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Expression of the Sesbania rostrata leghemoglobin glb3 gene was analyzed in transgenic Lotus corniculatus and
tobacco plants harboring chimeric gib3-uidA ( gus) gene fusions to identify cis-acting elements involved in nodule-
specific gene expression and general transcriptional control. A 1.9-kilobase fragment of the g/b3 5’-upstream region
was found to direct a high level of nodule-specific 3-glucuronidase (GUS) activity in L. corniculatus, restricted to
the Rhizobium-infected cells of the nodules. The same fragment directed a low level of GUS activity in tobacco,
restricted primarily to the roots and to phloem cells of the stem and petiole vascular system. A deletion analysis
revealed that the region between coordinates —429 and —48 relative to the ATG was sufficient for nodule-specific
expression. Replacement of the —161 to —48 region, containing the gib3 CAAT and TATA boxes, with the
heterologous truncated promoters A-p35S and A-pnos resulted in a loss of nodule specificity and reduction of GUS
activity in L. corniculatus but a significant increase in tobacco, primarily in the roots. The same fragment could not
direct nodule-specific expression when fused to a heterologous enhancer in cis. This region contains DNA sequences
required, but not sufficient, for nodule-specific expression in L. corniculatus that function poorly or may be involved
in promoter silencing in tobacco. By fusing further upstream fragments to the A-p35S and A-pnos promoters, two
positive regulatory regions were delimited between coordinates —1601 and —670, as well as —429 and —162. The
former region appears to function as a general enhancer because it significantly increased promoter activity in both
orientations in L. corniculatus and tobacco. The latter region could enhance gene expression in both orientations in
tobacco, but only in the correct orientation in L. corniculatus. These results show that efficient expression of the S.
rostrata g/b3 gene in nodules is mediated by an ATG-proximal, tissue-specific element, as well as further 5'-
upstream positive elements; that the S. rostrata gib3 promoter is induced in a nodule-specific fashion in the
heterologous legume L. corniculatus, suggesting a high degree of conservation of the relevant regulatory signals;
and that the S. rostrata Ib promoter is not silent in the nonlegume tobacco, but is expressed primarily in the roots.

INTRODUCTION

Regulated plant genes can be either inducible or tissue
specific or both inducible and tissue specific. They may
respond to environmental stimuli such as light, heat, an-
aerobic stress, wounding, fungal elicitors, circadian
rhythms, hormones, or signals from pathogenic or sym-
biotic bacteria. Alternatively, or in addition, they can be
activated in green tissues, in tubers, in seeds, in flowers,
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in pollen, or in nitrogen-fixing nodules induced by rhizobia.
Members of both categories may also be subject to de-
velopmental control processes (see Schell et al., 1988;
Weising et al., 1988; Benfey and Chua, 1989).

We are interested in studying the regulation of a class
of plant genes that are specifically expressed during the
process of rhizobial infection and nodule ontogeny or in
mature nitrogen-fixing nodules. These genes have been
termed nodulin genes (van Kammen, 1984) and appear to
be induced directly or indirectly by rhizobial signals in a
tissue-specific or nodule-specific fashion. In addition, their
expression is developmentally controlled (see Govers et
al., 1987; Verma and Delauney, 1988; Gloudemans and
Bisseling, 1989; Long, 1989; de Bruijn et al., 1989, 1990).
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Nodulins are commonly divided into early and late, reflect-
ing their timepoint of induction. Early nodulins are involved
in root hair deformation, the rhizobial infection process,
and structural aspects of nodule ontogeny (see Gloude-
mans and Bisseling, 1989).

Late nodulins are induced around the onset of bacteroid
nitrogen fixation. They participate in various aspects of
nodule functioning and inciude enzymes involved in nitro-
gen assimilation (uricase ll, glutamine synthetase) and
carbon metabolism (sucrose synthase), peribacteroid
membrane polypeptides, and oxygen transport proteins
(leghemoglobins; see Appleby, 1984; Delauney and
Verma, 1988; Verma and Delauney, 1988). The structure
of the soybean leghemoglobins (Lbs) and the organization
and expression of the corresponding /b genes have been
examined in detail (see Appleby, 1984; Marcker et al.,
1984a; Verma et al., 1986). Four expressed /b genes have
been characterized that are induced at slightly different
timepoints after nodule initiation (Marcker et al., 1984b),
suggesting developmental control of these genes in addi-
tion to nodule-specific expression.

The regulation of soybean /b gene expression has been
studied using transgenic Lotus corniculatus (Stougaard et
al., 1986, 1987, 1990) and alfalfa (Schell et al., 1988; de
Bruijn et al.,, 1989) plants harboring chimeric /bc3-cat
(chloramphenicol acetyltransferase) gene fusions. Nodule-
specific expression was found to be mediated by an ap-
proximately 2-kb 5’-upstream region in both heterologous
systems (Stougaard et al., 1986; de Bruijn et al., 1989).
Similar observations were made for the nodule-enhanced
expression of the French bean glutamine synthetase
gin-v (Forde et al., 1989) and the soybean late nodulin
N23 genes (Joergensen et al., 1988) in transgenic L.
corniculatus plants. A deletion analysis of the soybean
Ibc3 gene 5'-upstream region delimited a Strong Positive
Element (SPE; —1090 to —947 relative to the startpoint of
transcription), a Weak Positive Element (WPE; —230 to
—170), an Organ (nodule)-Specific Element (OSE; —139 to
—102), and a Negative Element (NE; —102 to —49; Stou-
gaard et al., 1987), whereby the SPE and OSE elements
were found to be interdependent for maximal nodule-
specific expression (Stougaard et al., 1990).

To determine which of these elements represent con-
served cis-acting sequences responsible for /b gene
expression and how these and other elements may be
organized in the 5’-upstream region of /b genes from other
legumes, we have initiated an analysis of the structure,
organization, and regulation of /b genes from the distantly
related iegume Sesbania rostrata (Berhaut, 1976). This
tropical legume was selected for the following reasons: S.
rostrata is efficiently nodulated by its symbiont Azorhizo-
bium caulinodans not only on the roots but also profusely
on the stem (see de Bruijn, 1989). Stem nodules contain
cortical cells that harbor chloroplasts, which are located
immediately adjacent to bacteroid-filled cells (de Bruijn,
1989). The juxtaposition of energy source and energy sink

may be beneficial for the energy-intensive nitrogen fixation
process. On the other hand, the O, evolution associated
with the former cells could represent a further stress on
the Oc-sensitive nitrogenase enzyme complex-in the in-
fected cells. Therefore, it was reasonable to postulate that
additional, modified, or higher levels of Lb might exist in S.
rostrata stem nodules to provide the additional O, buffer
capacity. In fact, seven distinct Lb forms have been iden-
tified in S. rostrata nodules, of which one form, Lb VI, is
approximately fivefold more abundant in stem nodules
(Bogusz et al., 1987), suggesting differential expression of
the corresponding gene in green versus white nodule
tissue (see de Bruijn, 1989). To test this hypothesis, we
isolated and partially characterized the S. rostrata genes
encoding Lb VI and Lb VIl {the g/b3 and g/b2 genes,
respectively; Metz et al., 1988; Welters et al., 1989).

A comparison of the 5’-upstream regions of the S.
rostrata g/b2 and g/b3 genes revealed a high degree of
homology between these two genes and between g/b2,
g/b3, and the corresponding soybean /bc3 gene for a
stretch of approximately 400 bp (Metz et al., 1988). The
most highly conserved region covers the startpoint of
transcription, the CAAT and TATA box region, and DNA
sequences highly homologous with the OSE in the /bc3
§’-upstream region, including the typical AAAGAT/G and
CTCTT sequence motifs (Sandal et al., 1987; Stougaard
et al., 1987; Metz et al., 1988). Moreover, it covers highly
conserved AT-rich elements, known to constitute specific
binding sites for a nodule trans-acting factor in both the
case of the /bc3 (Jensen et al., 1988) and in the g/b2 and
g/b3 genes (de Bruijn et al., 1988; Metz et al., 1988). This
conserved AT-rich binding site interacts specifically not
only with a nodule factor but also with distinct factors from
leaves and roots (Metz et al., 1988; Jacobsen et al., 1990).
In fact, one of the factors has been shown to resemble the
human HMG | protein, which may play a role in nucleosome
positioning or nuclear scaffold-DNA interactions (Jacobsen
et al., 1990).

To continue our comparative analysis to delimit general
as well as nodule-specific cis-acting regulatory elements
in the S. rostrata g/b3 gene 5’-upstream region and to
study the relationship between nuclear factor binding sites
and these elements, we constructed transcriptional fusions
of g/b3 fragments, truncated promoters (A-p35S, A-pnos),
an enhancer element (E-nos), and the uidA (gus) reporter
gene in various combinations, and assayed the expression
of the resulting chimeric genes in distinct tissues of trans-
genic L. corniculatus and tobacco plants by GUS enzyme
activity quantification and in situ staining (Jefferson et al.,
1987). Here we describe the identification of two positive
regulatory elements and a promoter-proximal region es-
sential for nodule-specific expression and compare the
organization of these cis-acting elements with that of the
soybean /bc3 gene. We also show that the S. rostrata g/ib3
promoter is functional in tobacco and is expressed pre-
dominantly in the roots, and we relate these results to



recently published observations regarding root-enhanced
expression of other plant hemoglobin genes (Bogusz et
al., 1988; Landsmann et al., 1988). Preliminary reports of
these results have been presented at the EMBO Sympo-
sium on Signal Transduction in Higher Plants (Heidelberg,
Federal Republic of Germany, September 1989) and the
Lunteren Lectures (de Bruijn et al., 1989).

RESULTS

Nodule-Specific Expression of Chimeric g/b3-uidA
Genes in Transgenic L. corniculatus Plants

To examine the role of the S. rostrata g/b3 5’-upstream
region in tissue-specific expression, fragments containing
DNA sequences from coordinates —1914 to —48, —653 to
—48, —429 to —48, and —161 to —48 (relative to the g/b3
ATG) were inserted into the promoterless uidA plasmid
pLP17, as shown in Figure 1, to form plasmids pLP32,
pLP29, pLP31, and pLP63, respectively (Methods; Figure
2A). These plasmids were conjugally mobilized to Agro-
bacterium rhizogenes AR10, and the resulting transcon-
jugants were used to infect L. corniculatus seediings.
Shoots were regenerated from the hairy roots, transgenic
plants were obtained and nodulated with Rhizobium loti
NZP2037, and nodules, roots, stems, and leaves were
assayed for GUS activity, as described in Methods.

In these and all other experiments using L. corniculatus,
a wide variability of GUS activity was observed in individual
transgenic plants harboring the same chimeric construct,
but the relative level of activity in different tissues was
found to be constant (de Bruijn et al., 1990). Therefore,
six to 10 individual transgenic L. corniculatus plants ob-
tained from independent hairy roots were assayed for each
construct and the results were averaged. Construct LP32,
as shown in Figure 2A, clearly directed a high level of
nodule-specific GUS activity in L. corniculatus; no activity
was found in roots, stems, and leaves of transgenic plants
(Figure 2B). Constructs LP29 and LP31 (Figure 2A) re-
tained the ability to direct nodule-specific expression, al-
though the levels of GUS activity were reduced twofold to
threefold, respectively (Figure 2B). Construct LP63 (Figure
2A) was found to be silent (Figure 2B). Thus, DNA se-
quences essential for nodule-specific expression are con-
tained within the first 429 bp of the g/b3 5’-upstream
region, and additional positive elements are located further
upstream between coordinates —1914 to —654 and —429
to —162.

A histochemical analysis (see Methods) was performed
on tissues of transgenic L. corniculatus plants harboring
construct LP32. No GUS staining was observed in leaf or
stem sections (data not shown), a very low level of staining
was observed in the roots, as shown in Figure 3A, and
very intense staining was observed in the nodules, in the
bacteroid-infected, leghemoglobin-containing cells, but not
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in the nodule cortex or vascular tissue (Figures 3B and
3C). These results contrast sharply with those obtained
with the cauliflower mosaic virus (CaMV) p35S-uidA con-
struct (ROK2275, see below). Transgenic L. corniculatus
plants harboring this construct showed intense GUS stain-
ing in leaves, stems, and roots (data not shown), as well
as in infected cells, the cortex, and vascular tissue of the
nodules, as shown in Figure 3D. Thus, the correct spatial
expression pattern of the g/ib3 gene also appears to be
mediated by DNA elements present within 1.9 kb of its 5'-
upstream region.

Expression of Chimeric gib3-uidA Genes in
Transgenic Tobacco Plants

To identify general positive regulatory elements (enhan-
cers) or negative elements (silencers), constructs LP32,

Hindlll. Xbat.BamH!.Smal.Kpnl.
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Figure 1. Structure of the Binary Vectors pLP17, pLP18, and
pLP19.

The positions of the left and right borders of the T-DNA are
indicated by filled triangles (LB and RB, respectively). The extent
of B-glucuronidase (uidA) coding sequences are indicated by
stippled boxes (%) and the direction of transcription by arrows.
The location of the nopaline synthase (nos) gene promoter (pnos)
and termination (polyadenylation; nospA) sequences are indicated
by black boxes (ll). The neomycin phosphotransferase Il and Il
(npt I, nptllt) genes and their direction of transcription are indicated
by open boxes ({J) and with arrows. Only unigue restriction sites
used for cloning are shown. A-pnos indicates truncated nos
promoter sequences, and A-p35S indicates truncated CaMV35S
promoter sequences (see text).
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Figure 2. Structure and Expression of g/b3-uidA 5’ Deletion
Constructs in Transgenic L. corniculatus and tobacco plants.

(A) Structure of the g/b3 5”-upstream region and unique restriction
sites used for subcloning the respective fragments in pLP17. The
positions of the CAAT and TATA boxes are indicated by black
boxes (M) and the startpoint of transcription (1 bp downstream of
the Fok! site) is designated by an arrow labeled RNA (~#). The
uidA structural gene sequences are indicated by stippled arrows
(=i#). The striped element labeled BS2* (L) indicates the con-
served AT-rich motif that binds a nodule trans-acting factor (Metz
et al,, 1988). The open box next to the CAAT box (OSE*; )
indicates the DNA element homologous to the OSE of the soybean
Ibc3 promoter (Stougaard et al., 1987; Metz et al., 1988). A scale
is provided in 100 bp, and the numbers on the arrows indicate
base pairs relative to the startpoint of translation. LP32 contains
the Pstl-Fokl; LP29, the Fokl-Fokl; LP31, the Sall-Fokl, and LP63,
the Ball-Fokl fragments cloned in pLP17.

(B) GUS activity levels in different tissues of L. corniculatus plants
(average values of five to 10 independent transgenic plants)
expressed in picamoles of methylumbeiliferone per minute per
milligram of protein in the extract.

(C) GUS activity in different tissues of tobacco plants (average of
four to eight plants), expressed in the same units.

LP29, LP31, and LP17 (Figure 2A) were also introduced
into tobacco plants, using a leaf-disc transformation pro-
tocol with A. tumefaciens 3850 (see Methods). As ob-
served with the transgenic L. corniculatus plants, a high
degree of variability of GUS activity was also found in
transgenic tobacco plants (data not shown). Therefore,
four to eight independent transgenic plants were routinely
assayed. Plants harboring construct LP32 showed GUS
activity primarily in the roots, some activity in the stems,
but none in the leaves (Figure 2C). The level of GUS activity
directed by the LP32 construct in tobacco plants corre-
sponded to about 70% of the activity found in L. cornicu-
latus (Figures 2B and 2C). However, direct comparison of
the expression levels of the chimeric gene construct in
different transgenic plant species is misleading. Relative
promoter strengths can be deduced more accurately by
comparing expression levels of different constructs within
one species. The level of GUS activity directed by the
complete g/b3 promoter (construct LP32) in L. corniculatus
represented approximately 25% of that directed by the
CaMV35S promoter (construct ROK2275, see below).
However, in tobacco, the level of expression of LP32 was
comparable with that observed with the truncated pro-
moter constructs LP18 (A-p35S) and LP19 (A-pnos) and
approximately 10% of the activity of the full 35S promoter
construct ROK2275 (see below). Thus, we conclude that
the activity of the g/b3 promoter in tobacco is approxi-
mately 40% of that found in L. corniculatus and that the
expression is rather root specific.

Histochemical analysis revealed a very low GUS staining
activity in the leaves of transgenic tobacco plants harboring
LP32 around the vascular tissue (data not shown). In
petiole and stem sections, more intense staining could be
observed around the vascular system, particularly in the
phloem, as shown in Figures 4A and 4B. In contrast,
tissues of transgenic tobacco plants harboring the
ROK2275 (p35S-uidA) construct were much more evenly
stained (Figure 4C). Roots of tobacco piants harboring
LP32 showed substantial staining around the root tip and
the vascular bundle (data not shown). Constructs LP29
and LP31 (Figure 2A) only directed a very low to back-
ground level of GUS activity in tobacco (Figure 2C), sug-
gesting the presence of a positive regulatory element
between coordinates —1914 and —654.

Effect of ATG Proximal Deletions and CAAT/TATA
Box Replacement on g/b3-uidA Expression

To ascertain the effect of ATG proximal deletions in the
5’-upstream region on g/b3 promoter activity, several
unique restriction sites (Ball, Sall, and EcoRV) were used
to subclone promoter segments. These were fused to
truncated promoters (including the CAAT and TATA
boxes) of the nopaline synthase gene (A-pnos, —150 to



+1; Ebert et al., 1987) or the CaMV35S gene (A-p35S,
—90 to +9, Domain A; Odell et al., 1985) and inserted in
front of the uidA gene on plasmids pLP18 and pLP19
{Figure 1; see Methods) to form plasmids plLP44, pLP26,
pLP28, and pl P27, respectively, as shown in Figure 5A.
These constructs were used to generate transgenic L.
corniculatus and tobacco plants. Substitution of the g/b3
CAAT and TATA box region (—161 to —48) with the
heterologous A-pnos (LP44) or A-p35S (LP26) promoters
resulted in a loss of nodule-specific GUS activity and
simultaneously in a 30-fold increase of root-specific GUS
activity in L. corniculatus (Figure 5B). The latter is probably
due to the presence of cis-acting elements in these trun-
cated promoters that direct root-specific expression (see
Discussion). The loss of nodule-specific expression of
these constructs suggests that DNA sequences essential
for tissue-specific induction of the gib3 promoter are lo-
cated in the ~161 to —48 (CAAT and TATA box) region.
Progressive deletions to further upstream sites in con-
structs LP28 and LP27 resulted in a twofold to threefold
decrease of total GUS activity, while maintaining root
specificity (Figure 5B). The overall GUS activity level di-
rected by the g/b3 promoter region in construct LP32 and
by the chimeric g/b3-A-pnos or gib3-A-p35S constructs in
LP44 and LP26 remained twofold to tourfold lower than
that obtained with the full 35S promoter (ROK2275; Figure
5B). A histochemical analysis of transgenic L. corniculatus
plants harboring the LP44 or LP26 constructs revealed
intense GUS staining in the roots (not shown) and in the
cortex and vascular system of the nodules, but not in the
central bacteroid-infected cells (Figure 3E).

Constructs LP44, LP26, LP28, and LP27 showed a
different expression pattern in tobacco. Replacement of
the g/b3 CAAT and TATA box region with the A-pnos
promoter (LP44; Figure 5A) resuited in a 15-fold increase
in promoter activity primarily in the roots and to a lesser
extent in leaves and stems (Figure 5C). The pattern ob-
served with construct LP26 (Figure 5A) was similar, except
that there was no increase of GUS activity in leaves and
stems and the total level of GUS activity was about 50%
of that observed with LP44 (Figure 5C). The total level of
GUS activity directed by construct LP44 now exceeded
that directed by the full 355 promoter (ROK2275; Figure
5C). The progressive deletions in constructs LP28 and
LP27 (Figure 5A) reduced overall GUS activity twofold to
threefold relative to pLP26, while maintaining root-specific
expression (Figure 5C). Their GUS activity was still greater
than that found with the original 1.9-kb g/b3 fragment
(LP32; Figure 5A), which barely exceeded the level directed
by the minimal promoters (A-pnos and A-p35S) themselves
(LP18 and LP19; Figure 5C). These results suggest that
the gib3 —161 to —48 (CAAT/TATA box region) does not
function efficiently in tobacco and/or carries DNA se-
quences involved in silencing promoter activity in a nonle-
gume background. Moreover, the presence of positive

Leghemoglobin Gene Regulation 977

elements between coordinates —1914 to —670 and —429
to —162 capable of functioning in heterologous systems
was confirmed.

Analysis of Positive Regulatory Elements in the glb3
5’-Upstream Region

To examine further the nature of the positive regulatory
elements in the g/b3 5’-upstream region defined by the
deletion/substitution analysis, restriction fragments cov-
ering the —1601 to —670 and —669 to —162 regions were
cloned in both orientations in front of the A-prnos and
A-p355-uidA chimeric genes on pLP18 and pLP19. The
resulting constructs (LP40, LP41, LP22, LP23, LP42,
LP43, LP24, LP25) are shown in Figure 6A. These con-
structs were introduced into L. cornicufatus and tobacco
and assayed for GUS activity. The —1914 to —1602 region
was ignored in these experiments because no difference
in GUS activity between constructs extending upstream to
~1601 or —1914 could be detected (data not shown). The
~1601 to —670 fragment was found to be capabie of
stimulating expression of both minimal promoters threefold
to 15-fold in both orientations in L. corniculatus and to-
bacco (LP40, LP41, LP22, and LP23 versus LP18 and
LP19; Figures 6B and 6C). This fragment, therefore, has
typical enhancer-like properties. In the proper orientation,
the —669 to —162 fragment greatly stimulated the expres-
sion of both A-pnos and A-p35S promoters in L. cornicu-
latus (LP42 and LP24 versus LP18 and LP19; Figure 6B)
to a higher Jevel than the —1601 to —670 fragment (LP42
versus LP40 and LP24 versus LP22; Figure 6B). In the
opposite orientation, it did not stimulate expression in L.
cornicufatus at alt (LP43 and LP25 versus LP18 and LP19;
Figure 6B). In tobacco, however, the —670 to —162 frag-
ment enhanced expression of both minimal promoters in
either orientation (LP42 and LP43, LP24 and LP25 versus
LP18 and LLP18). Some differences between the interaction
of both the —1601 to —670 and —669 to ~162 fragments
with either the A-pnos or A-p358 minimal promoters were
observed because combinations with the A-p35S promo-
ter were more sensitive to the orientation than those with
the A-pnos promoter (LP22 versus LP23 and LP24 versus
LP25). None of these constructs conferred any nodule-
specific expression on the minimal promoters in L. corni-
culatus. In fact, in L. corniculatus, the stimulation of expres-
sion was primarily root specific (Figure 6B). in tobacco,
stimulation of expression of the truncated A-p35S pro-
moter followed the same pattern of root specificity (LP22,
LP23, LP24, LP25; Figure 6C), whereas the A-pnos con-
structs also showed significant activity in stems and leaves
(LP40 and LP41; Figure 6C), especially in combination with
the —669 to ~162 fragment (LP42 and LP43; Figure 6C).
Thus, although positive elements capable of stimulating
gene expression in heterologous plant hosts are clearly
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Figure 3. Histochemical Analysis of GUS Activity in Transgenic L. corniculatus Plants.



present in the —1601 to —162 region, none of these
elements is capable of directing nodule-specific expression
on its own.

Analysis of the g/b3 ATG Proximal Nodule Specificity
Region

The deletion analysis had delimited a region involved in
nodule-specific expression of the g/b3 gene from coordi-
nates —429 to —-48 (Figure 2B), of which the —161 t0 —48
DNA sequences were found to be absolutely essential
(Figure 5B). To analyze this region further, a number of
additional chimeric constructs were made and introduced
into L. corniculatus and tobacco plants. Replacement of
the —161 to —48 fragment of LP31 by the A-pnos (LP45)
or the A-p35S (LP30) promoters resulted in loss of nodule-
specific expression in L. corniculatus, as shown in Figure
7. Histochemical staining revealed GUS activity in the
vascular tissue of nodules carrying construct LP45 but not
in the infected cells (Figure 3F), as had been observed
with the —1914 to —162 construct (LP44; Figures 3E and
5B). The LP45 and LP30 constructs showed a high level
of expression in tobacco, whereas the LP31 construct was
siient (Figure 7C). Thus, although clearly exhibiting the
capacity to stimulate gene expression in both L. cornicu-
latus and N. tabacum, the —429 to —162 region alone
cannot direct nodule-specific expression in L. corniculatus.
Moreover, this region can only function in tobacco when
fused to a heterologous minimal promoter.

To examine whether a heterologous enhancer element
could restore nodule-specific expression to the —161 to
—48 region (LP63; Figure 7A), a 91-bp DNA fragment of
the nos promoter (—150 to —60, E-nos; Ebert et al., 1987)
was fused in c¢is to the —161 to —48 region (LP64; Figure
7A), and its activity was assayed in L. corniculatus plants.
This fragment has enhancer-like properties when fused to
the A-p35S promoter in both orientations (LLP56 and LP57;
Figures 7A and 7B). The LP64 construct directed substan-
tially increased levels of GUS activity in L. corniculatus.
However, this expression was not nodule specific but
rather was most predominant in roots and to a lesser
extent increased in leaves, stems, and nodule (Figure 7B).
Histochemical analysis of the LP64-transformed L. corni-
culatus plants revealed a lack of GUS staining in the
infected cells of the nodules but significant activity in the
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vascular system and in the cortex, analogous to the pat-
tern obtained with construct LP45 (data not shown). To
examine the possibility that the E-nos enhancer region
used was capable of changing the tissue specificity of the
g/b3 promoter when added in cis, it was inserted in front
of the —429 to —48 g/b3 fragment (LP65; Figure 7A).
Although GUS activity was increased in the roots of L.
corniculatus plants harboring this construct, expression
was not reduced in the nodules (LP65 versus LP31, Figure
7B).

DISCUSSION

We have shown that high-level nodule-specific expression
of the S. rostrata leghemoglobin g/b3 gene is mediated by
DNA elements located within approximately 2 kb of its 5’-
upstream region that function efficiently in a heterologous
background. This result confirms and extends observa-
tions made examining the 5’-upstream region of the soy-
bean /bc3 gene in transgenic L. corniculatus (Stougaard
et al., 1986) and alfalfa (de Bruijn et al., 1989), the soybean
N23 gene in L. corniculatus and clover (Joergensen et al.,
1988), as well as the French bean glutamine synthetase
glny gene in L. corniculatus plants (Forde et al., 1989).
Thus, a conserved mechanism of late nodulin gene induc-
tion appears to exist in diverse legume species developing
determinate-type (L. corniculatus) or indeterminate-type
(alfalfa, clover) nodules. The histochemical analysis further
revealed that g/b3-uidA expression in L. corniculatus is
confined to the central core of the nodule, which is con-
sistent with the role of Lbs in oxygen transport to the
actively respiring, nitrogen-fixing bacteroids within the in-
fected cells. Analogous observations regarding the expres-
sion of a chimeric French bean giny-uidA construct in the
central core of transgenic L. corniculatus nodules have
been reported by Forde et al. (1989) that in turn are
consistent with the role of the nodule-specific form of
glutamine synthetase (GSn1) in rapid assimilation of the
ammonia produced by the nitrogen-fixing bacteroids in the
infected cells (Atkins, 1987).

The level of GUS activity directed by the g/ib3 promoter
in L. corniculatus nodules is approximately 20% to 25% of
that directed by the CaMV35S promoter in the same
tissue. This result contrasts with results obtained with the

Figure 3. (continued).

Different tissues were stained as described in Methods and photographed in a bright-field microscope. Blue precipitate indicates the

location of GUS activity.

(A) LP32 expression in L. corniculatus roots. Faint GUS staining in the vascular tissue.

(B) Accumuiation of leghemoglobin in the central infected zone of unstained L. corniculatus nodules.

(C) LP32 expression in L. corniculatus nodules. GUS staining in the central region of the nodule, no activity in nodule cortex.

(D) ROK2275 expression in L. corniculatus nodules. Intense GUS staining in the central zone, cortex, and vascular tissue of the nodule

and in the root.

(E) LP26 expression in L. corniculatus nodules. GUS staining in the vascular tissue of the nodule and the root.
(F) LP45 expression in L. corniculatus nodules. Staining in the vascular tissue and the cortex.



soybean /bc3 promoter, which appears to be approxi-
mately 10-fold more active than the CaMV35S promoter
in transgenic L. corniculatus nodules (Stougaard et al.,
1990). The g/b3 gene product (LbVI; Bogusz et al., 1987;
Welters et al., 1989) constitutes only a minor component
(about 2%) of the total Lb proteins from root nodules of S.
rostrata, which may be a direct reflection of the relatively
poor g/b3 promoter strength.

The g/b3 promoter deletion and substitution analysis
has shown that an approximately 380-bp region (—429 to
—48) immediately upstream of the transcription start site
is sufficient for nodule-specific expression. The region
between coordinates —161 and —48, which includes the
presumptive CAAT and TATA boxes, is clearly essential
for nodule-specific expression, although it cannot achieve
this by itself in the presence or absence of a heterologous
enhancer element added in cis. The —429 to —162 region
alone cannot confer nodule specificity either, although it
carries (a) positive regulatory element(s). This suggests
that an interaction between the —431 to —162 and —161
to —48 regions is essential for nodule-specific expression
and/or that the restriction site used to subdivide this region
(Ball) happens to bisect an essential element. The imme-
diate 5’-upstream region of the soybean /bc3 gene, includ-
ing the CAAT and TATA box region, which shares a high
degree of homology with the g/b3 region (Metz et al.,
1988), has also been shown to be essential for efficient
nodule-specific expression (Stougaard et al., 1990).

It should be pointed out that although both the —90
A-p35S and —150 A-pnos constructs have been used
extensively to characterize cis-acting elements of a variety
of genes (e.g., Stockhaus et al., 1987; Castresana et al.,
1988; Chen et al., 1988; Poulsen and Chua, 1988; Stou-
gaard et al., 1990), they have been recently shown not to
be true minimal promoters. In fact, both of these truncated
promoters carry root-specific elements (Benfey et al.,
1989; Bouchez et al., 1989). This may explain the sub-
stantial increase in GUS activity in the roots of transgenic
L. corniculatus plants harboring constructs LP26 or LP44.
It cannot be excluded completely that interaction of these
root-specific elements with g/b3 promoter elements added
in cis could have led to an altered or anomalous pattern of
gene expression, although the expression pattern of the
E-nos-(—429 to —48) g/b3-uidA construct (LP65 in Figure
7) strongly suggests that the presence of the root-specific
nos promoter elements is not capable of suppressing
nodule-specific expression.

It is interesting to note that in the case of the soybean
Ibc3 promoter a DNA element has been delimited that is

Figure 4. Histochemical Analysis of GUS Activity in Transgenic
Tobacco Plants.

(A) LP32 expression in tobacco petioles. GUS staining around the
vascular tissue.

(B) LP32 expression in tobacco stems. GUS staining in the inner
and outer phloem of the vascular tissue.

(C) ROK2275 expression in tobacco petioles. GUS staining in
several different tissues: vascular system, parenchyma, and
epidermis.
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Figure 5. Effect of CAAT/TATA Box Replacement and Down-
stream Deletions on g/b3-uidA Expression.

(A) Structure of the g/b3 5’-upstream region and chimeric con-
structs. For details, see legend of Figure 2. LP32 contains the
Pstl-Fokl fragment in pLP17; LP44, the Pstl-Ball fragment in
pLP18 and LP26 in pLP19; LP28, the Pstl-Sall fragment in pLP19;
and LP27, the Pstl-EcoRV fragment in pLP19. The truncated
promoter (A-pnos and A-p35S) elements are indicated by Z3and
boxes, respectively, and the full 36S promoter in ROK2275
(see Methods) by the fong box (ESSSSSSESISSIRSEERRY).

(B) and (C) GUS activity of these constructs in L. corniculatus
and tobacco, respectively (for details, see legend of Figure 2).
GUS activity is expressed in picamoles of methylumbelliferone per
minute per milligram of protein.

essential for nodule-specific expression (OSE) and shows
interdependence on an upstream positive regulatory ele-
ment (SPE) for its maximal activity (Stougaard et al., 1987,
1990). This /bc3 OSE is highly homologous to a 36-bp
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region at the analogous position in the g/b3 promoter
(—200 to —164, Metz et al.,, 1988; OSE*) and contains
DNA sequence motifs (AAAGAT/G, CTCTT) that have
been found to be conserved in various late nodulin gene
5’-upstream regions (Sandal et al., 1987; Stougaard et al.,

A 100 bp
L) T
£ 3
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T
-1601 — - "
ﬂ..h iyl
-1601
e :{».\t*.%z‘:ﬁe‘;rLPZG
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o
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C LP40 LP41 LP22 LP23 1LP42 1LP43 LP24 LP25 LPi8 LP19

E leaf
4000 J E stem
3000 1 E root

LP40 LP41 LP22 LP23 LP42 LP43 LP24 LP25 LPiIB LPI®

Figure 6. Identification of Positive Regulatory Elements in the
g/b3 5’-Upstream Region.

(A) Structure of the chimeric constructs. For details, see legends
of Figures 2 and 5. LP40 and LP41 contain the Scal-EcoRV
fragment in pLP18 in both orientations, and LP22 and LP23 in
pLP19. LP42 and LP43 contain the EcoRV-Ball fragment in pLP18
in both orientations, and LP24 and LP25 in pLP19.

(B) and (C) GUS activity levels in L. corniculatus and tobacco,
respectively (for details, see legend of Figure 2). GUS activity is
expressed in picamoles of methylumbelliferone per minute per
milligram of protein.
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Figure 7. Characterization of the g/b3 Promoter Proximal Nodule
Specificity Region.

(A) Structure of the chimeric constructs. For details, see legends
of Figures 2 and 5. The nos enhancer (E-nos) segment (see text)
is indicated by a striped box (&Z2). LP31 contains the Sall-Fokl
fragment in pLP17. LP45 and LP30 contain the Sall-Ball fragment
in pLP18 and pLP19, respectively. LP63 contains the Ball-Fokl
fragment in pLP17, which is fused to the E-nos in ¢is in construct
LP64. LP65 contains the E-nos enhancer fused upstream to the
LP31 construct. LP56 and LP57 contain the E-nos in both orien-
tations in pLP19.

(B) and (C) Expression of these constructs in L. corniculatus and
tobacco (see legend of Figure 2). GUS activity is expressed in
picamoles of methylumbelliferone per minute per milligram of
protein.

1987; Metz et al., 1988). However, although the OSE™ is
contained within the gib3 —429 to —162 region, this frag-

ment (or the entire —1914 to —162 fragment) is not capable
of conferring nodule-specific expression on chimeric g/b3-
uidA genes in L. corniculatus. AAAGAT/G and CTCTT
motifs are also present in the —161 to —48 region of the
g/b3 promoter (Metz et al., 1988). We cannot exclude the
possibility that the presence of these repeated sequences
in both these subfragments of the —431 to —48 region is
important for nodule-specific and infected cell-specific
expression of the g/b3 gene. A comparison of the soybean
Ibc3 and S. rostrata g/b3 5’-upstream regions is schemat-
ically diagrammed in Figure 8.

Immediately upstream of the g/b3 OSE-homologous ele-
ment, a DNA sequence motif has been found (ATTTT-
TAAATTATTAATTAA, BS2*; see Figure 8) that specifically
interacts with a trans-acting DNA-binding factor from nod-
ules of different legume plants, as well as other distinct
factors from leaves and roots (de Bruijn et al., 1988; Metz
et al., 1988). This element has been shown to be repeated
severalfold in the g/b3 5’-upstream region (de Bruijn et al.,
1989). Two highly homologous binding sites have been
identified in the soybean /bc3 5’-upstream region (BS1
and BS2; Jensen et al., 1988; see Figure 8) that specifically
interact with the same nodule factor, as well as (a) factor(s)
from leaves (Jacobsen et al., 1990). An internal deletion of
both BS1 and BS2 has been found to have a relatively
minor effect on /bc3 expression (Stougaard et al., 1990).
However, the g/b3 BS2* is located in a region (—429 to
—162) that carries at least one positive element and is
essential for nodule specificity. Therefore, the functional
significance of this binding site and the factor(s) interacting
with it remain an open question.

The analysis of the expression of chimeric g/b3-uidA
constructs in tobacco has yielded some interesting insights

cTerr
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Figure 8. Functional Elements of the 5’-Upstream Region of the
S. rostrata g/b3 Gene and the Soybean /bc3 Gene.

(A) S. rostrata g/b3 promoter.

(B) Soybean /bc3 promoter. The data in (B) are modified from
Stougaard et al. (1987, 1990). For further details, see text.

PE, Positive Element; NOD, element(s) involved in Nodule specific
Determination; OSE, Organ Specific Element (or homologous
region); SPE, Strong Positive Element; WPE, Weak Positive Ele-
ment; NE, Negative Element; BS1 and BS2, Binding Sites for
nuclear factors. The startpoint (direction) of transcription is indi-
cated by an arrow.



into the functioning of the g/b3 promoter in a nonlegume
heterologous background. The full (1.9-kb) g/b3 promoter,
with its own CAAT and TATA box region (—161 to —48),
does direct a low level of GUS activity in different tobacco
tissues. The highest level is in the roots. The hemoglobin
gene (promoter) of the nonlegume Parasponia andersonii
has also been shown to direct root-enhanced expression
in transgenic tobacco plants (Landsmann et al., 1988).
This observation and the identification of a functioning
hemoglobin gene in the non-nodulating plant Trema to-
mentosa, which is also expressed predominantly in the
roots (Bogusz et al., 1988), support the notion that plants
may have functional nonsymbiotic hemoglobin genes that
exhibit a root-specific expression pattern (Landsmann et
al., 1988). Leghemogliobin genes, which are expressed
specifically in the nodules, may have evolved from these
root-specific genes by acquiring a secondary control path-
way, restricting their expression to the infected cells of
nitrogen-fixing nodules.

Replacing the gib3 CAAT and TATA box region (—161
to —48), essential for nodule-specific expression in L.
corniculatus, with the A-p35S or A-pnos promoters (in-
cluding CAAT and TATA boxes; Odell et al., 1985; Ebert
et al., 1987) results in a very high level of predominantly
root-specific gene expression in tobacco. This suggests
that either the gib3 CAAT and TATA box region does not
function efficiently in tobacco and/or carries DNA se-
quences that function as a negative regulatory element in
tobacco (nonlegume). A negative element (NE) has been
shown to be present near the CAAT and TATA boxes of
the soybean /bc3 promoter (Stougaard et al., 1987), but
this element has not been studied in tobacco. Moreover,
an internal deletion in the /bc3 NE region does not result
in constitutive expression in L. corniculatus (Stougaard et
al., 1990). Except for the CAAT (CCAAG) and AAAGAT/G
or CTCTT motifs (see above; Sandal et al., 1987), no
significant homology exists between the soybean /bc3 NE
element and the corresponding S. rostrata g/b3 region
(Metz et al., 1988; see Figure 8). A more precise analysis
of this region using smaller deletions and/or point muta-
tions will be needed to clarify its function.

At least two efficient positive regulatory regions are
located in the g/b3 5’-upstream region between coordi-
nates —1601 to —670 and ~669 (probably ~429) to —162.
The distal region acts as a general enhancer element,
capable of increasing gene expression in both orientations
in L. corniculatus, as well as in tobacco, resembling the
transcriptional enhancers of the rbcS or CaMV35S pro-
moters (Timko et al., 1985; Ow et al., 1987; Fang et al.,
1989). The proximal region functions as an orientation-
independent enhancer in tobacco, but increases gene
expression in L. corniculatus only in the correct orientation.
DNA sequences required for nodule-specific expression
are also located in the —429 to —162 region (see above).
Whether the positive and nodule-specific DNA elements
coincide or can be separated is presently being examined.
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Two positive elements (SPE, WPE) have also been delim-
ited in the soybean /bc3 5’-upstream region (Stougaard et
al., 1987). Deleting the WPE region from the /bc3 promoter
does not influence the expression of /bc3-cat chimeric
genes in a significant fashion, and fusing this region in ¢is
to the same A-p35S promoter used in this study does not
lead to enhanced expression of the corresponding cat
gene fusion in transgenic L. corniculatus plants (Stougaard
et al., 1990). The /bc3 SPE can confer a low level of
nodule-specific expression when fused directly to the /bc3
TATA box (Stougaard et al., 1990). The g/b3 positive
elements identified in this study (PE; Figure 8) seem to
differ from their /bc3 counterparts (SPE, WPE; Figure 8) in
their ability to serve as efficient enhancers. Neither the
upstream nor downstream g/b3 PEs can direct nodule-
specific expression when fused to the A-pnos or A-p35S.
Whether this reflects a real difference between the two
promoters or an artifact due to complex interactions be-
tween additional root-specific elements present in the
A-pnos and A-p35S constructs used in our study remains
to be determined.

in conclusion, we have identified several cis-acting ele-
ments in the S. rostrata g/ib3 gene 5’-upstream region that
are responsible for general transcriptional activation as
well as nodule-specific expression. The use of transgenic
legume and nonlegume plants to test the activity of our
g/b3-uidA chimeric constructs has given us a better insight
into the functional components of the g/ib3 promoter re-
gion, and the use of the uidA reporter gene has allowed
us to examine expression quantitatively as well as spa-
tially. A comparison with the promoter region of the soy-
bean /bc3 and other late nodulin genes (see also de Bruijn
et al., 1990) has revealed both conserved and noncon-
served elements (see Figure 8). The precise role of these
elements, the DNA motifs carried by them, and their inter-
action with trans-acting regulatory factors are presently
under investigation, and the results are expected to yield
further insights into the signal transduction pathway re-
sponsible for tissue-specific gene regulation in this unique
form of prokaryote-eukaryote interaction.

METHODS

Construction of Vectors and Gene Fusions

Plasmid pLP17 is a derivative of pROK2275 (kindly provided by
Dr. R.A. Jefferson), which is based on the pBIN19 binary vector
of Bevan (1984). pROK2275 carries a chimeric gene consisting of
the cauliflower mosaic virus 35S promoter, g-glucuronidase (uidA,
gus) coding sequences and the nopaline synthase (nos) gene 3'-
downstream polyadenylation site (p35S-uidA-nospA), in which the
uidA translation site has been modified to fit the Kozak (1981)
plant gene consensus sequence. To construct pLP17, the p358
was deleted and replaced by polylinker sequences of pUC18
(Yanisch-Perron et al., 1985) flanked by the Hindlll and Kpni sites
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(Figure 1). Plasmids pLP18 and pLP19 were derived from pLP17
by inserting a fragment of plasmid pPCV802 (C. Koncz, unpub-
lished results) carrying the truncated nos promoter (A-pnos, —150
to +1; Ebert et al., 1987) or a BamHI-Kpnl fragment of plasmid
pMP35 (Stockhaus et al., 1987) carrying the truncated CaMVp35S
(A-p35S —90 to +9; Domain A; Odell et al., 1985) into the
polylinker in front of the uidA coding sequences (Figure 1). The
g/b3 5’-upstream region was kindly provided by P. Welters from
our laboratory. The restriction sites used for subcloning were
based on data from Metz et al. (1988), Welters et al. (1989), and
P. Welters (unpublished data). The nos enhancer element (E-nos)
was isolated as a Sstll to Sspl fragment of the nos promoter
between —150 and —60, containing the CAAT box plus activator
elements involved in nos promoter activity (Ebert et al., 1987). All
DNA manipulations were carried out using standard protocols
(Maniatis et al., 1982).

Plant Transformation Protocols

Plasmids (binary constructs) based on pLP17, pLP18, and pl.P19
were mobilized from Escherichia coli to Agrobacterium rhizogenes
strain AR10 (Hansen et al., 1989) or A. tumefaciens strain 3850
(Zambryski et al., 1983), using pRK2013 as a helper plasmid, as
described previously (Ditta et al., 1980). Transgenic Lotus corni-
culatus cv Rodeo plants were generated by way of A. rhizogenes-
mediated transformation using a modification of the protocol
developed by Petit et al. (1987), as described by Tabaeizadeh
(1989) and Forde et al. (1989). Seven-day-old to 10-day-old L.
corniculatus seedlings, which had been germinated in the dark,
were wounded and inoculated with overnight cultures of A. rhi-
zogenes harboring the binary plasmids and were incubated in light
(16-hr photoperiod; 25°C) for 3 weeks. Hairy roots that had
formed at the inoculation site were excised and transferred to
half-strength Murashige and Skoog medium (V2 MS) (Murashige
and Skoog, 1962), containing 100 mg/L claforan and 25 mg/L
kanamycin (Km). Shoots that had spontaneously formed on these
transgenic roots were rooted on Y2 MS medium containing 10
mg/L Km. Rooted plantlets were transferred to pots containing a
mixture of sand and vermiculite, inoculated with an overnight
culture of Rhizobium loti strain NZP2037, and incubated in a
Conviron growth chamber (26°C; 8-hr/16-hr photoperiod). Five
weeks after inoculation, leaf, stem, root, and nodule samples were
collected in liquid nitrogen and stored at —70°C. Plants derived
from five to 10 independent transgenic roots were tested for each
construct. Transgenic Nicotiana tabacum SR1 (tobacco) plants
were generated using A. tumefaciens strain 3850 using the leaf
disc transformation protocol described by Horsch et al. (1985).
Km-resistant transgenic plants were grown in vitro on Y2 MS
medium, and leaf, stem, and root tissues were harvested, frozen
in liquid N,, and stored at —70°C. Four to eight independently
obtained transgenic plants were tested for each construct.

GUS Enzymatic Assays

GUS activity of tissue samples was determined as described by
Jefferson (1987). Enzymatic activity was expressed as picamoles
of methylumbelliferone produced per minute per miligram of pro-
tein in the extract, as measured using the Bradford assay (Brad-
ford, 1976).

GUS Histochemical Staining

Histochemical GUS activity analyses were performed as described
(Jefferson, 1987). Thin sections of plant tissues were cut manually
using a razor blade and incubated for 3 hr to 12 hr in 1 mg/mL 5-
bromo-4-chloro-3-indolyl-3-p-glucuronic acid (X-glucuronide) at
37°C. After staining, the sections were fixed and destained for
chlorophyll in 70% ethanol.
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