbicides had
similar effects on plants acclimated to set/ere osmotie stress. Herbicide‘ efficacy
commonly declines when target plants are stressed by low temperatures or water
deficit, probably because of reduced herbicide uptake and translocation (Ashton
and Crafts, 1981). When acclimated to 750 mM NaCl, K. scoparia plants |
showed .n'o external symptems of osmotie stress but eeSentiaIIy ceased growth.
These experiments were conducted to determine if the attenuation caused by
dicamba treatment would also be observed in plants under severe NeCI stress.
For the results reported here., plants were treated with 750 mM NaCl for 4 days |
prior to dicemba treatment. |
| CMO mRNA levels declined rapldly in salmlzed R K. scoparia plants by 1
hr after dicamba treatment droppmg about 7-fold (Flgure 35)." mRNA Ievels
remained low until 2 hr after treatment, but then rapidly increased. By 24 hr after
treatment, CMO mRNA levels had risen to levels higher than in unsprayed, NaCl- -
treated plants possibly as a result of increased osmotic stress due to a
concomitant deeline in GB levels (Figure 36C). The transient nature of this
attenuation is markedly similar to the decline and subsequent recovery of CMO |
mRNA seen in unstressed, dicamba-treated R plants on ,eage 114, and Iikely

represents a recovery from dicamba treatment. It is tempting to attribute the
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Figure 35. Expression of CMO mRNA after dicamba treatment in salt-stressed
plants. (A) RNA isolated 0, 0.5, 1, 1.5, 2, 6, and 24 hours after dicamba
treatment and probed with the radiolabeled D416S0 cDNA. RNA isolated from
unsprayed, unstressed S and R control plants is indicated with an asterisk. (B)
Phosphorimager analysis of message abundance from blot (A).
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recovery of CMO expression to a time-dependent metabolism of dicamba in Vivo;

but previous studies showed that dicamba remains essentially unmetabolized by
24 hr after treatment in both R and S K. ccoparia (Cranston et al., 2001). In
contrast to the mRNA attenuation seen in R plants, NaCl-stressed S plants
showed less reeponse to dicamba treatment .an'd CMO mRNA Iei/els declined
-only about 2-fold by 24 hr after treatment Consistent with V|sual observations
that. NaCI stressed S pIants did not show injury symptoms after dicamba
treatment, these results may be exp’lained by a reduction in herbicide absorption
| or translocation as a result .of salt stress. However, the continued \
responsiveness, to dicamba seen in NaCI-streseed R plants represents a |
fundamentai difference between S and R plants and warrants further -
inVestigation.

Changes in CMO protein levels were noted after-dicamba treatment and
closely paralled the changes in mRNA'abundance | Protein abundance remained

- relatively uniform in S plants after dicamba treatment, declinlng onIy sllghtly

(Figure 36). In contrast the CMO protein decllned rapldly in R plants, dropping.

about 3-fold. before beglnnlng to recover by 48 hr after dicamba treatment. GB
levels declined slowly after herb|C|de treatment of both R and S salt-stressed
plants (Figure 36C), consistent with other reports that GB is catabolized slowly -

(Ishatani et al., 1995, Wood et al., 1996).
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Figure 36. Levels of CMO protein and glycine betaine in salt stressed plants
after dicamba treatment. (A) Western blots of CMO protein levels isolated O11,
6, 24, and 48 hours after dicamba treatment. (B) Densitometry analysis of
protein bands in (A). (C) GB levels in tissue used in (A).
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With the exception of salt-stressed K. scoparia, the rapid decline of CMO
mRNA and enzyme levels following dicamba treatment was similar in Rand S
plants. The most likely explanation for the relative unrequnsivéness of CMO
expression to dicamba treatment in NaCl-stressed S pléhts ié aréduction |n .

| herbicide uptake and translocation, caused by osmotic stress. ‘Even though R o

plants have slightly higher levels of CMO enzyme and GB than S plants in
response to NaCl stress, the differences do not seém to be of sufficient
magnitude to protect R plants from NaCl stress. Indeed, growth of both biotypes |
ceased during salinization. Little is known about the mechgnism(s) of auxinic
herbicide per.ception, but it is clear that there is a fundamental difference in the
effects of osmotic stress on dicamba perception (as measured by CMO
expression) between R and S K.' scoparfa. In light of this, Idgical follow-up
experiments méy study dicamba absorption and 'tfanslocatIO'n in NaCl-stressed R
and S plants. |

This is the first report doc':_umenti_hg a rapid change in CMO expression in
response to treatment With‘ auxin or an aux.ih* mimic. The few auxin down-
regulated genes isolated to ‘date generally encode proteins of unknown functions
such as the Glycine ADR gene family (Datta et al., 1993). Other down-regulated
genes encode enzymes involved in plant defense (Ozeki et al., 1990; Pasquali et
al., 1992) and are induced by ABA. Although the studies reported here did not
investigate the effect of ABA treatment on CMO gene expression, it is possible
that CMO pr_ovides another example of a gene induéed by ABA and represséd

by auxin. The ABA-induced expression of GAD1 and GAD2 mRNAs become
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insensitive to ABA treatment after pretreatment with auxin (Jacobsen and
Olszewski, 1996), and the gene for the dessication-related LEA protein EDP31
does not respond to ABA after auxin bretreatment (Kiyosue et al., 1992). One
well-known effect of osmotic stresses sfmilar to those ;eported here is an overall |
increase in ABA Ievelé, leading to physiological responses consistent with
reducing evaporative water loss (Jensen et 'al., 1996). Expression of CMO may
thus exemplify the opposite effects of ABA and auxin.

There is a considerable body of literature reporting th'e' effects of auxin
treatment on gene expression, yét there is no consensus on how these changes
ultimately affect the physiological processes unique to plants. The findings of
this study suggest that dicamba is perceived similarly to auxin at the level of
' gene expression, and provide verification of several genes previously reported to
be ‘responsiv\e‘ to auxin treatment. These studies also document other genes, |
some of which remain unidentified, that have not previously been shown to
respond to auxin treatment. One of these genes encodes choline
monooxygenase, an ehzyme that has received attention as a target for geneti_c
modification of crops to improve d'rpught and salt tolerance. Genetic
characterization of this enzyme is essential if it is to be pursued asléuch étarget‘,
* and these studies suggest that its expregsion is regulated by a possibly complex

interaction.of hormones and osmotic stress.
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" CHAPTER 4

CONCLUSIONS AND FUTURE WORK

Screening for genes responsive 1o dicamba freatment

One of the initial goals of this dissertation research was to isolate and
characterize genes that méy’ be involved in the mechanism of dicamba
resistance in K. scoparia. Although none of the genes described here, with the
possible.eXception of CO8R60-2, appear to fulfill these criteria, several genes
were isolated whose expression levels changed in rééponse to-dicamba
treatment, and thus represent the first such genes to be reported. Several of
these genes wére previously reported to be responsive to aﬁxin treatment, such
as ACC synthase, xyloglucan e’ndotransglycosylase, and a DnaJ ‘protein.,-_ In‘
addition to these, gene’s not preQioust éhown to be responsive to auxin or
auxinic herbicides are described here. Further, their expregsion patterns are ‘
consistent with auxin-mediated respohsés. For examplle, the apparént down-
regulation of COSSO, putatively encoding 5,10-methylenetetrahydrofolate -
‘reductase, may inérease the'évailable pool of methyl grbup donors involved in
thymidylate synthesis, probably in response ;co auxinic herbicide-media'ted
induction of mitotic cell division. * Similarly, the induction of C07S120, putatively

encoding a chloride channel protein, may serve to increase chloride ion uptake,
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as previously noted after auxin treatment.

: _Thé a'uxinic‘ herbicides are thought to mimic auxin primarily because of
their effects on plant physiological processes. Re’[atfvely few, studies.have
~ provided molécular evidence supporting this idea, and this research adds
credibility to the nption that the auxinic herbiéides affect gene expression in ways
_similar to the natural plant hormone. Still, several side projects not reporfed in.
this dissertation sugdest that there may be importarit differences between auxin-
and auxinic herbicide-mediated effects on gene éxpfessidn. Sévera‘l clones of
known auxin induced genes from Arabidopsis were obtained from different
research groups, and northern blot analysis indicated none of them were induced
by dicamba tréatment in K. scopar)'a. In addition, expression ‘I>evels of several of
the dicamba-,responsi've genes reported here weré unhaffected by treatment with“
2,4-D 6r éuxin. Thesg disparities suggest that the auxinic herbicides may not be
. completely accurate mimics of auxin, which is a significant finding because maﬁy
of the studies in the“primary literature ‘equate the auxinic herbicides with auxin.
To help understand these differences at the molecular level, our group is
beginr;ing studies to in'vestigate the effects of vdifferent auxinic hérbicides on
gene expression. We plan to use rhany of the clones isolated in thi.s researcﬁ,
‘coupled with known auxin-induced genes from other research groups, to gain a
more complete understanding of the differences between auxin- and auxinic
K herbicide-mediated chénges in gene expfession in K. scbpariév.
One questio‘n‘ that‘ can be.raised ’is' whether differential display (DD) is the

best technique to isolate genes responding to auxinic herbicide treatment. DD
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has been extensively utlized tor isolating genes'differe‘ntially expressed in
response to various treatments, and is the most widely used ‘method for this
purpose. Since its introduction in .1992, over twc“)-thirds of pubﬁI‘ished papers
utilized DD as thernethod of choice,‘ and more bapers using DD have been

" published than all combined research using sdbtractive hybridization, serial
analysis of .gene expressicn, arbitrarily-primed RNA PCR, representati\onal
difference analysis, and DNA rnicroarray analysis (see www.genhunter.com). -
H_owever, despite its broad acceptance, DD is well known to be a somewhat
inefficient _method, largely due to the high occurrence of false positives, as was
seen in this report. Another drawback of DD is the high percentage of 3
untranslated reglon in most cIones maklng |t more dlfflcult to aSS|gn putative
functlons based on nucIeotlde or inferred amino acid sequence

If these studies were to begln anew, | believe that microarray analysis

would be faster, more useful, and a more rigorous method to isoIate genes
responsive to dicamba treatment. Hovrever, the studies could not be done in K.
scoparia, but would rather have to be completed in a species with alarge EST
-Iibrary such asArabidopsi’s and therefore could not address the mechanism of
dicamba re3|stance Essentlally, there are three possible approaches utilizing
array technology to address this research question. The first would be to obtain
a large number (>1000) of random EST clones from the species of choice,
amplifying the inserts using PCR, and then spotting the array. Next, tne

' microarray would be simultaneously probed with differentially-labeled fluorescent

RNAs isolated from two different treatments, such as dicamba-treated and
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untreated Arabidopsis shoots. Differentially expressed clones are then identified
by scanning the array and determining which clones hybridized preferentially to
RNA from either treatment, potentially yieldiﬁg both induced and d‘own-réQuIa"ted
clones. The primary drawback of this apbroach is the cost of prodﬁcing or
purchasing EST clones and the time associated with PCR amplification and
array preparation.

A second approach to screening Arabidopsis EST libraries to isolate
dicamba-respoﬁsive genes would be to use a commercially-available
Arabidopsis microarray. Such arfays ‘were offered to tﬁe public sector during
2001 through the Arabidopsis Functional Genome Confsb_rtium
* (http://afgc.stanford.edu/), and will be offered through the Genomic Arabidopsis
Resource Network during the summer of 2002
(http://iwww.york.ac.uk/res/garnet/garnet.htm), but array availability is still quite
limited and highly competitive. As of this writing, the only source for pre-made
Arabidopsis microarrays is Aﬁymetrix, a private company specializing in
microarray teéhnology. 'I"he Affymetrix systems require specialized array reading
equipment which costs $220,000 (http://www.affymetrix.com).

A third approach would be to create and screeen a DNA macroarray. '
Briefly, RNA is isolated from tissue, reverse transcribed, and used to make a
cDNA Iibrafy. Random cDNAs are isolated, amplified by PCR, and immobilized
onto a nylon membrane. Macroarray analysis is conceptually ‘similar to
microarrays, but utilizes two identical arrays probed separately wi;ch radiolabeled

cDNA reverse transcribed from mRNAs from two different treatments, such as
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d_icamba-treated and untreated K. scoparia shoot tissue. There ar’e two ;najor
benefits to this approach. The first is that a reséarcher can preferentially find |
induced genes by making a cDNA Iibrary from dicamba-treated tissue and using
this library to create ;che macroarray. This will skew the cDNA makup of the
library, and thus the cDNAs rimmobiIized'onto the array towards dicamba-induced
genes. A similar DNA macroarray approach was successfully used to isolate
genes induced by pathogen infection in Ca,bs;‘cum (Jung and Hwang, 2000). Of
282 random cDNAs used as interrogation sequences on the array, 36 (13%)
were differentially expressed between. infected and uninfected leaves as a result
of Xanthomonas infection. Not surprisingly, all were induced and several were
genes previously known to be induced by pathogéns. A second major benefit
that would be gained by utilizing macroarray technology is that K. scoparia RNA
could be used, thus more directly addressing the issue of dicamba resistance. In
addition, the use of radioactive cDNA populations prevents the need for
specialized array reading equipment. The major drawback of using a random
cDNA'mécroarray is that this approach severely discriminates agaihst rare or
down-regulated messages. | |

Whilé array technology probably holds more promise than DD for isolating
~ genes whose expression patterns are affected by dicémba treatment, it cannot
be used to elucidate the mechanism of dicambé resistance unless the resistance
mechanism is correlated with chang.es in géne expression. Mutations in auxin
binding proteins or proteins involved in herbicide transport, for instance, could

theoretically confer resistance, and a better system to screen for such mutations
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wpuld be to isolate a dicamba-resistant Arabidopsis mutant. Because the
Arabidopsis genome is saturated with molecular markers and has been

~ sequenced, it would be relatively easy to use genetic tools to map the mutation.
Once mapped, potential candidate genes can be identified and sequenced,
allowing for putative identification of the genetic lesion responsible for the
resistance trait. Such studies are now underway in the Dyer lab. The major
drawback of using this model sysfem is that a dicamba-resistant Arab_idopsis
mutant has not yet been isolated and' may not have the same mutation as
dicamba-resistant K. scoparia. Nonetheless, these studies could provide
interesting insights into one possible mechanism of resistance ‘_to auxinic

herbicides and could provide a valuable complement to my results.

Analysis of choline monooxygenase expression

These studies provide the first evidence that choline monooxygenase
(CMO) mRNA, protein, and product (glycine betaine, GB) are down-regulated in
response to treatmént with an auxinic herbicide, and suggest that in‘vi_vo auxin
levels are an important indicator of plant stress. Because CMO has only been
shown to be present in certain members of the Chenopodiaceae and
Amaranthaceae, and because K. scoparia is highly tolerant to drought stress,
this species provides an excellent model for characterizing this gene. Further,
this approach may provide useful genetic information for future experiments
using CMO to ‘genetically modify crop plants to increase their ability to withstand

water deficit. One suéh characterization that is still underway in our lab is to
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identify cis-acting promoter elements"Within the CMO gene that are involved in
auxin-mediated downregulation of CMO mMRNA. While there has been .
considerable work |nvest|gat|ng promoter elements of auxin- |nduced genes
(Guilfoyle et al., 1998_, Hong et al., 1995 Sakai et al., 1996; Gil and Green, 1997;,
Plesch et al., 1 9975, only a few reports have characterized the promoter
elements from auxin-repressible genes. Different regions of the Niootiana B-1,3-
glucanase p'romoter have been shown to be essential for auxin-mediated mRNA
attenuation, although it was noted that this promoter is most responsive to auxin-
mediated increases in ethylene production and thus the changes:are not

| attributable to auxin treatment per se (Vogeli-Lange et al., 1994). Even though |
auxin-responsive promoter elements probably also play a role in auxin-mediated
gene attenuation, it is possible that other factors are involved in the reduction of
cytoplasmic mRNA levels. Datta et al. (1993), using nuclear run-on transcription
assays of the ADR genes, noted that the rapid reduction in ADR mRNA levels
could not be attributed solely to a decrease in rates of transcription and
suggested that post-transcriptional processes were more important in reducing
mMRNA levels in response to auxin treatment.

-The pau0|ty of studles charactenzmg c:s-acting elements of auxin down-
regulated genes coupled with the excellent example of the auxin- repreSS|ble
mRNA reported here, have prompted contlnued experiments {o isolate and
characterize the auxin-responsive CMO promoter elements from K. scoparia. A
genomic library has been created and screened, and a 6.5-Kb clone has been

isolated that likely contains regulatory regions. Future experiments will include
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characterization of protein-.binding regions in the CMO promoter.using gel
| mobility shift assays, asv well as performing run-on transcription assays to
determine if translational control is the primary level at Which the CMO message

is attenuated in response to dicamba treatment.
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