
octadecatetraenoy1)-6-0-acetyl-chitopentaose 
[abbreviated NodRlv-V(Ac,C18:4)] (7). Both mol- 
ecules are characterized by the presence of a 
highly unsaturated lipid moiety and an Oacetyl 
substituent. Besides these two nodulation signals, 
other Nod metabolites were reported (7) that 
differ in the acyl substituent or that lack the 
Oacetyl group. When the acyl substituent is 
cis-vaccenic acid, the corresponding Nod factors 
are designated NodRlv-IV(Ac,CI 8: I )  and Nod- 
RIv-V(Ac,C18:1). When the Oacetyl substituent is 
absent, the corresponding Nod factors are des- 
ignated NodRlv-IV(C18:4) and NodRlv-V(C18:4). 
A Tn5 mutation in the rhizobial nodulation gene 
nodE causes the absence of the NodRlv- 
IV(Ac,C18:4) and NodRlv-V(Ac,C18:4) Nod fac- 
tors, and instead the corresponding Nod factors 
NodRlv-IV(Ac,C18:1) and NodRlv-V(Ac,C18:l) 
are formed (7). A nodL::Tn5 mutation results in 
the absence of the Oacetyl group in all Nod 
factors produced, such as NodRlv-IV(C18:4) and 
NodRlv-V(C18:4) (7). 

14. H. C. J. Canter Cremers, A. A. N. van Brussel, J. 
Plazinski, 8. G. Rolfe, J Plant Physiol. 122, 25 
(1 986) 

15. P. Roche et a/., Cell 67, 11 31 (1991). 
16. R. G. H. Cormarck, Bot. Rev. 15, 446 (1962). 
17. S. A. J. Zaat, A. A. N. van Brussel, T. Tak, E. Pees, 

B. J. J. Lugtenberg, J. Bacteriol. 169, 3388 
(1 987) 

18. A. A. N, van Brussel, R. Bakhuizen, P. C. van 
Spronsen, H. P. Spaink, T. Tak, B. J. J. Lugten- 
berg, J. W. Kijne, unpublished results. 

19. K. R. Libbenga, F, van Iren, R. J. Bogers, M. F. 
Schraag-Lamers, Planta 11 4, 29 (1 973). 

20. Methods used for Fig. 1, A, 8, and D: Induction of 
nodulation phenotypes by R. leguminosarum bv. 
viciae bacteria, crude Nod factors, or purified Nod 
factors was tested with Vicia sativa ssp. nigra plants 
in glass containers with the roots shielded from light 
(7). Rhizobium leguminosarum bv, viciae strain 
RBL5601 (Nod+Fix+) was grown for 3 days on 
solidified yeast mannitol broth medium [P. J. J. 
Hooykaas, P. M. Klapwijk, M. P. Nuti, R. A. Schil- 
peroort, A. Rorsch, J. Gen. Microbial. 98, 477 
(1979)], suspended in sterile water, and added to 
the Vicia plant growth medium at 1 O5 to 1 O6 cells per 
milliliter. Crude Nod factors were extracted with the 
use of butanol (7) from Rhizobium cultures of the 
strains RBL5601 (containing the Sym plasmid 
pRL1 JI) for wild-type crude Nod factors, RBL5602 
(pRIWlnodE:TnS) for crudeAc,C18:1 Nod factors, 
and RBL5793 (pRLlJlnodL589::Tn5phoA) for 
crude C18:4 Nod factors [A. A. N, van Brussel et 
al., J. Bacteriol. 172, 5394 (1 990)l. The butanol 
phase was evaporated, and the residue was redis- 
solved in an acetonitrile and water mixture (1 : 1, 
viv; 25 ml per liter of the original culture medium). 
Nod factors produced by R, leguminosarum bv. 
viciae strain RBL5601 were purified as described 
(7). Purified and crude Nod factors were tested as 
follows. Samples (100 PI) of solutions in acetoni- 
trile-water ( I  : I ,  vlv) were evaporated under sterile 
conditions at 80°C. Sterile medium (20 ml) was 
added, yielding final factor concentrations of lo- '  
M for the purified Nod factor and a final concen- 
tration of the crude Nod factor corresponding to 
one-fifth of the concentration in the Rhizobium 
culture from which the factors were extracted. 
Crude Nod factor samples containing the lipo- 
oligosaccharides NodRlv-IV(Ac,C18:1), NodRlv- 
V(Ac,C18:1) or NodRlv-IV(C18:4), and NodRlv- 
V(C18:4) required solubilization in sterile 1% 
CHAPS (Sigma) (7). Seedlings were mounted in 
glass containers, and after 4 or 5 days of incuba- 
tion with Rhizobium or with Nod factors, the roots 
were processed for thin sectioning as described 
(12), with the exception that the first and second 
fixation periods were reduced to 1 hour and 45 
min, respectively. Transverse serial sections of 8 
bm thickness were made of the developing nodule 
meristems and investigated by light microscopy. 
For Fig. IC, induction of nodulation phenotypes 
was tested with pea seedlings grown and inocu- 
lated with Rhizobium leguminosarum bv. viciae 
strain 248 (Nod+Fix+) as described [C. L. Diaz et 

a/., Planta 168, 350 (1986)l. The roots were pro- valuable discussions. Supported in part by the 
cessed for electron microscopy (12), and serial Royal Netherlands Academy of Arts and Sciences 
thin sections were examined with a Philips 300 (H.P.S.). The first three authors have made equal 
electron microscope operating at 60 kV. contributions to this work. 

21. We thank A. Wijfjes for technical assistance, G. P. 
G. Hock for drawing Fig. 2, and 0. Geiger for 12 February 1992; accepted 21 May 1992 

Fatty Acid Biosynthesis Redirected to Medium 
Chains in Transgenic Oilseed Plants 

Toni A. Voelker,* Ann C. Worrell, Lana Anderson, 
Janice Bleibaum, Calvin Fan, Deborah J. Hawkins, 

Sharon E. Radke, H. Maelor Davies 
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$ide 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 

\ -  , 

the single, large open reading frame is 
surrounded by a sequence matching the 
motif for initiation of translation in plants 

Cal~ene, Inc., 1920 Fifth Street, Davis, CA 95616. 
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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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Table 1. Laurate accumulation in individual 
transformants. All plants were independently 
transformed with pCGN3828 (14). The 12:O- 
ACP TE activities (TE Act.) of pools of 40 
mid-maturation seeds were measured (1 U = 1 
nmol of substrate hydrolyzed in 30 min at 30°C) 
(3). Extracts from control plants had 7 mu of 
12:O-ACP hydrolytic activity per seed. For FA 
analysis (19), 100 mature seeds were pooled; 
no laurate was detected in the control. 

12:o TE ""' 12:0/seed (mole % of 
Plant seed 

(mu) (nmOl) total FA) 

yledons, BTE mRNA was found only during 
the time of medium-chain FA production 
(9) - 

The NH,-terminal, 83-amino acid por- 
tion of the derived polypeptide contains 
conserved features of plastid transit peptides. 
This was expected because the plant FAS 
resides in that organelle (1, 10). However, 
hydropathy analysis reveals an alanine-rich 
hydrophobic domain at the COOH-terminal 
end of the transit sequence, typical of thy- 
lakoid targeting (10, 11). The location of 
BTE within the plastids of bay cotyledons is 
not known, although its substrate is likely to 
be in the stroma (12). Long-chain thio- 
esterases (TEs) of safflower seeds have 
stroma-targeting transit sequences (13). But 
it is possible that in bay, the synthesis of 
storage lipid occurs in its own intracellular 
compartment. 

The function of the cloned BTE was 
analyzed in a heterologous plant system: 
transformed A. thaliana. The BTE cDNA 

Acyl group 

Fig. 2. Acyl-ACP hydrolysis profiles of A. 
thaliana seeds. Forty immature seeds were 
harvested, homogenized in BTE assay buffer, 
and their acyl-ACP hydrolysis activity was mea- 
sured (3) .  Analysis of control (hatched bars) 
and the BTE transformant 3828-13 (14) (solid 
bars) is shown. 

was fused with a Brassica rapa seed storage 
protein (napin) promoter (1 4). Transfor- 
mation of A. thaliana with this construct did 
not significantly affect the number, size, or 
viability of the seeds. 

Acyl-ACP hydrolytic activities were 
measured in extracts of the developing 
seeds. Control plants showed predominant- 
ly 18 : 1 -ACP TE activity and only a trace of 
12:O-ACP TE activity. In plants trans- 
formed with BTE, the 12:O-ACP TE activ- 
ity was elevated up to 70-fold, surpassing 
even that of the endogenous 18: 1-ACP TE 
(Fig. 2). Also, the low 14:O-ACP hydrolyt- 
ic activity was increased up to sevenfold in 
the transformants. The ratio of the intro- 
duced 12:O-ACP and 14:O-ACP TE activ- 
ities was the same as that observed with the 
purified bay enzyme (4). These results con- 
firm that the BTE cDNA encodes a medi- 
um-chain TE activity. 

To examine the effects of BTE on the 
heterologous plant FAS in vivo, we deter- 
mined the lipid composition of mature 
seeds from the transgenic plants. Laurate, 
absent from untransformed A. thaliana, ac- 
cumulated in all transformants that showed 
BTE activity (Table 1). The proportion of 
laurate to the total FAs varied between the 
individual transformed plants but was ap- 
proximately correlated with the BTE en- 
zyme activities of seed extracts. This pro- 
duction of laurate in the seeds of trans- 
formed A. thaliana showed that the bay TE 
was able to access acyl-ACPs in vivo, there- 
by intercepting the FAS. 

Seeds of control plants showed the near- 
exclusive accumulation of long-chain (> 
16) FAs (15). In one transgenic plant, 
laurate was the predominant FA. Myristate 
(14:O) was also present (Fig. 3). In all 
BTE-expressing plants, the amount of 
myristate that accumulated was about 16% 
that of accumulated laurate, regardless of 
the absolute amount of medium-chain FAs 
produced (9). In vitro, the hydrolytic ac- 
tivity of BTE on 14:O-ACP was 5% of that 
on 12:O-ACP (Fig. 2) (4). Therefore, the 
BTE's action in vivo was quite similar to its 
specificity as determined in vitro with sub- 
strates prepared with Escherichia coli ACP. 
This suggests that in vivo the introduced 
enzyme accessed approximately equal-sized 
pools of 12:O-ACP and 14:O-ACP [the 
nearly total absence of myristate in bay 
seeds (3) suggests that BTE intercepts the 
FAS at 12:O very efficiently]. 

Medium-chain FA accumulation caused 
reductions in the contents of most of the 
other FAs, but the total seed FA contents 
remained unchanged. This would be ex- 
pected if BTE was removing metabolites 
from the FAS pathway to produce 12:O and 
14:O. The exception was linolenate (18:3), 
which was unaffected by BTE action (Fig. 
3) .  Linolenate amounts were also sustained 

y g g g g ; ; g r 0  
Acyl groups 

Fig. 3. Engineering of medium-chain FA pro- 
duction. One hundred mature seeds of each 
plant were pooled for fatty acyl determination. 
We quantitated FAs as methyl esters by gas- 
liquid chromatography (18). Control, hatched 
bars; BTE transformant 3828-1 3, solid bars. 

in an A. thaliana mutant that had a large 
amount of ~almitate (16) and in a trans- ~, 

genic rapeseed that had reduced seed-spe- 
cific stearoyl-ACP desaturase activity (1 7). 

In plants, the FAs destined for storage 
leave the plastid after their synthesis and 
are subsequently esterified to glycerol in the 
endoplasmic reticulum to form triacylglyc- 
erols (TAGS). In the transgenic plants, 
laurate also entered the TAG fraction and 
was therefore accepted for storage lipid 
formation (9). 

These results illustrate the probable role 
of BTE in California bay (3) and demon- 
strate a mechanism for medium-chain FA 
synthesis in plants (1). Transformation of 
the annual oil crop, rapeseed, with the 
napin-BTE gene resulted in the accumula- 
tion of laurate (9), which shows that genet- 
ic engineering may be used to alter the FA 
chain lengths in crops of commercial im- 
portance. 
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Evidence That Eukaryotes and Eocyte Prokaryotes 
Are Immediate Relatives 

Maria C. Rivera and James A. Lake 
The phylogenetic origin of eukaryotes has been unclear because eukaryotic nuclear genes 
have diverged substantially from prokaryotic ones. The genes coding for elongation factor 
EF-la were compared among various organisms. The EF-la sequences of eukaryotes 
contained an 11-amino acid segment that was also found in eocytes (extremely thermo- 
philic, sulfur-metabolizing bacteria) but that was absent in all other bacteria. The related 
(paralogous) genes encoding elongation factor EF-2 and initiation factor IF-2 also lacked 
the 1 l am ino  acid insert. These data imply that the eocytes are the closest surviving 
relatives (sister taxon) of the eukaryotes. 

T h e  evolutionary antecedents of eukary- 
otes have been difficult to identify because 
eukaryotic nuclear gene sequences have 
diverged extensively from their prokaryotic 
homologs. Their frequent nucleotide and 
amino acid changes confound tree recon- 
struction (1) and multiple sequence align- 
ment (2) algorithms and cause incorrect 
trees to be artifactually selected (3). The 
probability of these artifacts could be re- 
duced, however, if slowly changing and 
well-aligned features, such as inserts that 
consist of many nucleotides, could be ob- 
served and analyzed. We report here the 
identification, sequencing, and analysis of 
an 11-amino acid segment within the gene 
coding for protein synthesis factor EF-la 
that occurs in all eukaryotes and eocytes (4) 
but not in other prokaryotes. 

Elongation factor EF-la (termed EF-Tu 
in eubacteria) is an ubiquitous protein that 
transports aminoacyl-tRNAs to the ribo- 
some and participates in their selection by 
the ribosome. The structure of the guano- 
sine diphosphate (GDP)-binding domain 
of EF-Tu from Escherichia coli has been 
determined by x-ray diffraction (5). Within 
this domain (Fig. I), sequence DCPGHR4 
(6) ends a p strand, forms part of the GDP 
binding site, and initiates a short a helix. 
The sequence KNMITG,,, which is con- 
served in EF-la and EF-Tu sequences, ter- 
minates this helix. The P strand that fol- 
lows is terminated by GPMP,,, at the GDP 
binding site; QTREH,,, then starts a 3,0 
helix. The amino acid motifs of the eukary- 
otic EF-la are similar, except that the 
four-amino acid sequence GPMPl13 is re- 
placed by the 11-amino acid sequence 
GEFEAGISKDG and its variants. 

Unlike that in other prokaryotes, the 
EF-la sequence from the eocyte Sulfobbus 
acidocaldarius (7) contained an I 1-amino 
acid segment similar to the eukaryotic one. 
In order to investigate this segment in all 
three taxonomic subdivisions of the eocytes 

[the Pyrodictiales, the Thermoproteales, and 
the Sulfolobales (8)], we amplified genomic 
DNA (9) from the eocytes Pyrodictium occul- 
tum, Desulfurococcus mucosus, and Acidianus 
infernus with the pol-ymerase chain reaction 
(PCR) and primers to the KNMITGg4 and 
QTREH, , , regions (Table 1). 

The amino acid sequences, translated 
from DNA, shared the eukaryotic motif 
rather than that found in methanogens, 
halobacteria, and eubacteria (Table 2). 
The longer, 11-amino acid segment, pres- 
ent in eocytes and eukaryotes, shares little 
obvious similarity with the shorter, four- 
amino acid segment found in other prokary- 
otes. In order to ascertain which form of the 
segment existed first, we compared se- 
quences of the related (paralogous) proteins 
EF-2 (termed EF-G in eubacteria) and IF-2 

Fig. 1. Structure of the GDP binding domain of 
trypsin-treated elongation factor EF-TU from E. 
coli (5). Open arrows represent p strands, 
spirals represent helices, and GDP (labeled) is 
represented by shading. The dashed line rep- 
resents a sequence removed by trypsin treat- 
ment. The connection to structural Domain Ill is 
shown by a small, solid arrow. The large, solid 
arrow indicates the NH,-terminus of the amino 
acid segment (GPMP,,,) analyzed here. The 

Molecular Bioloav Institute and Bioloav De~artment, DCPGHR~, KNMITGq4, and QTREH,,, regions 
University of ~aiiornia, Los Angeles, EA 99024. are indicated (6) 
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