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Cucurbita (squash and gourd) phytoliths recovered from two early Holocene
archaeological sites in southwestern Ecuador and directly dated to 10,130
to 9320 carbon-14 years before the present (about 12,000 to 10,000 cal-
endar years ago) are identified as derived from domesticated plants because
they are considerably larger than those from modern wild taxa. The be-
ginnings of plant husbandry appear to have been preceded by the exploi-
tation of a wild species of Cucurbita during the terminal Pleistocene. These
data provide evidence for an independent emergence of plant food pro-
duction in lowland South America that was contemporaneous with or slight-
ly before that in highland Mesoamerica.

The transition from hunting and gathering to
agriculture was one of the most important
economic and social passages of human pre-
history, and the topic has long been a focus of
archaeological research. Studies in dry high-
land regions of Mesoamerica show that plant
domestication had occurred by 9000 years
before the present (yr B.P.) (about 10,000
calendar years ago) (1, 2). However, empiri-
cal research in the lowland Neotropics, long
hypothesized to have been another indepen-
dent center of agricultural origins (3), has
been impeded by the poor preservation of
plant remains. Here we describe early plant
domestication in Ecuador using an analysis of
phytoliths: microscopic siliceous remains of
plants that survive in humid environments
over long periods of time (4).

The early Holocene Las Vegas preceramic
culture of coastal Ecuador is known from 34
sites on the Santa Elena Peninsula (5, 6).
Excavations at the type site, OGSE-80 (here-
after site 80) have produced evidence for a
broad-spectrum subsistence strategy involv-
ing terrestrial, estuarine, and mangrove envi-
ronments, and fairly sedentary occupations
dated from about 10,000 to 6600 14C yr B.P.
(about 11,300 to 7300 calendar years ago)
(5–7). Traces of a terminal Pleistocene hu-
man presence are found stratified underneath
a part of the Las Vegas midden. Cultural
materials are sparse in these deep levels, but
three 14C determinations on shell and char-
coal from this zone range from 10,840 � 410
yr B.P. to 10,300 � 240 yr B.P. (about
13,800 to 11,000 calendar years ago) (5, 6).

M5 A4-67 (site 67) is another Las Vegas

site located 15 km further inland than site 80
(6). Midden contents (chipped stone tools,
shells, fish bones, and deer bones) support the
idea that this is a habitation site. 14C dates
range from �10,800 to 7250 yr B.P. (Table 1
and table S1) and indicate that occupations at
sites 67 and 80 were contemporaneous (8).
Although seeds, roots, and nuts were not
preserved at sites 80 and 67 and pollen grains
are rare, phytoliths were abundant.

At site 80, we found the presence of Cu-
curbita fruit phytoliths throughout the Las
Vegas occupation, and we suggested that
wild Cucurbita was exploited during the
latest Pleistocene and domesticated by
�9000 yr B.P. (6, 7, 9). However, our
interpretations hinged on this single site,
and our chronology was based on dating the
carbon isolated from tens of thousands of
phytoliths of different sizes and taxonomic
classes occurring in the same samples with
Cucurbita (7–9). The dates were closely
comparable to those from associated shell
and charcoal but were not as precise as 14C
analysis of individual macrofragments of
domesticated plants might have been.

In the present study, we isolated and stud-
ied Cucurbita phytoliths in three additional
sediment samples from the terminal Pleisto-
cene occupation at site 80, as well as 12
samples representing the earliest to latest cul-
tural activity at site 67 (4, 8). Ten samples
from site 67 were from a column sample
removed from a deep stratigraphic cut, Unit
1, which was located well away from burials;
the remaining two were recovered from un-
disturbed contexts in other portions of the site
as the excavations proceeded. To assess the
status of the Cucurbita remains as wild or
domesticated, we used a large modern refer-
ence collection comprising 157 mature fruits
from 115 different populations, land races,
and varieties from most known wild and all
domesticated species of Cucurbita. We ex-

amined 18 fruits from 18 different popula-
tions of wild and semi-domesticated varieties
from the only known Cucurbita native to
Ecuador, Cucurbita ecuadorensis (10–12).
We dated archaeological Cucurbita remains
using refined methods of phytolith 14C study
(8) (figs. S1, A and B).

All archaeological sediment samples yield-
ed spherical scalloped phytoliths specific to the
fruit rinds of the genus Cucurbita (7, 9, 13, 14).
An increase in mean and maximum size above
those recorded in modern wild plants is a stan-
dard criterion for separating wild from domes-
ticated macrobotanical remains (such as seeds
and peduncles) of Cucurbita archeologically
(2). Our data show that size criteria are useful in
phytolith studies, because mean and maximum
phytolith length and thickness in modern wild
species are substantially smaller than in domes-
ticated varieties (Fig. 1, A and B). There is also
a clear relation between phytolith size and fruit
size (Fig. 1C). The sensitivity of phytolith size
to domestication can also be seen in individual
fruits from wild taxa (C. argyrosperma ssp.
sororia and C. pepo ssp. fraterna) that exhibit
signs of introgression with domesticated spe-
cies, such as nonbitter flesh. These fruits have
somewhat larger phytoliths than do wild ex-
amples, with no such evidence of domesticat-
ed germ plasm (Fig. 1, A and B, arrows).
Moreover, fruits from different wild species
and populations sampled over wide geo-
graphic areas have similar sizes.

Phytoliths with a mean length of about 82
to 86 �m or longer and a mean and maximum
thickness of at least 68 and 90 �m, respec-
tively, are contributed only by semi-domesti-
cated C. ecuadorensis fruits at least 14 cm in
height or 16 cm in diameter. A maximum
phytolith thickness of 100 �m or more was
seen only in a C. ecuadorensis fruit that was
14 cm in height and 18 cm in diameter, and
similarly in the largest fruits of C. moschata
and C. ficifolia studied, with diameters of 17
to 25 cm and heights of 21 to 36 cm (15).
Phytoliths of such sizes also distinguish all
other domesticated from wild taxa and pro-
vide a secure baseline for identifying domes-
ticated varieties of archaeological Cucurbita
in Ecuador.

In three different terminal Pleistocene
samples from site 80, where 14C ages on
charcoal and shell range between 10,840 �
410 yr B.P. and 10,300 � 240 yr B.P., phy-
tolith size is indicative of a wild species of
Cucurbita (Table 1 and table S1). In the three
deepest samples from Unit 1 at site 67 [be-
tween 70 and 100 cm beneath the surfa-
ce(b.s.)], where phytoliths are dated at or
somewhat before 10,820 � 250 yr B.P., phy-
tolith size likewise falls within or close to the
upper ends of the means and ranges of wild
species. Because no other wild species of
Cucurbita has been located in Ecuador, the
evidence suggests that a wild form of C.
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ecuadorensis was present on the landscape
and used by the pre–Las Vegas people.

Previous analyses of site 80 indicated that
Cucurbita phytoliths with sizes substantially
exceeding those found in modern wild spec-
imens made their first appearance near the
base of the Las Vegas–phase midden in the
110- to 120-cm level of Unit E8-9 (6, 7, 9).
Our initial determination of phytolith age in
this sample from a phytolith extract over-
whelmingly represented by grass phytoliths
isolated from the fine (5 to 20 �m) and coarse
(20 to 50 �m) silt was 9080 � 60 yr B.P. (7,
9) (Table 1, box). Our new results indicate
that this date is somewhat too young. Where
Cucurbita phytoliths are large (with a mean
length of 80 �m or more) and numerous, they
can be consolidated in large numbers nearly
entirely in the sand fraction of a sample, in
such a way that few other types of phytoliths

are present. We were thus able to segregate
about 70% of all the Cucurbita phytoliths
from Unit E8-9, 110- to 120-cm level. Car-
bon isolated from approximately 550 domes-
ticated-sized Cucurbita phytoliths and 3200
large grass phytoliths concentrated from the
sand yielded a date of 10,130 � 40 14C yr
B.P. (Table 1, box) (8).

Another date on an isolate of coarse silt
phytoliths from this sample, in which the re-
mainder of the Cucurbita occur, was 9320 �
250 yr B.P. Hence, an age of between �10,100
and 9300 yr B.P. can be assigned to the appear-
ance of a domesticated Cucurbita. A new date
of 7990 � 40 yr B.P. on the fine silt (5- to
20-�m) phytolith fraction (Table 1, box), in
which no Cucurbita phytoliths occur (these
were never observed in any fine silt fractions),
is younger than that of the coarse silt and sand
isolates, thus revealing some variability in the

micromovement of phytoliths of different sizes
in sediments. Because a previous age determi-
nation of 9740 � 60 yr B.P. on phytoliths from
Unit F8-9, 110- to 120-cm level, was carried
out on fine and coarse silt phytoliths (here 90%
of Cucurbita phytoliths occur in the coarse silt),
the true age of the Cucurbita in this level near
the base of the midden is probably older, an
inference which is suggested by their size as
well (Table 1).

The results from site 67 are similar. In
the Unit 1 column samples, the earliest
Cucurbita phytoliths that are identifiable as
derived from a domesticated species occur
from 60 to 70 cm b.s. Those from this and
stratigraphically higher levels segregate al-
most entirely in the sand, but they are less
densely distributed than in site 80, and
separate sand isolations from individual
levels could not be dated. Coarse silt phy-

Table 1. Phytolith age and size at Las Vegas sites OGSE-80 and M5A4-67.
Under “sample number (n),” the first number indicates phytolith length and
the second indicates thickness. In the “sample provenience” column, fs is fine
silt, cs is coarse silt, and s is sand. All site 80 samples are listed in cm beneath
datum (b.d.). Unit 1 column samples from site 67 are listed in cm b.s.; the

others are in cm b.d. The date of 3810 � 40 yr B.P. from site 67 at 3 to 10
cm b.s. is consistent with the presence of a few ceramic sherds dating to the
late Valdivia period in superficial contexts at this site. Size ranges for
phytolith length and laboratory numbers for radiocarbon dates are available
as supporting material on Science Online.

14C yr. B.P.
phytoliths

Dendrocalibrated
calendar yr B.P.
2 SD age range

Mean phytolith
length (�m)

Mean phytolith
thickness (�m)

Range of
thickness (�m)

Sample number
(n)

Sample provenience,
cm b.s. or b.d.

Site OGSE-80

7170 � 60* 8105 to 8095 and
8055 to 7860

94* 78* 64–95 12, 6 GH8-9, 105–110 fs�cs

10130 � 40 12120 to 11560 86* 68* 42–93 66, 32 E8-9, 110–120, s
9320 � 250† 11210 to 9900 – – E8-9, 110–120, cs
9080 � 60* 10365 to 10325 and

10275 to 10170
– – E8-9, 110–120, fs�cs

7990 � 220† 9480 to 8370 – – E8-9,110–120, fs

9740 � 60* 11225 to 11095 and
10915 to 10895

72* 55* 36–76 51, 45 F8-9, 110–120, fs�cs

65‡ 55 41–80 9, 3 C113, 210
72‡ 56 36–72 14, 10 CH112, 230
69‡ 59 36–84 16, 9 C112, 268

Site M5A4-67, Unit 1 column sample

3810 � 40 4350 to 4330 and
4300 to 4090

86 70 56–84 15, 13 3–10, fs�cs

5900 � 40 6780 to 6650 3–10 � 20–30, s
– 88 77 52–96 16, 16 10–20

5910 � 40 6790 to 6650 – – 20–30, fs�cs
7250 � 190† 8400 to 7760 88 73 55–92 18, 15 20–30, cs

– 90 75 44–96 18, 14 30–40
8070 � 160† 9450 to 8530 (Few Cucurbita phytoliths are present) 40–50, fs�cs
8240 � 170† 9540 to 8650 – – – 50–60 � 60–70, cs

88 75 46–104 24, 19 50–60
83 72 48–100 16, 14 60–70

10,820 � 250† 13420 to 11950 79 68 40–84 32, 17 70–80, fs�cs
77 63 44–80 24, 17 80–90
73 63 44–74 13, 6 90–100

M5A4-67, other samples

– 86 71 44–100 48, 35 Unit E3, 60–90
8980 � 40 10220 to 10140 and

10000 to 9960
83 70 48–92 33, 27 Unit E4,110–120, fs�cs�s

*Phytolith date and size data reported previously in (7). All phytolith dates were obtained using accelerator mass spectrometry (AMS). †date was obtained with the
microsample-AMS 14C phytolith method (8). ‡Associated with terminal Pleistocene dates on charcoal and shell of 10,840 � 410, 10,300 � 240, and 10,500 � 130 14C yr B.P.
(13,790 to 10,870 calendar years ago).
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toliths combined from 50 to 60 and 60 to 70
cm b.s. of Unit 1 have an age of 8240 �
170 yr B.P. An earlier Holocene age is
therefore likely for the 60- to 70-cm b.s.
Cucurbita remains, a scenario supported by
a 8980 � 40 yr B.P. age on a phytolith
assemblage containing domesticated Cu-
curbita from Unit E4, 110- to 120-cm level.

The 5900 � 40 yr B.P. phytolith age
from a combination of equal amounts of
sand fraction phytoliths from 3 to 10 and 20
to 30 cm b.s. of Unit 1, where coarse silt
phytolith ages were 3810 � 40 and 7250 �
190 B.P., respectively, accurately reflects a
mixture of phytoliths from these two time
periods. This finding further indicates that
downward displacement of larger-sized
phytoliths is negligible, because it should
have resulted in a much younger age deter-
mination for the phytoliths combined from
3 to 10 and 20 to 30 cm.

The morphologies of the Cucurbita phy-
toliths documented at sites 80 and 67 closely
conform to those from modern wild and
semidomesticated C. ecuadorensis, and the

earliest Holocene domestication probably re-
sulted from the husbandry of a local wild C.
ecuadorensis. Some land races of C. mos-
chata, including those collected in southwest
Ecuador (10), contribute phytoliths whose
size and morphological characteristics make
them indistinguishable from semi-domesti-
cated C. ecuadorensis. Therefore, contribu-
tion from both C. ecuadorensis and C. mos-
chata, with postulated origins in tropical low-
land Colombia (16), should not be ruled out,
particularly during the later stages of the Las
Vegas preceramic occupations. In addition to
Cucurbita, phytoliths from the bottle gourd
(Lagenaria siceraria) and Calathea allouia, a
root crop used casually today in indigenous
neotropical horticulture, are present at sites
80 and 67 as early as �9300 yr B.P. (7, 9).

Our findings indicate that an intensifica-
tion of plant use in broad-spectrum foraging
economies, leading to plant food production,
arose independently in tropical northern
South America shortly after the termination
of the Pleistocene. Seeds of Cucurbita spp.
are oil- and protein-rich and were favored by

some of the latest foragers and earliest farm-
ers in Mesoamerica (1, 2) and South Ameri-
ca. Our data also indicate that Las Vegas
horticulture prepared the way for the intensi-
fication of agriculture based on major seed
and root crops during the early ceramic
Valdivia period (beginning �5500 yr B.P.) in
coastal Ecuador (5, 17, 18). The domestica-
tion of local varieties of Cucurbita in south-
west Ecuador supports views (19) that in
South America there was no single center of
agricultural origins.
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Control of Regulatory T Cell
Development by the

Transcription Factor Foxp3
Shohei Hori,1 Takashi Nomura,2 Shimon Sakaguchi1,2*

Regulatory T cells engage in the maintenance of immunological self-tolerance
by actively suppressing self-reactive lymphocytes. Little is known, however,
about the molecular mechanism of their development. Here we show that
Foxp3, which encodes a transcription factor that is genetically defective in an
autoimmune and inflammatory syndrome in humans and mice, is specifically
expressed in naturally arising CD4� regulatory T cells. Furthermore, retroviral
gene transfer of Foxp3 converts naı̈ve T cells toward a regulatory T cell phe-
notype similar to that of naturally occurring CD4� regulatory T cells. Thus,
Foxp3 is a key regulatory gene for the development of regulatory T cells.

To maintain immunological unresponsive-
ness to self-constituents (i.e., self-tolerance),
potentially hazardous self-reactive lympho-
cytes are eliminated or inactivated during
their development (1). Activation and expan-
sion of self-reactive T lymphocytes that have
escaped thymic clonal deletion is actively

suppressed in the periphery by naturally oc-
curring CD4� regulatory T cells (TR), the
majority of which constitutively express
CD25 [interleukin (IL)-2 receptor �-chain]
(2–6). CD25�CD4� TR cells are at least in
part produced by the thymus as a functionally
mature T cell subpopulation (7, 8), and their

reduction or functional alteration in rodents
leads to the spontaneous development of var-
ious organ-specific autoimmune diseases in-
cluding autoimmune thyroiditis, gastritis, and
type 1 diabetes (6–9). TR cells also appear to
maintain a balanced response to environmen-
tal antigens, preventing inflammatory bowel
disease (IBD) and allergy in rodents (10, 11).

Several studies have provided findings
that offer clues to the potential pathway by
which TR cells develop. Similar multiorgan
autoimmune diseases, allergy, and IBD de-
velop in the X-linked recessive disease, IPEX
(immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome) or XLAAD
(X-linked autoimmunity-allergic dysregula-
tion syndrome) (12). A mouse mutant strain,
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Chemical Research, Yokohama 230–0045, Japan.
2Department of Experimental Pathology, Institute for
Frontier Medical Sciences, Kyoto University, Kyoto
606–8507, Japan.
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Fig. 1. Expression of Foxp3 in a subpopulation of CD4� T
cells in the thymus and periphery. (A) BALB/c thymocytes
were sorted into CD4–CD8– (DN), CD4�CD8� (DP), CD4–

8� (CD8) or CD4�8– (CD4) cells (left). CD4�8– thymo-
cytes were further separated into CD25� or CD25– cells
(right). cDNA from each population was subjected to non-
saturating PCR using Foxp3- or HPRT (hypoxanthine-
guanine phosphoribosyl-transferase)–specific primers (21).
(B) Pooled lymph node and spleen cells from BALB/c mice
were sorted into the indicated compartments, and nonsat-
urating RT-PCR analyses were carried out. CD4� cells were
further separated into CD25� or CD25– cells. (C) Quanti-
fication of relative Foxp3 mRNA levels in indicated CD4� T
cell subsets. cDNA samples were subjected to real-time
quantitative PCR analyses using primers and an internal
fluorescent probe specific for Foxp3 or HPRT. The relative
quantity of Foxp3 in each sample was normalized to the
relative quantity of HPRT (21). (D) CD25–CD4� (open
symbols) or CD25�CD4� cells (closed symbols) were ac-
tivated for indicated hours with plate-bound CD3 mAb in
the presence of IL-2 (circles) or CD28 mAb (squares) and
assessed for the expression of Foxp3 by real-time quanti-
tative RT-PCR. (A) to (D) each show one representative
result of three independent experiments.
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Materials and Methods
Site 67 Sampling
The column samples from the wall of Unit 1 from Site 67 that are labeled 80 to 90 cm b.s.
correspond to the portion of the midden with the most dense concentration of shell, bone, stone
artifacts, fire-altered stone, and bits of burnt earth. This midden deposit is at least 40 cm thick and
has no visible stratigraphy. The column sample was excavated in artificial 10 cm levels within this
midden. The 7890 ± 70 date on shell, sampled at about the same depth as the column sample from
the wall, is 3000 14C yrs. younger than the phytolith date from the 80 to 90 b.s. column sample.
The difference probably reflects the deposition of shell in highly compressed midden characterized
by horizontal heterogeneity.
Phytolith Analysis and Dating
Phytoliths were isolated from modern plants and archaeological sediments using standard methods
of analysis (ref. 4 in the print manuscript). As described therein, discrete separations of phytoliths
from fine silt, coarse silt, and sand fractions of sediment were achieved by gravity sedimentation
and wet sieving over a 270 mesh geological screen.
     Conventional and accelerator mass spectrometry (AMS) analysis of the carbon-14 trapped
within phytoliths was originally described and applied to sediment phytoliths from archaeological
and paleoecological contexts in North America (S1-S3). We dated phytolith samples by AMS 
using refinements of these methods developed by Darden Hood of the Beta-Analytic Inc.
radiocarbon laboratory, Miami, Florida and DRP, which allow age determinations on smaller
numbers of phytoliths, including reasonably discrete separations of Cucurbita. Phytoliths for 14C
study  were isolated from 5 to 10 grams of sediment using the following modifications to standard
methods:1) sterile test tubes were used for all steps, 2) oxidation in a solution of concentrated
HNO3 and KClO3 was preceded by a 10 minute warm bath in 10% KOH to enhance removal of
humic acids, and 3) after phytoliths were removed from sediment by chemical flotation, they were
washed and re-heated in concentrated HNO3 and KClO3 to ensure removal of any organic
material that might be clinging to surficial crevices. Before submission to the radiocarbon facility,
a sub-sample was weighed and then mounted on a microscope slide, and all phytoliths were
counted and identified. The number of phytoliths dated was estimated by extrapolation to the
sample weight combusted and graphitized at the radiocarbon laboratory.       
     Once at the radiocarbon facility, phytolith samples were combusted to carbon dioxide in a
closed chemistry line under active oxygen flow. Tin was added to the samples prior to combustion
so that upon application of heat, the temperature of combustion would elevate to +1400 C via the
exothermic reaction between tin and oxygen. This temperature completely melted the phytoliths
and thoroughly combusted the target organic carbon within them. Comparisons of SEM photos
taken before and after combustion demonstrating an almost pure separation of phytoliths before
and only melted silica afterward, confirmed this result (Figs. S1A and B).
     In cases where available carbon was below about 250 micrograms after combustion, the small
volume of evolved sample CO2 was measured and then diluted with a known quantity of
radiocarbon dead CO2 (called the Micro-sample AMS or MS-AMS). This step ensured that
enough graphite, about 0.5 to 1 mg, was available for a standard AMS analysis with appropriate
fractionation correction. The fraction of sample gas within the diluted gas was calculated as a 
"dilution factor" to use in the final data calculation. The sigma on the date was derived by
combining the counting errors and uncertainties in the dilution step.
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     Validation of the dating was performed by analyzing a known age reference standard in
conjunction with each unknown sample analysis. The reference sample used was TIRI wood "B"
(Belfast Pine) with a consensus age of 4503 ± 6 B.P. The standard was analyzed using
approximately the same quantity of carbon as the unknown sample and was diluted with the same
gas used to dilute the unknown sample. All wood dilution results were in very close agreement
with the known age of the reference sample.
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Fig. S1.  (A) The nearly pure separation of phytoliths that was submitted for carbon-14 study
from the fine and coarse silt fraction of Vegas Site M5A4-67, Unit 1, 40-50 cm beneath surface.
(B) The same preparation of phytoliths as above after combustion at Beta Analytic Inc.
radiocarbon facility showing how the phytoliths are completely melted, liberating the carbon
within them for carbon-14 study. The carbon that was isolated from this treatment returned an age
of 8070 ± 160 B.P.
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