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Two genes of Agrobacterium tumefaciens encode enzymes that together produce indoleacetic acid (IAA). The 
first gene, iaaM, encodes tryptophan monooxygenase which converts tryptophan to indoleacetamide (IAM). The 
second gene, iaaH, encodes indoleacetamide hydrolase which converts IAM to IAA. We have engineered each of 
the two genes to be expressed at either high constitutive levels or in a tissue-specific manner. These chimeric 
genes were introduced separately into petunia plants. The transgenic plants with the Agrobacterium iaaH gene 
are morphologically normal but have gained the ability to use IAM as an auxin. The plants with iaaM, in 
contrast, are morphologically abnormal. The observed abnormalities are consistent with an overproduction of 
auxin and ethylene. These plants contain an approximately 10-fold excess of IAA. The consequences of this 
deliberate manipulation of the normal phytohormone balance in transgenic plants are described. 
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Recent advances in plant transformation and regenera- 
tion technology make plants ideal subjects for studying 
the interactions of different organs and cell types in a 
developmental system. Plants consist of a large number 
of distinct tissues and organs. The coordination of these 
many tissue types as a unit and the continuous develop- 

~ment of new organs requires a complex system of com- 
munication. Several classes of phytohormones, in- 
cluding the cytokinins and auxins, can greatly influence 
the patterns of differentiation. The ability to manipulate 
the relative levels of phytohormones and observe the 
consequent effects would be extremely useful in eluci- 
dating the roles of these compounds in the processes of 
differentiation. 

Agrobacterium tumefaciens is the causative agent of 
crown gall disease, a neoplastic growth that affects 
many dicotyledonous plant species. It has been demon- 
strated that Agrobacterium transfers a portion of its 
DNA, the T-DNA, to the plant where it is integrated 
into plant nuclear DNA (for a review, see Fraley et al. 
1986). Expression of several genes in the T-DNA results 

tPresent address: Research Institute of Scripps Clinic, Department of 
Molecular Biology, La Jolla, California 92037 USA. 

in tumor formation. These genes were initially identi- 
fied by transposon mutagenesis of the T-DNA region 
{Holsters, et al. 1980; Garfinkel et al. 1981; Ooms et al. 
1981). There are three T-DNA genes that affect the con- 
centration of the phytohormones auxin and cytokinin in 
transformed tissue. Tumors induced by wild-type Agro- 
bacterium contain high concentration of both cytokinin 
and auxin relative to untransformed callus. Bacteria 
with mutations in one of the genes, tmr, cause tumorous 
growths with a proliferation of roots. Hormone analysis 
of the transformed tissue shows a high concentration of 
auxin [indoleacetic acid (IAAI] and essentially wild-type 
levels of cytokinin {Akiyoshi et al. 1983}. On the other 
hand, bacteria with mutations in either the tins1 or 
tms2 gene induce tumors with a proliferation of shoots. 
This tissue contains high concentrations of cytokinin 
but wild-type concentrations of auxin. These results in- 
dicate that the T-DNA genes encode enzymes involved 
in biosynthesis of cytokinin or auxin. 

Many recent investigations have demonstrated the 
biochemical basis of these observations. The tmr gene 
has been shown conclusively to be involved in cytokinin 
synthesis (Akiyoshi et al. 1984; Barry et al. 1984; Buch- 
mann et al. 19851. This gene encodes the enzyme that 
catalyzes the condensation of AMP and isopentenyl py- 
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rophosphate to form isopentenyl AMP and has been 
named isopentenyl transferase (ipt). The pathway of 
auxin biosynthesis has also been elucidated. The tmsl 
and tins2 genes act sequentially to convert tryptophan 
to indole-3-acetamide (IAM)and then to indole-3-acetic 
acid (IAA). The tmsl gene carries out the first step and 
has been named tryptophan monooxygenase (iaaM) 
{Thomashow et al. 1986). The trns2 gene carries out the 
second step and has been named indoleacetamide hydro- 
lase (iaaH)(Shroder et al. 1984; Thomashow et al. 1984). 
It is interesting to note that although this IAA pathway 
has been elucidated in another bacterium, Pseudomonas 
sarastanoi (Kosuge et al. 1966), it is not believed to be 
utilized by plants. Barring that plants contain a general- 
function amide hydrolase, indoleacetamide should be in- 
nocuous to plants. Indeed, it has been demonstrated that 
plants containing the tmsl gene with its own transcrip- 
tional promoter do not show abnormal morphology 
(Follin et al. 1985}, although they accumulate indole- 
acetamide. 

It should now be possible to express the T-DNA-de- 
rived phytohormone biosynthetic genes in a specific 
spatial or temporal manner to understand how these 
hormones regulate plant growth and differentiation. 
This paper describes the effects on the phenotype of 
plants transformed with the T-DNA genes involved in 
auxin biosynthesis. 

Results 

Constitutive expression of iaaM in plants 

Agrobacterium synthesizes IAA from tryptophan by a 
two-step reaction using IAM as an intermediate. Since it 
is believed that plants do not utilize this pathway in 
their IAA synthesis, we assumed that the gene encoding 
the first step in the pathway, iaaM, would not produce 
an aberrant phenotype unless the plant also contained 
the gene for the second step, iaaH. Since the wild-type 
tmsl gene has no apparent phenotypic effect in trans- 
formed tobacco plants (Follin et al. 1985), we chose to 
overproduce the iaaM protein further by fusing the gene 
to the cauliflower mosaic virus (CaMV) 19S promoter. 
The normal promoter for this gene in the T-DNA is ex- 
tremely weak, producing less than 0.001% of the total 
polyadenylated plant RNA {Klee et al. 1984). The 19S 
promoter, in contrast, was expected to express the gene 
to at least 100-fold higher levels. 

The 19S/iaaM construction {pMON518; Fig. 1) was in- 
troduced into petunia by the leaf disc procedure and 
transformed, kanamycin-resistant callus was obtained. 
The shoots regenerated from this callus displayed ex- 
tremely abnormal morphology (Fig. 2). The leaves were 
much smaller and narrower than wild-type leaves and 
showed extreme curling. Some, although not all, of the 
regenerated shoots were covered with roots. In some 
cases these adventitious roots emanated from the 
abaxial sides of the leaves. When the shoots were trans- 
ferred to soil they continued to exhibit an abnormal phe- 
notype. The plants were apically dominant, showing 
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very little branching. The plants continued to show the 
abnormal leaf morphology and stems were elongated and 
appeared woody. 

Selfed progeny of pMON518 transgenic plants showed 
abnormal morphologies similar to parental plants. Ana- 
tomical comparisons were made between transgenic 
progeny and wild-type petunia plants. Leaf curling in 
transgenic plants was the result of greater tissue volume 
on the adaxial half of the leaf relative to the abaxial half. 
All cell types in transgenic leaves, with the exception of 
the abaxial epidermis, were larger than in wild-type 
leaves {Table 1). The adaxial epidermis and palisade me- 
sophyll were especially enlarged. Intercellular spaces in 
transgenic leaves showed a similar increase in size. The 
increased transgenic cell and intercellular space size re- 
suited in a leaf thicker than the wild-type. 

Stem anatomy and morphology also differed signifi- 
candy between transgenic and wild-type plants. The 
stems of transgenic plants produced more secondary 
xylem and phloem cells than did wild-type plants of the 
same age (Fig. 3). In addition, some of the transgenic 
stems produced numerous adventitious roots which ini- 
tiated from phloem parenchyma. Relatively normal root 
primordia formed (Fig. 4A), but, as the root developed, 
abnormal root apical meristem organization occurred 
{Fig. 4B). This resulted in aborted root apices after emer- 
gence from the stem (Fig. 4C). Another anatomical fea- 
ture of transgenic stems was cortical hyperplasia (Fig. 
4D}. 

Quantitation of IAM and IAA in transformed plants 

To confirm this hypothesis, auxin levels of the trans- 
formed plant tissues were determined. The result of this 
analysis confirmed that the plants contained very high 
levels of IAM. Analysis of three independent trans- 
formed plants showed IAM concentrations between 2.8 
and 25 ~g/g flesh weight of leaf tissue (Table 2). This 
was in contrast to undetectable levels of IAM in wild- 
type tissue (< 1 pg/g fresh weight). The leaf tissue of the 
transformed plants also contained higher levels of IAA. 
While transformed tissue contained 110-120 ng/g fresh 
weight of IAA, control tissue contained only about 10 
ng/g fresh weight. 

It is particularly interesting to note that the plants 
transformed with pMON518 are fertile. Greater than 
90% of the seed germinated and the abnormal pheno- 
type was stably inherited in the progeny. Thus, the ob- 
vious imbalances in auxin and ethylene had no effect on 
germination of the mature seeds. 

Regulated expression of the iaaM gene 

Upon observation of the abnormal phenotype of the 
pMONS18-transformed plants, we decided to put the 
iaaM gene under the control of a tissue-specific pro- 
moter, the soybean 7S storage protein promoter. The 7S 
promoter has been shown to be properly regulated in pe- 
tunia plants (Beachy et al. 1985}. The 7S transcript is un- 
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Figure 2. Regenerated petunia plants transformed with either p~\ION,q14 Izet~}~c'e i t ' / ) !  ()r p M O N l S ,  dcm¢)nstrating the abnormal 
morphology of plants containing the constitutively expressed l~ecz,\I gone. The pMON,ql4 plant is mc~rphologically indistinguishable 
from a wild-type plant. 
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Table 1. Sizes in micrometers of the upper and lower epidermi, palisade and spongy mesophyll, and intervening intercellular 
spaces in 19S/iaaM and wild-type petunia leaves 

Upper epidermi Palisade Palisade Spongy Spongy Lower epidermis 
L W L W intercellular space L W intercellular space L W 

VR WT 
x 49.3 27.3 42.1 20.0 30.5 36.3 22.0 37.7 34.8 20.9 
s.£. 3.1 1.6 1.5 0.8 1.6 1.3 1.2 2.5 2.0 1.9 

19S/iaaM 
x 85.6 47.3 83.2 33.6 61.5 54.5 31.9 64.4 41.2 20.6 
s.E. 5.0 2.9 2.9 1.0 2.9 2.0 1.7 3.4 2.2 2.1 

. 

Mean and associated standard errors result from 30 independent measurements in each cellular category. Specific details on how the 
measurements were done are in Materials and Methods. 

detectable in leaves and accumulates in immature  em- 
bryos 10-15 days following pollination. The 7S/iaaM 
construction, pMON538, was transformed into petunia 
and the transformed callus was regenerated to plants. 
The transformed shoots that were obtained initially ex- 

A 

Figure 3. {A) Free-hand cross section of the sixth intemode 
above the crown of a 6-month-old wild-type stem stained with 
Toluidine Blue. {X) Xylem; {P) phloem. Magnification, 35 x. (B) 
Free-hand cross section of the sixth intemode above the crown 
of a 6-month-old 19S/iaaM transformant. Magnification, 29 x. 

hibited the same phenotype as the pMON518-trans- 
formed plants. However, they soon outgrew the ab- 
normal phenotype (Fig. 5). This is most  likely due to ex- 
pression of the gene at a significant level in transformed 
callus but proper regulation of the gene following organ- 
ogenesis. We have observed a similar pattern of 7S pro- 
moter  expression in plant tissue transformed with a 7S/ 
isopentenyl transferase construction (H. Klee, unpubl.). 
Expression of the 7S/iaaM gene in developing embryos 
appeared not to be lethal, since progeny of the transgenic 
plants showed normal mendelian inheritance for the 
gene and were normal in appearance. However, this is 
not surprising since the level of maximal expression of 
this chimeric gene was approximately the same as that 
of the constitutive 19S promoter, which was clearly not 
lethal. 

Expression of iaaH in plants 

If plants do not normally contain IAM, the presence of 
the iaaH gene alone in transformed plant tissue should 
not cause a noticeable auxin-induced alteration in mor- 
phology. We have constructed plasmids that fuse the 
iaaH open reading frame (ORF) to a petunia small-sub- 
uni t  promoter (pMONS14; Fig. 1) and to the CaMV 35S 
promoter  (pMON548; Fig. 1). Both of these promoters 
result in relatively high constitutive expression, both far 
stronger than the normal iaaH T-DNA promoter (Klee et 
al. 1984). In neither case are any obvious morphological 
alterations observable in the transformed, regenerated 
plants. 

One significant difference between wild-type petunia 
tissue and tissue transformed with pMON514 or 
pMON548 is an increased responsiveness to IAM as an 
auxin. We chose to use a more chemically stable IAM 
analog, naphthalene acetamide (NAM), in our  experi- 
ments.  When leaf discs from regenerated plants are 
placed on MS medium containing 5 ~M NAM as the 
only hormone, the iaaH tissue grows well, producing 
callus and roots (Fig. 6). The control tissue, in contrast, 
does not grow at all. It has been reported that the iaaH 
gene product is capable of converting naphthalene acet- 
amide to naphthalene acetic acid (NAA) in vitro 
(Kemper et al. 1985) and these results confirm that result 
in vivo. 

High levels of auxins are known to be inhibitory to 
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Figure 4. Cross sections of the stem of a 19SliaaM transgenic petunia plant stained with safranin-fast green. {A) Adventitious root 
initiation {arrow} by phloem cells. Magnification, 176 x. {B} Abnormal root apical meristem organization in a median longitudinal 
section of an adventitious root primordium. Note the pinched region {arrowl. Magnification, 140 x. {CI Median longitudinal section of 
an adventitious root with a necrotic apex. Magnification, 45 x. {D} Cell hyperplasia {arrow} in the cortex. Magnification, 45 x. 

plant growth {see Thimann 1963}. Since transformed 
tissue conta in ing the  iaaH gene is capable of converting 
IAM/NAM to IAA/NAA, this tissue should be more 
sensitive to NAM than wild-type tissue. A titration of 
wild-type and pMON514-transformed tissue on MS me- 
dium {Gibco} containing B5 vitamins, 3.0% sucrose, 

Table 2. Determination of IAM levels in transformed 
petunia tissue 

Plant Plasmid Concentration 

3850 pMON518 6.6 
3851 pMON518 25.0 

2.8 
3853 pMON518 20.4 

10.2 
3534 pMON200 <0.006 

Plasmid pMON518 contains a 19S/iaaM gene fusion. Plasmid 
pMON200 is a control, containing only the vector. Values for 
IAM are presented as ~g/g fresh weight of leaf tissue. Details of 
the analytical procedure are provided in Materials and 
Methods. 

0.8% agar, 0.1 ~g/ml NAA, and 1.0 ~g/ml benzyl- 
adenine and supplemented with 1.0-100 ~M NAM 
showed that the pMON514 tissue was far more sensitive 
to the NAM. At 30 ~M NAM, wild-type tissue was 
growing very well but 514 tissue was severely inhibited 
{Fig. 7}. At 100 ~M NAM, wild-type tissue was alive but 
inhibited while 514 tissue was killed. Thus, the pres- 
ence of the iaaH gene can be correlated to an increased 
sensitivity to what  would normally be only a very weak 
auxin. 

Discussion 

Auxin is essential for plant growth and development. No 
auxin-less mutants  have even been recovered, and mu- 
tants with reduced auxin sensitivity are severely ab- 
normal [Mirza et al. 19841 Kelly and Bradford 19861. Ex- 
ogenous application of micromolar amounts  of auxins 
can cause dramatic changes in plant growth and milli- 
molar concentrations are lethal. In tissue culture, auxins 
are routinely used to control morphogenic responses. 

Plant tissues respond to critical concentrations and to 
gradients of auxin. Production of auxin in the shoot apex 
suppresses growth of lateral buds, controlling the shape 
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Figure 5. Two shoots from the same plant transformed with 
the 7S/iaaM gene fusion illustrating the outgrowth of the ab- 
normal morphology as the plant matures. The shoot on the left 
grew out shortly after the plant was placed in soil while the 
shoot on the right grew out approximately 2 months later. 

and branching habit of plants. Auxin gradients cause 
growth differentials that result in bending of plant stems 
and roots to keep plants oriented toward sources of light 
and gravitational force. 

It has been very difficult to study the mechanism of 
auxin action, even at a gross morphological level, be- 
cause of problems with uptake and transport of exoge- 
nously applied auxins. Many studies have utilized ex- 
cised segments for response measurements to minimize 
transport problems, but this is an artificial system that 
disrupts the influences of other organs. 

This paper describes a new approach to the study of 
auxin involvement in plant development. We have pro- 
duced transgenic petunia and tobacco plants that over- 

produce IAA 10-fold in all organs of the plant. This 
avoids the problems inherent in exogenous application 
and use of excised tissues. 

The overproduction of auxin in plants transformed 
with the Agrobacterium tumefaciens iaaM gene was 
surprising. The gene has been shown to encode an en- 
zyme, tryptophan monooxygenase, which converts tryp- 
tophan to indoleacetamide (Thomashow et al. 1986). 
IAM is a compound that is not believed to be a normal 
plant auxin intermediate (Zenk 1961). It has been dem- 
onstrated that expression of the wild-type iaaM gene 
does not lead to altered morphology or elevated levels of 
IAA in tobacco (Follin et al. 1985). Since the normal 
transcriptional promoter is extremely weak in plants 
(Klee et al. 1984), we fused the iaaM gene to a strong, 
constitutive promoter element, the 19S promoter of 
CaMV. This promoter is at least 100 times stronger and 
will thus lead to a much higher level of expression of the 
iaaM transcript. Consistent with this expectation, the 
level of accumulated IAM in our transformed petunia 
plants was about 1000-fold higher than the level re- 
ported in tobacco transformed with the wild-type gene. 

Although all of the work presented here was done 
with petunia, it is important to note that we have seen a 
very similar phenotype in pMON518-transformed to- 
bacco plants (data not shown). Thus, this phenomenon 
is not peculiar to petunia and demonstrates that it is the 
gross overproduction of the tryptophan monooxygenase 
that is responsible for the phenotype. 

The higher level of auxin in transformed plants may 
result from conversion of the extremely high level of 
IAM to IAA by endogenous plant enzymes. If the Km of 
such an endogenous enzyme for IAM is sufficiently 
high, the lower level of expression by the wild-type 
T-DNA gene promoter may not have produced enough 
IAM to show the abnormal phenotype. It has been re- 
ported that plant extracts are capable of converting exog- 
enously supplied IAM to IAA, even though this com- 
pound is not normally a substrate (Wightman 1986). 

Figure6. (A) LeafdiscfrompetuniaplanttransformedwithpMONS14(SSU/iaaH)grownfor 1 4 d a y s o n M S O m e d i u m s u p p l e m e n t e d  
with 5 ~M NAM as the sole phytohormone.  (B) Leaf disc from wild-type petunia plant treated exactly as in A. 
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An altemative explanation may be that IAM is inher- 
ently unstable in plants and is spontaneously hydrolyzed 
to IAA. Again the level of IAM produced by the wild- 
type gene might not be high enough to alter the plant 
phenotypically. Yet another possible explanation of the 
abnormal phenotype is that the IAM itself acts as an 
auxin. It has been reported that IAM has an auxin effect, 
but the data are difficult to interpret since IAM may be 
converted or spontaneously broken down to IAA 
(Wightman 1962). Since expression of high levels of 
iaaH does not noticeably alter the phenotype of trans- 
formed plants lacking the iaaM gene, it seems likely 
that petunia does not normally produce IAM as an auxin 
intermediate. 

The phenotypic properties of the 19S/iaaM-trans- 
formed plants are consistent with the expected constitu- 
tive expression of the gene, so that most of the cells in 
the plant are overproducing an auxin. Unbroken shoot 
apical dominance is a feature of the petunia transgenic 
plants, and exogenous auxin has been shown to inhibit 
lateral bud growth indirectly by maintaining primary 
shoot apical dominance (Phillips 1975). In our experi- 
ments, the shoot apical dominance is so complete that 
lateral buds remain dormant for several months fol- 
lowing removal of the shoot apex. Production of auxin in 
the apex of wild-type shoots suppresses the growth of 
lateral buds. Removal of the shoot apex normally results 
in the outgrowth of the lateral buds within days. This 
indicates that auxin transport and/or an associated gra- 
dient is involved in maintaining apical dominance. Our 
data suggest that it is the absolute auxin concentrations 
encountered by a lateral bud that control its ability to 
grow. 

The 19S/iaaM transgenic plants produced approxi- 
mately twice the number of secondary xylem and 
phloem cells as did wild-type plants. Exogenous applica- 
tions of IAA have been shown to increase the number of 
secondary xylem cells in petioles and stems (Hess and 
Sachs 1972; Meicenheimer and Larson 1985). 

The downward curling of the leaf blade exhibited by 
the transgenic plants was shown to be the result of in- 
creased cell and tissue volume in all cell layers except 
the abaxial epidermis. Such unequal growth in plant 
organs is termed epinasty, and epinastic effects, as de- 
scribed above, have been attributed to elevated concen- 
trations of the auxin IAA and of ethylene (Goodwin et al. 
1978). Ethylene synthesis in plants is stimulated by ex- 
ogenous auxin application (Fuchs and Leiberman 1968), 
and at times it is difficult to determine whether auxin or 
ethylene plays a primary role in some morphogenic phe- 
nomena. Specific events such as cell enlargement, as ex- 
hibited in 19S/iaaM adaxial epidermis and mesophyll 
tissues, can be directly correlated to auxin concentra- 
tions (Penny and Penny 1978). 

The auxins, indole-butyric acid (IBA) and NAA, are 
commonly used to stimulate adventitious rooting in 
stem cuttings (Hartman and Kester 1975). However, it is 
very unusual for adventitious roots to form on the stems 
of intact petunia plants. The large number of adventi- 
tious root primordia we observed on the 19S/iaaM trans- 

Overproduction of auxins in transgenic plants 

Figure 7. A comparison of petunia leaf discs grown on MS 104 
medium supplement with 30 ~M NAM for 18 days. {Top) Wild- 
type discs; (bottom)discs transformed with pMON514. 

genie plants initiated in a region typical for that of ad- 
ventitious roots in cuttings (Esau 1977). However, the 
subsequent development of 19S/iaaM adventitious roots 
did not follow the same development pattern as de- 
scribed for normal adventitious roots (Fabijan et al. 
1981). Most of the transgenic adventitious roots were in- 
capable of organizing a complete root apical meristem 
prior to emergence from the stem and ultimately 
aborted development. This unusual abortion phenom- 
enon may be related to overproduction of auxin in the 
organizing tissues of the root as the root may be a 
normal site for auxin biosynthesis (Feldman 1980). 

The transgenic petunia plants described in this work 
have a number of distinct morphological abnormalities 
that can be attributed either directly or indirectly to 
constitutive auxin overproduction. What is remarkable 
about this work is that these plants nonetheless undergo 
a complete life cycle. Although auxin is essential to 
normal growth of a plant, there is a significant tolerance 
to perturbation of the endogenous auxin level of that 
plant. The 10-fold increase in endogenous IAA levels 
and the resultant morphological changes do not prevent 
growth or affect reproductive capacity, in other words 
although a number of cell and tissue types are very sen- 
sitive to variation in auxin concentrations, most of the 
cell types are essentially unaffected. Through these ex- 
periments we can begin to define relative sensitivities of 
different cells and tissues to auxin. There could be a 
number of reasons why certain cells are unaffected by 
auxin. While each cell is presumably synthesizing the 
iaaM gene product and, thus, IAA, there will probably be 
differences in the cells' capacity to inactivate IAA 
through either conjugation or oxidation. Different cell 
types might also have very different intracellular con- 
centrations of a "receptor" that could be necessary for 
mediating auxin effects. What actually defines the rela- 
tive sensitivities of various cell types to auxin remains 
an intriguing question. 
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The work presented here demonstra tes  that  the 
normal  growth pat tern of the plant can be significantly 
altered by endogenous product ion of phy tohormones  
that  is not  homeosta t ica l ly  regulated. There is a large 
body of l i terature describing the effects of exogenous ap- 
plications of hormones  to plant tissue. Such experi- 
men t s  have provided the rationale for many  of the cur- 
rent  hypotheses  of phy tohormone  action, but it is ob- 
vious that  such an approach is somewhat  l imi ted 
compared wi th  controlled, endogenous regulation of 
these compounds.  Our  approach el iminates  the impor- 
tant, uncontrol led  variables of uptake and transport  to 
the t issue being examined.  Endogenous alteration also 
allows us to examine  effects of altered hormone  levels in 
an intact  plant  rather  than excised segment.  This allows 
for examina t ion  of hormone- induced effect in the hor- 
monal  and nutr i t ional  contexts  of the whole plant. The 
phenotypes  of the plants described in this work are cor- 
related wi th  the presence and activity of genes that  lead 
to the product ion of auxin. Al though some of the ob- 
served morphological  changes may not  be due to auxin 
directly, it can be concluded that  the increased level of 
auxin has begun a cascade of events leading to the ob- 
served phenotypic  properties. This new approach of con- 
trolled endogenous product ion of phy tohormones  will 
certainly lead to a greater unders tanding of the role of 
auxin in plant  morphogenesis  and growth. Furthermore,  
the overproduct ion of phytohorrnones  in specific tissues 
or in response to defined st imuli  should provide a 
unique oppor tuni ty  to examine  the expression of genes 
known  to be regulated by phy tohormone  levels. 

M a t e r i a l s  and  m e t h o d s  

All cloning and DNA manipulations were performed using 
Escherichia coli JM101 (Yanisch-Perron et al. 1985). All 
plasmids used for plant transformations were mobilized into 
Agrobacterium containing pTiT37-SE, a disarmed nopaline- 
type Ti plasmid (S. Rogers et al. 1987). Mobilizations were per- 
formed using the helper plasmid pRK2013 (Ditta et al. 1980). 

iaaM gene expression vectors 

The iaaM gene was cloned in multiple steps from pTiA6 into 
the multilinker of pUC19 (Yanisch-Perron et al. 1985) in a 
manner that introduced a unique XbaI site 18 nucleotides 
upstream of the translational start codon. This plasmid, 
pMON517, was used as a precursor for several further construc- 
tions. The open reading frame encoding the iaaM gene from 
pMON517 was introduced into two plant transformation 
vectors as a 3.5-kb XbaI fragment. The first of these was the 
vector pMON237, which contains the promoter for the CaMV 
19S promoter (Rogers et al. 1987). The resulting plasmid was 
designated pMONS18 (Fig. 1). The second construction was 
with pMON529 (H. Klee, unpubl.), a vector containing the pro- 
moter for the soybean c~'-subunit of B-conglycinin (Beachy et al. 
1985), creating pMON538 (Fig. 1). 

iaaH gene expression vectors 

The HindIII fragment from nucleotides 3390 to 5512 {Barker et 
al. 1983) of pTiA6 containing the entire iaaH ORF was cloned 
into M13 rap8. This clone was then modified by site-directed 
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mutagenesis (Zoller and Smith 1983) to introduce a unique 
BamHI site 10 nucleotides upstream of the translational start. 
The mutated gene was then cloned into pUG19 to create 
pMON544. The ORF encoding the iaaH gene from pMON544 
was fused to the CaMV 35S promoter in the transformation 
vector pMON530 [Rogers et al. 1987). This plasmid was desig- 
nated pMON548 (Fig. 1). A second plasmid, pMONS14, fusing 
the promoter of a petunia ribulose-l,5-bisphosphate carbox- 
ylase small-subunit gene, s su l lA  (Tumer et al. 1986), to the 
iaaH at -35  with respect to the transcriptional start site was 
also constructed. 

Introduction of genes into plants 

Agrobacterium strains containing the transforming vectors 
were used to transform Petunia hybrida VR (Wallroth et al. 
1986) leaf discs by the procedure of Horsch et al. (1985). Trans- 
formed tissue was selected for resistance to kanamycin and 
transformed plants were obtained from this transformed tissue 
for each plasmid construction. The transformed plants were ex- 
amined for the presence of T-DNA by Southern blot analysis 
(Southern 1975). 

Assay of IAM and IAA acid 

Levels of IAM and IAA were assayed in extracts of leaf tissue by 
HPLC with amperometric and fluorometric detection. Indi- 
vidual frozen leaves of petunia plants were extracted by 
grinding with a glass pestle in 1.5-ml microfuge tubes con- 
taining cold (-20°C) 80% aqueous methanol with 10 rag/liter 
butylated hydroxytoluene and 500 mg/liter citrate. After the 
initial extraction, the particulate plant material was collected 
by centrifugation (13,000g, 10 min) and extracted again. The 
supernatants from the consecutive extractions were pooled and 
reduced to the aqueous phase under reduced pressure. IAM and 
IAA were separated from the plant extract by reversed-phase 
HPLC on ~Bondapak C18 (Waters Associates, 7.6 mm x 300 
mm). Samples were separated by gradient elution (0-20% B, in 
25 min; A = 0.05 M sodium phosphate pH 3.0, B = CH3CN; 
flow rate = 4.0 ml/min) and collected individually into silan- 
ized glass tubes and reduced to the aqueous phase under re- 
duced pressure. IAM and IAA were analyzed by HPLC using 
sequential detection (Hein et al. 1984)with amperometry 
(glassy carbon, + 0.990 volts versus Ag/AgC1) and fluorometry 
(254 nm excitation, 340 nm emission) after separation on Bio- 
phase C8 (4.2 mm x 25 cm)with 0.04 M KHPO4- (pH 5.7) in 
13% methanol at 50°C. The response ratio of the detectors to 
peaks eluting at the k' of IAA or IAM were used to assess peak 
purity. If the detectors' response ratio was not identical to that 
of authentic standards, data were discarded (Hein et al. 1984). 
Recovery of IAA from plant tissue was estimated by deter- 
mining recovery of a [2-14C]IAA internal standard (500 dpm; 
650 dpm/ng; Amersham) by scintillation counting of the HPLC 
effluent. The internal standard was added to each sample im- 
mediately after extraction. 

Anatomical observations 

Stems and leaves of wild-type and tratisformed plants were ei- 
ther sectioned free-hand or prepared for paraffin microtomy by 
fixing in formalin/acetic acid/alcohol {FAA), dehydrating in a 
tertiary butyl alcohol sequence, and embedding in Paraplast. 
Paraplast-embedded material was cut at 10 ~m and stained 
with safranin-fast green. Free-hand sections were stained with 
0.05% (aq.} Toluidine Blue. 
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Cell measurements 

Cell measurements were made using a calibrated ocular mi- 
crometer on 30 independent, randomly chosen paraffin sections 
of leaves of a 19S/iaaM plant and a wild-type of identical ages. 
The length of the adaxial (upper) and abaxial (lower) epidermal 
cells was measured on the axis parallel to the leaf surface, and 
the cell width was measured on the perpendicular axis. The pal- 
isade mesophyll cell length was measured along the axis per- 
pendicular to the leaf surface, and the width measured along 
the axis perpendicular to that of the length. The spongy meso- 
phyll length was measured along the longest axis of the cell and 
width was measured in the widest region along an axis perpen- 
dicular to the length. The palisade and spongy mesophyll inter- 
cellular spaces were measured as the distance between two ad- 
jacent cells along an axis parallel to the leaf surface. 
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