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Root nodules of leguminous plants are symbiotic organs in which Rhizobium bacteria fix 
nitrogen. Their formation requires the induction of a nodule meristem and the formation of 
a tubular structure, the infection thread, through which the rhizobia reach the nodule 
primordium. In the Rhizobium host plants pea and vetch, pre-infection thread structures 
always preceded the formation of infection threads. These structures consisted of cyto- 
plasmic bridges traversing the central vacuole of outer cortical root cells, aligned in radial 
rows. In vetch, the site of the infection thread was determined by the plant rather than by 
the invading rhizobia. Like nodule primordia, pre-infection thread structures could be 
induced in the absence of rhizobia provided that mitogenic lipo-oligosaccharides produced 
by Rhizobium leguminosarum biovar viciae were added to the plant. In this case, cells in 
the two outer cortical cell layers containing cytoplasmic bridges may have formed root hairs. 
A common morphogenetic pathway may be shared in the formation of root hairs and 
infection threads. 

Rhirobium kguminosarum biovar viciae bac- 
teria form root nodules in symbiotic associ- 
ation with plants such as pea (Pisum sati- 
vum) and vetch (Vicia sativa ssp. nigra). In 
these plants, formation of a nodule primor- 
dium is induced in the inner cortex of the 
host root at some distance from the advanc- 
ing infection thread ( 1 4 ) .  In alfalfa (5, 6) 
and vetch (7), mitogenic lipo-oligosaccha- 
ride molecules, produced by infective ho- 
mologous rhizobia, are responsible for the 
induction of cell divisions leading to the 
formation of a root nodule vrimordium. 
After root hair infection, Rhirobium bacte- 
ria migrate intracellularly toward the divid- 
ing root cells via a tubular structure, the 
infection thread, which elongates by 
growth at the tip (8). Induction and main- 
tenance of a tip-growth process in a plant 
cell-for instance during formation of a 
root hair-requires a polarized cytoplasmic 
organization (9). It has not been known to 
what extent root infection or the presence 
of rhizobia in a growing infection thread 
influences cell polarization and thereby in- 
fection thread growth in a legume root. We 
therefore compared the behavior of root 
cortical cells after inoculation with infec- 
tive bacteria and after addition of lipo- 
oligosaccharide signal molecules by using 
light and transmission electron microscopy. 

At an early stage of root nodule devel- 
opment in vetch and pea (1 0, 1 I), all root 
cortical cells in the sector between a root 
hair infected by rhizobia and the central 

cylinder of the root respond almost simul- 
taneously with morphological changes. Cell 
nuclei swell and migrate to the center of the 
cell. In pea, these changes are accompanied 
by expression of the host gene product 
ENOD12 (4). In vacuolated plant cells, 
swelling of the nucleus and its migration to 
the cell center usually precede cell division 
(12). However, in vetch and pea (10, 1 1 ), 
cell divisions occur only in cells located in 
the inner root cortex. Usually, initial cell 
divisions appear to be radial, resulting in 
radial rows of cells with radially positioned 
division walls (Fig. 1A). Further cell divi- 
sions result in the initiation of a nodule 
primordium. In the outer cortical cells of 
the infection zone. swelline of the cell 
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nucleus and its migration to the center of 
the cell are not followed by cell division. 
Instead, the cytoplasm collects to form a 
radially oriented conical structure, which 
we designate as a cytoplasmic bridge (10, 
11) (Figs. 1 and 2). Cytoplasmic bridges in 
cells of the outer cortex are usually posi- 
tioned in line with young radial division 
walls in the inner cortex. which results in 
the formation of very typical radial rows of 
cells characterized bv the vresence of these 
aligned radially oriented structures (Fig. 
1A). The infection thread appears to grow 
through and within cytoplasmic bridges 
(Fig. 1C). Therefore, we propose to call 
these aligned bridges pre-infection thread 
structures (Pit). The cytoplasmic bridges 
are polarized: the bulk of cytoplasm and 
endomembranes are located at the outer 
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by Rhizobium kguminosarum bv. viciae, 
NodRlv-IV(Ac,C18:4) and NodRlv-V 
(Ac,C18:4) (7, 13). Both molecules are 
characterized by the presence of a highly 
unsaturated lipid moiety and an 0-acetyl 
group. Each of these two nodulation (Nod) 
factors can induce root nodule primordia in 
Vicia sativa ssp. nigra roots (7). Nonmitoge- 
nic Nod factors that differed in the acyl 
substituent group were designated NodRlv- 
IV(Ac,C18: 1) and NodRlv-V(Ac,C18:l), 
whereas those that lacked an 0-acetyl 
group were designated NodRlv-IV(C18:4) 
and NodRlv-V(C18:4) (7). These Nod fac- 
tors do not induce nodule primordia in V. 
sativa ssp. nigra roots. 

Roots of axenically cultured V. sativa 
ssp. nigra plants were tested for response to 
rhizobial lipo-oligosaccharides. Vicia sativa 
ssp. nigra is more suitable than pea for 
bioassays related to root nodule symbiosis 
because of its smalrer size and its larger 
number of nodulation-related phenotypes 
(2, 3, 7, 14, 15). Addition of a crude Nod 
factor extract [containing NodRlv-IV(Ac, 
C18:4), NodRlv-V(Ac,C18:4), NodRlv-IV 
(Ac,C18: I ) ,  and NodRlv-V(Ac,C18: 1)] 
from R. leguminosarum strain RBL5601 that 
has a complete set of nod genes or either of 
the purified mitogenic Nod factors Nod- 
Rlv-IV(Ac,C18:4) or NodRlv-V(Ac,C18:4) 
resulted in a response of root cortical cells 
identical to that found after inoculation 
with infective bacteria and in the same zone 
of the root. Inner cortical cells showed 
radial cell divisions and outer cortical cells 
formed cytoplasmic bridges. In addition, 
radial rows of responding cells similar to 
those seen in Rhirobium-infected roots were 
formed (Fig. 1, A and B). These responses 
were absent if the plants were treated under 
identical conditions with the nonmitogenic 
Nod factors. 

The formation of mitogenic Nod factor- 
induced, cytoplasmic bridges in cells of the 
two outermost cortical cell layers of the root 
is normally accompanied by local weaken- 
ing of the outer periclinal wall and fre- 
quently by ~ o o t  hair formation by these 
cortical cells (Fig. ID). In front of 12 out of 
the 24 Nod factor-induced root nodule 
primordia we investigate, root hairs formed 
by outer cortical cells were observed. Nor- 
mally, root hairs are formed only by plant 
root epidermal cells as tubular protuberanc- 
es elongating by growth at the tip (16). 
Like infection thread formation, the initia- 
tion of root hair growth requires local mod- 
ifications of the outer periclinal cell wall 
and is assumed to be preceded by intracel- 
lular polarization (9). As in root hair for- 
mation, a cytoplasmic bridge may be in- 
volved in the initiation of such cell wall 
modifications for infection (Fig. ID). A 
possibly weakened, deformed area could be 
observed in the cell wall separating the 
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approaching infection thread from the cy- 
toplasmic bridge (Fig. 1C). Such cell wall 
modifications were normally seen in front of 
nodule meristems in fizobium-infected 
Vicia roots, investigated by light microsco- 
py. These observations, and the fact that 
f izobium initiates infection threads in i t s  
host plant at young, emerging root hair tips 
(I I), are consistent with the hypothesis 
that root hair formation and infection 
thread formation follow a common mor- 
phogenetic pathway. 

Induction of root hair formation by ster- 
ilized supernatant fluids of R. kguminosarum 
bv. viciae cultures has been reported (1 7). 
T h i s  kind of root hair formation takes place 
over the entire surface of the elongating 
part of the root and not only in front of  the 
root nodule primordia (Hai, for root hair 
induction). In V. sativa ssp. nigra, Hai  i s  
also induced by Rhizobium mutants that do 
not produce mitogenic factors (1 7) and by 
physical and chemical stress factors (18). 
Thin sectioning revealed that these root 
hairs were of epidermal origin (1 8). Appar- 
ently, nonmitogenic Nod factors are suffi- 
cient for enhancement of root hair forma- 
tion by the preconditioned cells, whereas 

Fig. 2. Model depicting the effects of mitogenic 
Nod factors on the activated cortical cells of a 
vetch root. Stage 1: In all cells, the nuclei 
enlarge and move to the center of the cell. 
being connected to the parietal cytoplasm by 
cytoplasmic strands. Stage 2: (a) In the inner 
cortex, the cells continue the cell division cycle 
and divide; in (b), the cells in the outer cortex 
do not divide but instead form cytoplasmic 
bridges. Stage 3: (a) Inner cortical cells have 
divided and can enter the cell cycle again. (b) 
In the outer cortical cells, the cell wall is modi- 
fied at the outer side of the bridge, resulting in 
the formation of an infection thread if Rhizobium 
is present (3b,) or in the formation of a root hair 
if only a mitogenic Nod factor is present (34). 
Symbols: cw, cell wall; n, nucleus; cyt, cyto- 
plasm; v, vacuole; b, cytoplasmic bridge; d. 
division wall; R. Rhizobium bacteria; inf, infec- 
tion thread; mcw, modified cell wall. 

mitogenic Nod factors are necessary for 
induction of root hair formation in cortical 
cells. Induction of cytoplasmic bridge for- 
mation in vetch by Nod factors produced by 
nodH- mutants of Rhizobium meliloti (15) 
has yet to be tested. 

Our results show that in vetch, the 
plant, and not the invading rhizobia, deter- 
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Fig. 1. Pre-infection thread struc- A - : . - . - 

tures (20). (A and B) Transverse 
B- .-./--5 . . ,; ,r '-.- 

sections of 4-day-old vetch roots, g,.: . 
each showing a young root nod- 7 

ule primordium and pre-infection 
thread structures. In (A), induc- 
tion by R. leguminosarum bv. vi- 
ciae; in (B), induction by NodRlv- 
V(Ac,C18:4) factor. Bars repre- 
sent 20 pm. Each section shows 
radial rows of responding cells 
with anticlinally positioned cell 
walls (arrows) in the inner cortical 
cells, in line with similarly posi- 
tioned cytoplasmic bridges of the 
pre-infection thread structure (ar- 
rowheads) in the outer cortical . . 
cells. Similar results were ob- 
tained after addition of NodRlv- Illl* .I 

Y 

IV(Ac,C18:4) factor or crude wild- 
type Nod factors from strain 
RBL5601. (C) Electron micro- = ,  
graph of outer cortical cells in a 
transversely sectioned pea root 
(20) after inoculation with R. legu- 
minosarum bv. viciae. An ad- 
vancing infection thread that con- 
tained bacteria is present in the 
upper cell, and a cytoplasmic 

,: * 
bridge can be seen in the subad- , , 

jacent cell. In the center of the 
outer periclinal cell wall and at the 
axis of the cytoplasmic bridge, the presumptive future crossing site of the infection thread can be 
recognized as a less electron-dense, wrinkled region, which may be weaker than the surrounding 
cell wall. Bar represents 10 pm. (D) Transverse section of a 5-day-old vetch root showing a root 
nodule primordium and root hair formation induced by the NodRlv-V(Ac,Cl8:4) factor (20). An 
apparent plasticity of the outer periclinal wall of one cell can be observed at the contact area with 
the cytoplasmic bridge (arrowhead). Two root hairs originating from outer cortical cells are present 
(asterisks). A genuine root hair, originating from an epidermal cell, is out of focus (open arrow). Bar 
represents 20 pm. 
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mines the site where the infection thread i s  
formed. The ability of a Nod factor to 
induce cell polarization and Pit i s  correlated 
with i t s  ability to induce cell divisions (Fig. 
2). Libbenga and co-workers (1 9) proposed 
that the gradient hypothesis for root nodule 
initiation in pea-that is, induction of cell 
divisions in the inner root cortex-is deter- 
mined by endogeneous gradients of both 
plant growth factors and rhizobial stimuli. 
We propose (Fig. 2) that cell polarization in 
the outer cortex i s  also determined by these 
gradients. Such gradients are different in 
plants like soybean and bean because early 
root nodule initiation in these plants takes 
place in the outer cortex instead of in the 
inner cortex ( I  I). Furthermore, another 
type of infection thread is formed (I  I), and 
Pit may not occur during nodulation of 
these legumes. 
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Medium-chain fatty acids (FAs), found in storage lipids of certain plants, are an important 
renewable resource. Seeds of undomesticated California bay accumulate laurate (12:0), 
and a 12:O-acyl-carrier protein thioesterase (BTE) has been purified from this tissue. 
Sequencing of BTE enabled the cloning of a complementary DNA coding for a plastid- 
targeted preprotein. Expression of the complementary DNA in the seeds of Arabidopsis 
thaliana resulted in BTE activity, and medium chains accumulated at the expense of 
long-chain (r 16) FAs. Laurate became the most abundant FA species and was deposited 
in the storage triacylglycerols. These results demonstrate a mechanism for medium-chain 
FA synthesis in plants. 

I n  plants, FAs are assembled in the plastids 
where the fatty acid synthase (FAS) se- 
quentially condenses two-carbon units onto 
the growing fatty acyl chain. Whereas the 
end products are usually 16- or 18-carbon 
FAs ( I ) ,  members of several plant families 
synthesize large amounts of predominantly 
8- to 14-carbon (medium-chain) FAs. 
Some are harvested for dietary or industrial 
purposes-for example laurate, which is 
currently extracted from the seeds of tropi- 
cal trees at a rate approaching one million 
tons annually (2). We investigated the 
feasibility of producing laurate in an annu- 
al, temperate crop by genetic engineering. 

In the develovine oilseeds of California . LJ 

bay (Umbellukzria californica) that accumu- 
late caprate (10:O) and laurate (12:0), a 
medium-chain acyl acyl-carrier protein 
(acyl-ACP) BTE has been identified (3). 
This BTE, by prematurely hydrolyzing the 
growing acyl thioesters, is thought to play a 
critical role in medium-chain production 
(3). We report here on the transfer of this 
activitv into seeds of A. thaliana. 

~ e p k d e  sequences of BTE were obtained 
(4, 5), enabling the synthesis of primers for 
polymerase chain reaction (PCR) amplifi- 
cation of reverse-transcribed BTE mRNA 
(6). The PCR-derived BTE DNA sequence 
fragment was used to obtain a full-length 
cDNA (7). The ATG nearest the 5' end of 
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the single, large open reading frame is 
surrounded by a sequence matching the 
motif for initiation of translation in plants 
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(8). A 382-amino acid polypeptide (molec- 
ular weight 33782) containing most of the 
BTE peptide sequences (5) was predicted 
(Fig. 1). 

Mature BTE, when isolated from devel- 
oping seeds, appears to be a processed form 
of the predicted polypeptide, having its 
NH,-terminus at amino acid 84 (Fig. 1) (5). 
A search of all currently available gene 
banks with the derived amino acid seauence 
yielded no significant matches. Using ribo- 
nuclease vrotection. we detected no BTE 
transcripts in bay leaves. In developing cot- 

UTNLEUKPKPKLPQLLDDHFGLHGLUFRRTFRIRSYEUGP 120 

GPRFIDNURUKDDEIKKLQKLNDSTRDYIQGGLTPRUNDL 280 

DUNQHUNNLKYURUUFETUPDSIFESHHISSFTLEYRREC 320 

TRDSULRSLTTUSGGSSERGLUCDHLLQLEGGSEULRART 360 

Fig. 1. Amino acid sequence of bay 12:O-ACP 
TE derived from the cDNA of pCGN3822 (7). 
The NH,-terminus of the BTE, as obtained from 
the purified protein (5),  is indicated by a dot 
below the respective amino acid. Abbreviations 
for the amino acid residues are: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, 
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R ,  
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
GenBank accession number M94159. 
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