patterns suggest that the persistence of Pan-
gaea throughout the Triassic provided few
barriers for the migration of terrestrial ver-
tebrates. The initial stages of rifting in the
Late Triassic resulted in no corresponding
provinciality of terrestrial vertebrate distri-
bution by the Early Jurassic.
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Salicornia bigelovii Torr.: An Oilseed Halophytc for

Seawater Irrigation

EDWARD P. GLENN, JAMES W. O’LEARY,* M. CAROLYN WATSON,
T. LEwis THoMPSON, ROBERT O. KUEHL

The terrestrial halophyte, Salicornia bigelovii Torr., was evaluated as an oilseed crop
for direct seawater irrigation during 6 years of field trials in an extreme coastal desert
environment. Yields of seed and biomass equaled or exceeded freshwater oilseed crops
such as soybean and sunflower. The seed contained 26 to 33 percent oil, 31 percent
protein, and was low in fiber and ash (5 to 7 percent). The oil and meal were extracted
by normal milling equipment, and the oil was high in linoleic acid (73 to 75 percent)
and could replace soybean oil in chicken diets. The meal had antigrowth factors,
attributed to saponins, but could replace soybean meal in chicken diets amended with
the saponin antagonist, cholesterol. Salicornia bigelovii appears to be a potentially
valuable new oilseed crop for subtropical coastal deserts.

HERE ARE TWO APPROACHES TO DE-

I veloping crops tolerant of seawater-

concentration salinity. One is to in-
crease the tolerance of present crops (1), but
the difference between the upper limit of salt
tolerance currently exhibited by crop plants
and that required to tolerate seawater salin-
ity is great (2). An alternative is to select
from the large pool of halophytes, plants
which already have the requisite salt toler-
ance, those that might make desirable crops
A3).

Salicornia bigelovii Torr. is a leafless, an-
nual salt-marsh plant with green, jointed,
succulent stems that ultimately form termi-
nal fruiting spikes in which seeds are borne
(4). In subtropical regions it may grow to be
a large, upright plant, 50 cm tall, with most
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of the seed spikes on the upper one-third of
the plant. The seeds are approximately 1 mg
and germinate directly on seawater. Salicor-
nia bigelovii emerged as a potential seawater
oilseed crop from a screening of wild halo-
phytes (5-7) and was selected for seawater
field trials including determination of seed
yield and seed analyses.

The trials were conducted at Puerto Pe-
fiasco, Sonora, Mexico, in an extreme coastal

desert environment at the northern Gulf of
California. Seeds were collected near Puerto
Pefiasco in Estero Morua. Trials in 1982
were conducted in the same 1-ha field and
with the same methods previously described
for other halophytes (6). Trials from 1984
to 1988 were conducted in a 0.5-ha field
nearby. Both ficlds had sandy soils typical of
light agricultural soils in the region and were
divided into individually irrigated, 200 m?
flood plots. At both sites irrigation water
with a salinity range of 38 to 42 per mil was
supplied daily from seawater wells. In field
1, seawater that passed through a shrimp
aquaculture facility, which added nitrogen
and other nutrients to the water, was used,
and no supplemental fertilizer was needed.
Field 2 was irrigated with unenriched sea-
water, and plots received fertilizer additions
equivalent to 200 kg of N per hectare or
more, as urea, diammonium phosphate, or
ammonium nitrate. Rainfall was less than 90
mm annually and the soil in the root zone
was at seawater salinity or higher at all times
(6)-

The standard seeding rate of 25 kg ha™!
produced a mean plant density at harvest of
323 plantsim? (SD, 249; n = 49; observa-

Table 1. Summary of annual Salicornia bigelovii seed and biomass yields at field 2, Puerto Pefiasco,
Sonora, Mexico (n, number of plots). Crops were sown during a 2- to 3-week period during the
months indicated and were harvested the following September or October in the year indicated. In
1986 12 plots were planted in February and 12 in April.

Month Biomass

Seed

sown Year (kg m-2) SE n @ m-2) SE n
December 1984 2.46 0.18 9 233 13 9
April 1985 1.39 0.04 15 208 11 15

1986 1.27 0.05 12 177 5 12

February 1986 1.51 0.08 12 193 10 12
1987 1.98 0.04 15 246 7 15

1988 1.44 0.09 20 139 11 20
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Table 2. Properties of Salicornia bigelovii seed
and oil (18). Values are means of five or more
separate determinations (range of values in
parentheses). Amounts are the percentage of
total fats for fatty acids and the percentage of
seed weights for other constituents.

Constituent Amount
Oil 28.2 (26-33)
Protein 31.2 (30-33)
Fiber 5.3 (5-7)
Ash 5.5 (5-7)
Fatty acids
Palmitic 8.1 (7.7-8.7)
Stearic 2.2 (1.6-2.4)
Oleic 12.5 (12.0-13.3)
Linoleic 74.0 (73.0-75.2)
Linolenic 2.6 (2.4-2.7)

tions at field 2). Biomass and seed yields
were determined by harvesting all plant ma-
terial inside three 1-m? quadrats per plot.
Plants were harvested when the majority of
spikes had turned from green to yellow but
were still succulent, and they were dried in
windrows on the ground. Seed was separat-
ed from the dried biomass with a hammer
mill to knock the seeds from the spikes and
a seed cleaner to separate them (8).

At Puerto Pefiasco, S. bigelovii flowered
in mid-June and was ripe in September or
October regardless of the sowing date.
Thus, crops sown in fall were ready for
harvest at approximately the same time as
crops seeded in winter or spring. Experi-
ments to determine the effect of planting
date on biomass yield (Fig. 1A), seed yield
(Fig. 1B), and the ratio of seed to biomass
(Fig. 1C) were conducted in 1982 at field 1
and in 1984 in field 2. The regression of
biomass on planting date was not statistical-
ly significant, but seed yield and percentage
of seed increased significantly with advanc-
ing planting date up to early April. Between-
year differences in slopes of regression equa-
tions or means were not statistically
significant.

The 1982 mean seed yield at field 1 was
208 g m~2 (SE, 9). The variability in bio-
mass and seed yield was investigated by
growing multiple plots of S. bigelovii for 5
years in field 2 (Table 1). The 1984 plots
were sown in December whereas all other
plots were sown in February or April. Anal-
ysis of variance revealed differences in yield
among years at common seeding dates
(P=0.035 for April-class seed yields,
P < 0.01 for February-class seed and biom-
ass yields, and not significant for April-class
biomass yields). Annual mean yields at field
2 ranged from 139 to 246 g m 2 with a
5-year mean of 199 g m~2. Thus, during 6
years at two fields, S. bigelovii seed yields
equaled or exceeded yields of such conven-
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tional oilseed crops as soybean (170 to 204
g m~?) and sunflower (102 to 159 g m™~2)
grown in the United States on freshwater
9).

At least five samples of seed from each
harvest were analyzed (Table 2). Oil content
ranged from 26 to 33% and protein ranged
from 30 to 33%, whereas ash and fiber
contents were both low, 5 to 7%. The oil
was high in polyunsaturated fatty acids,
particularly linoleic acid, which accounted
for 73 to 75% of the oil. Austenfeld (10)
found similar percentages of oil content and
fatty acids in S. europaea L. seeds but report-
ed an average seed weight of only 0.271 mg.

Five batches of seed (30 kg each) were
extracted in solvent by a procedure similar to
cottonseed milling with the use of pilot
plant equipment (11). Seeds were flaked by
rolling to a thickness of about 0.03 cm, then
extracted with hexane in a continuous coun-
tercurrent extractor. The yield of crude oil
was 28.6% (SD, 0.6%) and the remaining
meal contained 5.5% oil (SD, 0.5%), 43.5%
protein (SD, 0.7%), and 8.7% ash (SD,
0.3%; 75% NaCl).

The oil and meal were compared to soy-
bean oil and meal at levels at which these
types of ingredients are normally added to
chicken starter diets as sources of calories
and protein, respectively (Table 3). The two
oils were comparable in caloric value but S.
bigelovii meal contained an antigrowth fac-
tor or factors that reduced the growth rate
and decreased the feed conversion efficiency
compared to soybean meal. Three lines of
evidence suggested that saponins in the seed
meal were responsible for the growth inhi-
bition. First, the seeds contained about 2%
saponin based on the hemolytic activity and
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Fig. 1. Dry weight yields of (A) biomass, (B)
seed, and (C) percentage of seed of Salicornia
bigelovii as a function of planting date at Puerto
Pefiasco. The 1982 data (+) were from 27 indi-
vidual plots planted on different dates in field 1;
the 1984 data (O) were from seven strips planted
at 3-week intervals within a single plot in field 2.
The planting dates are plotted according to the
Julian calender in which 31 December is day 0.
The individual data points are the mean of three
1-m? quadants per plot or strip. Differences in
slopes and means of values for 1982 and 1984
were not statistically significant and pooled re-
gression analyses are shown with the standard
error of the regression coefficient in parentheses.

Table 3. Salicornia bigelovii seed oil and meal compared to soybean oil and meal in chicken diets.
Diets were composed according to data in (19). The control diet contained 2% soybean oil and
18% soybean meal. Salicornia bigelovii oil replaced soybean oil in one experiment. In other
experiments, S. bigelovii meal replaced soybean meal at 14% of the diet (plus 4% soybean meal to
balance protein and essential amino acid requirements). Salicornia bigelovii meal was tested
unamended, supplemented with 1% cholesterol to counteract saponins, or extracted from seeds
washed in NaOH to deactivate saponins (14) suspected to be in the meal. Each experiment
contained six replications with eight birds for each diet tested. Birds were 1 to 9 days old at the
start of experiments, which lasted 14 to 28 days. Relative growth rates (RGR) in grams per gram
per day were calculated from the initial and final weights of chickens using the formula for
exponential growth. Feed conversion ratios (FCR) were calculated from their total weight gain and
the total feed consumed. The table shows the number of separate experiments in which a diet was
tested (n), the mean and standard deviation (in parentheses) of RGR and FCR among experiments,
and the percentage of RGR for test diets compared to the controls with which they were paired.

Diet n RGR FCR RGR (%)
All controls 7 0.130 (0.022) 1.50 (0.19) 100.0
2% 8. bigelovii oil 1 0.104 1.74 102.0
14% S. bigelovii meal 6 0.072* (0.017) .2.42* (0.54) 56.3
14% S. bigelovii meal 4 0.117 (0.016) 1.56 (0.33) 87.2
(NaOH-washed)
14% S. bigelovii meal 3 0.140 (0.002) 1.38 (0.06) 98.4

(+1% cholesterol)

*Statistically significant difference from control at P < 0.05 with the Bonferroni ¢ test. The treatments were compared
with the total set of control experiments given in the table.

SCIENCE, VOL. 251



thin-layer chromatography of EtOH ex-
tracts from seeds (12). Second, the saponin
antagonist, cholesterol (13), added to the
chick diet at 1%, reversed the growth inhi-
bition of S. bigelovii meal. Third, soaking
the seeds in 1% NaOH before meal extrac-
tion deactivated the anti-growth factor or
factors, similar to the finding of saponin
detoxification by NaOH treatment in Ko-
chia seeds (14). The unamended meal may
be suitable for swine or ruminants that are
less sensitive to saponins than poultry (15).

The areas of greatest demand for oilseed
imports (16) coincide with some of the
greatest expanses of subtropical coastal des-
ert (17). Salicornia bigelovii appears to be a
potentially valuable new high-yielding
oilseed crop for these regions, yielding a
vegetable oil high in unsaturated fatty acids,
which is amenable to commercial oilseed
extraction methods.

REFERENCES AND NOTES

1. E. Epstein and J. Norlyn, Science 197, 249 (1977).

2. ]. O’Leary, in Arid Lands Today and Tomorrow, E.
Whitchead et al., Eds. (Westview, Boulder, CO,
1988), pp. 773-790.

3. G. Somers, Ed., Seed-Bearing Halophytes as Food
Plants (Office of Sea Grant, DEL-SG-3-75, Newark,
DE, 1975); J. O’Leary, in Salinity Tolerance in
Plants: Strategies for Improvement, R. Staples, Ed.
(Wiley, New York, 1984), pp. 285-299.

4. Descriptions of S. bigelovii are in P. Munz [A Flora
of Southern California (Univ. of California Press,
Berkeley, CA, 1974)] and I. Wiggins [Flora of Baja,
California (Stanford Univ. Press, Stanford, CA,
1980)], pp. 367-368. In our early work we misi-
dentified the species as S. europaea.

5. E. Glenn, Plant, Cell Environ. 10, 205 (1987);

and J. O’Leary, ibid. 7, 252 (1984).

6. E. Glenn, M. Fontes, N. Yensen, in Biosaline Re-
search: A Look to the Future, A. San Pietro, Ed.
(Plenum, New York, 1982), pp. 491-494; E. Glenn
and J. O’Leary, J. Arid Environ. 9, 81 (1985).

7. E. Glenn et al., in Biosaline Research: A Look to the
Future, A. San Pietro, Ed. (Plenum, New York,
1982), pp. 485-489; E. Glenn and C. Watson,
Evaluation of Oil-Producing Halophytes as Fuel Crops
(Arizona Solar Energy Research Commission,
ASERC 203-80, Phoenix, AZ, 1981); J. O’Leary,
E. Glenn, M. Watson, Plant Soil 89, 311 (1985).

8. Plant material was oven-dried to constant weight
(residual moisture of field-dried biomass was 5 to
8%) then ground in a hammer mill (Jackson Ma-
chine Works, Inc., Minneapolis, MN) at 3500 rpm
through a 0.40-cm screen. Samples were then passed
twice through a seed cleaner (Clipper M-28, Ferrell-
Ross, Inc., Saginaw, MI) with a 0.18-cm top screen
and a 0.10-cm bottom screen. The machine-cleaned
seed was further cleaned by hand to remove any
plant debris that passed through the screens.

9. U.S. Department of Agriculture, 1987 Agricultural
Statistics (U.S. Government Printing Office, Wash-
ington, DC, 1988).

10. F. Austenfeld, Physiol. Plant. 68, 446 (1986).

11. E. Lusas, Econ. Bot. 37, 444 (1983). The seeds were
milled with a hydraulic flaking mill (Ferrell-Ross,
Inc., Saginaw, MI).

12. Saponins were extracted from the meal with 95%
EtOH followed by 2 N HCI by the method of L.
Westerman and J. Roddick [Plant Physiol. 68, 872
(1981)]. Hemolytic activity of extracts were mea-
sured according to E. Coxworth et al. [Can. J. Plant
Sci. 49, 427 (1969)]. Thin-layer chromatography of
extracts was according to R. Bennett and E. Heft-
mann []. Chromatogr. 9, 353 (1962)] using silica gel
plates and a solvent system containing toluene to
ethyl acetate to formic acid at (50:47:3). The meth-
ods were semiquantitative.

1 MARCH 1991

13. D. Peterson, J. Nutritr. 42, 597 (1950).

14. E. Coxworth and R. Salmon, Can. J. Anim. Sci. 52,
721 (1972); E. Coxworth et al., Can. J. Plant Sci.
49, 427 (1969).

15. Y. Birk and I. Peri, in Toxic Constituents of Plant
Foodstuffs, 1. Liener, Ed. (Academic Press, New
York, 1980), pp. 161-183.

16. H. Doty, Econ. Bot. 37, 434 (1983).

17. P. Meigs, Geography of Coastal Deserts (Unesco,
Paris, 1966).

18. Seed constituents were analyzed by Association of
Official Analytical Chemists (AOAC) methods and
confirmed analyses by Plains Cooperative Oil Mill,
Lubbock, TX (percentage of oil by NMR); Arizona
Testing Laboratories, Phoenix, AZ (AOAC meth-
ods); Woodson-Tenent Laboratories, Memphis, TN

(AOAC methods). Fatty acid analyses of oil were
confirmed by J. Berry, personal communication; M.
Wells, personal communication; A. Daniels Midland
Co., Decatur, IL, personal communication.

19. M. Ensminger, Feeds and Nutrition Complete (Ens-
minger, Clovis, CA, 1978).

20. We thank W. W. Prince, the Rockefeller Founda-
tion, the State of Arizona, the Arizona Solar Energy
Commission, the Electric Power Research Institute,
and the Salt River Project for financial support. D.
Stumpf performed saponin analyses and S. Katzen
helped design the chick feeding trials. Publication
ERL 90-29.

12 July 1990; accepted 3 December 1990

Characterization of a Dimerization Motif in AP-2 and
Its Function in Heterologous DNA-Binding Proteins

TREVOR WILLIAMS* AND ROBERT TJIAN

The mammalian transcription factor AP-2 is a retinoic acid inducible sequence-specific
DNA-binding protein that is developmentally regulated. In this report, the functional
domains necessary for AP-2 DNA binding were studied. AP-2 required a dimerization
domain and an adjacent region of net basic charge to achieve a sequence-specific
protein:DNA interaction. The sequences responsible for dimerization consisted of two
putative amphipathic alpha helices separated by a large intervening span region. This
helix-span-helix (HSH) domain was unable to bind DNA when separated from the
basic region, but was still capable of dimerization. The ability of the HSH domain to
function as a module that promotes DNA binding through dimerization was further
demonstrated by attaching it to the heterologous basic region of the c-Jun proto-
oncogene product. The resulting chimeric protein specifically recognized an AP-1
DNA-binding site in the absence of an intact c-Jun leucine repeat and in a manner that
was dependent on the presence of a functional AP-2 dimerization domain.

EQUENCE-SPECIFIC DNA-BINDING

proteins provide a fundamental mech-

anism for the regulation of transcrip-
tion. Analysis of these proteins has indicated
that they are often modular in nature, con-
taining separate domains for DNA binding
and transcriptional activation (1). Several
transcription factors also possess dimeriza-
tion domains, which are essential for DNA
binding and may modulate the activity of
the protein via complex formation (2). Re-
cent studies have indicated the importance
of amphipathic a-helices for these protein:
protein interactions. Members of the bZIP
family of proteins, including c-Jun, c-Fos,
and C/EBP, dimerize via a single amphi-
pathic a-helix (2-7) that has a heptad repeat
of leucine residues on one face of the helix
(“leucine zipper”). An alternative arrange-
ment that promotes dimerization consists of
two putative amphipathic helices separated
by a short loop of 10 to 25 amino acids. This
helix-loop-helix (HLH) motif is found in a
number of DNA-binding proteins, includ-
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ing myoD, E12, TFE3, achaete scute,
daughterless, and AP-4 (8).

The mammalian transcription factor AP-2
binds to a cyclic adenosine monophosphate
(cAMP) and phorbol ester inducible se-
quence motif found in the cis-regulatory
regions of several viral and cellular genes (9).
The concentration of AP-2 is regulated tem-
porally and spatially during development
and is induced by retinoic acid treatment of
teratocarcinoma cells (10, 11). AP-2 con-
tains a COOH-terminal region of ~200
amino acids that is responsible for both
DNA binding and dimerization of the pro-
tein in solution (12). The AP-2 DNA-bind-
ing region is organized in a manner similar
to basic region—leucine zipper (bZIP) and
HLH proteins, with a stretch of net basic
charge adjacent to an area that is predicted
to have an a-helical structure (Fig. 1). Ex-
amination of this potentially helical region
reveals the presence of two amphipathic
a-helices separated by a span of ~80 amino
acids (Fig. 2).

To determine the contribution of this
predicted helix-span-helix (HSH) structure
to protein:protein interaction, we construct-
ed a series of internal deletion mutants with-
in the DNA-binding domain. The ability of
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