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e Background and Aims The harvesting method of wild and cultivated cereals has long been recognized as an import-
ant factor in the emergence of domesticated non-shattering ear genotypes. This study aimed to quantify the effects of
spike brittleness and threshability on threshing time and efficiency in emmer wheat, and to evaluate the implications
of post-harvest processes on domestication of cereals in the Near East.

e Methods A diverse collection of tetraploid wheat genotypes, consisting of Triticum turgidum ssp. dicoccoides — the
wild progenitor of domesticated wheat — traditional landraces, modern cultivars (7. turgidum ssp. durum) and 150
recombinant (wild x modern) inbred lines, was used in replicated controlled threshing experiments to quantify
the effects of spike brittleness and threshability on threshing time and efficiency.

e Key Results The transition from a brittle hulled wild phenotype to non-brittle hulled phenotype (landraces) was
associated with an approx. 30 % reduction in threshing time, whereas the transition from the latter to non-brittle
free-threshing cultivars was associated with an approx. 85 % reduction in threshing time. Similar trends were
obtained with groups of recombinant inbred lines showing extreme phenotypes of brittleness and threshability.

e Conclusions In tetraploid wheat, both non-brittle spike and free-threshing are labour-saving traits that increase the
efficiency of post-harvest processing, which could have been an incentive for rapid domestication of the Near Eastern
cereals, thus refuting the recently proposed hypothesis regarding extra labour associated with the domesticated
phenotype (non-brittle spike) and its presumed role in extending the domestication episode time frame.

Key words: Triticum turgidum ssp. dicoccoides, T. turgidum ssp. durum, emmer wheat, conscious selection, labour

trap, post-harvest processing, protracted domestication, spike brittleness (br), threshability.

INTRODUCTION

Plant domestication was a major aspect of the Neolithic
Revolution in the Levant (Redman, 1978). The reliance on
food production, by means of growing plants, rather than on a
hunting—gathering subsistence triggered the emergence of new
social and cultural adaptations and required agro- (and other)
technological innovations, as a consequence of the newly emer-
ging farming way of life (e.g. Bar-Yosef, 2002).

Cereal and legume grains appear as part of the archaeobotani-
cal record in several sites pre-dating the emergence of agriculture
(e.g.Kislevand Bar Yosef, 1988; Lev et al.,2005), thereby attest-
ing to the ancient tradition of harvesting and using these plant
species in their wild state. As with recent hunter-gatherers, pre-
historic humans are assumed to have developed strategies to op-
timize the foraging, processing and storage of their food-stuffs
(e.g. Kelly, 1995). The (old) hunter-gatherers’ technologies,
however, did not necessarily fit the new situation in which culti-
vated plots were harvested, and the respective labour require-
ments of post-harvest processing (e.g. Fuller er al., 2010).

Indeed, some of the human behavioural aspects, in terms of
labour investment, have been considered alongside the biologic-
al and archaeological data in the context of the origin of agricul-
ture in the Near East. These include three reports on wild cereal
harvesting (Harlan, 1967; Ladizinsky, 1975; Kislev et al., 2004),
three reports on experimental wild legume harvesting (Abbo

et al.,2008a, b, 2013), and a single report on wild pea growing
(Abbo et al., 2011a). The reports on wild harvesting focused
on the grain yield from the wild population per gathering-time
unit and the effect of the spatial organization of the wild plants
on potential yield, while the pea growing report emphasized
the need to have a free-germinating (non-dormant) seed stock
as a prerequisite for profitable pea growing (Abbo et al.,
2011a). Other important experiments involved the growing of
wild wheat populations in Cardiff, Wales (Hillman and Davies,
1990a, b), and in Jales, France (Willcox, 1992, 2007, and refer-
ences therein). These seminal works served to answer several
questions concerning the dynamics of ‘cultivated’ populations
of wild einkorn and resulted in several papers discussing the
implications of different harvest methods and crop husbandry
on cereal domestication (e.g. Hillman and Davies, 1999; Harris,
2007, and references therein).

The harvesting method of both wild and cultivated cereals and
legumes has long been recognized as an important factor in the
emergence of domesticated types with non-shattering ears and
indehiscent pods, respectively (e.g. Bohrer, 1972; Harlan et al.,
1973). However, post-harvest processing and husbandry opera-
tions are also expected to have exerted specific selection pres-
sures on the plant populations grown in human-managed fields.
For example, deep or shallow sowing, shifting between fields
or sowing the same plots year after year, are expected to have
driven the nascent crop populations via different evolutionary
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trajectories. Indeed, Fuller et al. (2010) recognized the need
to incorporate such management and post-harvest factors into
crop evolutionary modelling. A major component of Fuller
et al.’s (2010) model is based on their assumption that
non-shattering (phenotypically domesticated) cereals require
additional post-harvest labour investment as compared with
wild-type cereals in which the mature spikes (or panicles) disar-
ticulate upon ripening. According to this reconstruction, farmers
may have selected against the non-brittle types to avoid the extra
labour required to extract their grains, thus suggesting a slow
emergence of domesticated plant communities (Fuller ef al.,
2010, p. 18 and fig. 4).

Unlike Fuller et al.’s (2010) assumption and model, and based
on experimentation with cultivated wild einkorn populations,
Willcox (1992, p. 167) suggested that non-brittle rachis is a
labour-saving trait, which corresponds with our hands-on experi-
ence with threshing of wild and domesticated emmer wheat (e.g.
Peleg et al.,2011). The underlying rationale for the present work
was that the time required for threshing and the amount of grain
produced per time unit of threshing are good indications of the
labour involved in post-harvest processing of any given wheat
genotype. Accordingly, the aim of the present work was to quan-
tify the effects of spike brittleness and spike threshability on
threshing time and efficiency.

MATERIALS AND METHODS
Plant material

A total of 198 tetraploid wheat genotypes consisting of 22 acces-
sions of Triticum turgidum ssp. dicoccoides (brittle, hulled) — the
wild progenitor of domesticated wheat — 12 traditional landraces
(non-brittle, either hulled or free-threshing), 14 modern cultivars
(T turgidum ssp. durum, non-brittle, free-threshing) and a popu-
lation of 150 F; recombinant inbred lines (RILs), each derived
from an individual F, plant via single seed descent (SSD) from
a cross between the modern cultivar ‘Langdon’ and the wild ac-
cession G18-16 (segregating for spike brittleness and free-
threshing/hulled characters), were used in the current study.
The landraces were categorized for spike brittleness and
hulled/free-threshing based on their GenBank description and
confirmed by our own observations. A full listing of the geno-
types used is given in Table 1.

Experimental procedures

Plants were grown during the winter—spring of 2010/11. The
seeds were placed on moist germination paper, and kept at 4 °C
for vernalization. Fourteen days later, seedlings were transferred
to room temperature for 2 days, and then planted in a 50-mesh
screen house at the experimental farm of the Hebrew
University, in Rehovot, Israel (31°54'N, 34°47'E; 54 m above
sealevel). A fully randomized block design with three replicates
was employed. Each plot (experimental unit) consisted of five
8-cm spaced plants in a single row. The plants received natural
rainfall (440 mm) and supplemental drip irrigation (450 mm)
throughout the season until the grain-filling stage of the late-
flowering genotypes, to allow appropriate spike and grain devel-
opment. Upon stem elongation, the central three plants of each
plot were supported by a bamboo stick and a wire ring to avoid
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TaBLE 1. Tetraploid wheat genotypes used in the study

Species Genotype Origin
Wild accessions

T. turgidum ssp. dicoccoides dic137 Jordan
T. turgidum ssp. dicoccoides J28 Jordan
T. turgidum ssp. dicoccoides 8736 Iraq

T. turgidum ssp. dicoccoides 10-8 Israel

T. turgidum ssp. dicoccoides 12-3 Israel

T. turgidum ssp. dicoccoides 1-22 Israel

T. turgidum ssp. dicoccoides 28-6 Israel

T. turgidum ssp. dicoccoides 13-B-53 Israel

T. turgidum ssp. dicoccoides 15-T-25 Israel

T. turgidum ssp. dicoccoides 16-34 Israel

T. turgidum ssp. dicoccoides 24-39 Israel

T. turgidum ssp. dicoccoides dic47 Israel

T. turgidum ssp. dicoccoides dic52 Israel

T. turgidum ssp. dicoccoides G18-16 Israel

T. turgidum ssp. dicoccoides KH 4/1 Israel

T. turgidum ssp. dicoccoides MM 1/1 Israel

T. turgidum ssp. dicoccoides MM 5/3 Israel

T. turgidum ssp. dicoccoides 1082 Syria

T. turgidum ssp. dicoccoides dic131 Syria

T. turgidum ssp. dicoccoides dicl10 Turkey
T. turgidum ssp. dicoccoides dic55 Turkey
T. turgidum ssp. dicoccoides dic90 Turkey
Hulled landraces

T. turgidum L. ssp. turgidum WIR 50943 Uzbekistan
T. turgidum L. ssp. dicoccum Thell. G 581 *

T. turgidum L. ssp. dicoccum Thell. G929 *

T. timopheevii Zhuk. ssp. armeniacum G926 *

T. ispahanicum Heslot G 805 *
Free-threshing landraces

T. turgidum L. ssp. turgidum 340-TR90 Ethiopia
T. turgidum L. ssp. turgidum 340-TR92 Ethiopia
T. turgidum L. ssp. turgidum 340-TR93 Ethiopia
T. turgidum L. ssp. turgidum WIR 39351 Kazakhstan
T. turgidum L. ssp. polonicum (L.) G992 *

Thell.

T. tirgidum L. ssp. abyssinicum G799 Ethiopia
T. militinea G 5144 Georgia
Modern cultivars

T. turgidum ssp. durum C-43 Israel

T. turgidum ssp. durum C-61 Israel

T. turgidum ssp. durum C-9 Israel

T. turgidum ssp.durum P9 Israel

T. turgidum ssp. durum ‘Eliav’ Israel

T. turgidum ssp. durum ‘Givati’ Israel

T. turgidum ssp. durum ‘Inbar’ Israel

T. turgidum ssp. durum ‘Uzan’ Israel

T. turgidum ssp. durum ‘Svevo’ Ttaly

T. turgidum ssp. durum ‘Saricanak 98’ Turkey
T. turgidum ssp. durum ‘Kizilitan’ Turkey
T. turgidum ssp. durum ‘Kofa’ USA

T. turgidum ssp. durum ‘Langdon’ USA

T. turgidum ssp. durum ucC1113 USA

150 F; recombinant inbred lines (RILs)
T. turgidum ssp. durum x T. turgidum
ssp. dicoccoides

‘Langdon’ x G18-16

*QObtained from the Lennart Johnson collection, Riverside, California. No
specific details on country of origin are available to us.

lodging, whereas the two border plants of each plot remained un-
supported. At the early ripening stage, the upper part of the three
central plants was wrapped in a cone of perforated polypropylene
while keeping the top open (like a flower bouquet), to avoid loss
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of spikelets from the brittle-spike genotypes, and allowing air cir-
culation. Upon full maturation, the three central plants from each
plot were harvested and placed in a paper bag until processing.

The spikes and spikelets from each plot were manually sorted
on open trays into two fractions, namely a brittle fraction and a
non-brittle fraction. The non-brittle fraction held intact spikes and
spike fragments with four or more jointed spikelets. The brittle frac-
tion held single dispersal units (spikelets) and spike fragments with
two or three jointed spikelets. Each fraction was weighed separately
and remixed to restore the sample’s genetic constitution.

Prior to threshing of the experimental materials, three labora-
tory workers were trained using non-experimental samples to
coordinate their threshing procedure and minimize possible in-
consistencies. In addition, each of the three experimental blocks
was assigned to a different lab. worker, so that individual differ-
ences in handling could be accounted for by the block effect in
the ANOVA. A 20-g sub-sample of spikes and/or spikelets was
taken from the material harvested from each plot and scissors
were used to remove the awns from the individual spikes and/or
spikelets. Based on observations of traditional farming practices,
it was assumed that awn removal by brief firing could have been
part of the ancient post-harvest handling. Regardless, because
both our germplasm collection and the RIL population hold a
wide array of awn lengths and toughnesses, this procedure
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served to minimize any possible awn effect on our threshing pro-
cedures. Thereafter, the awnless spike/spikelets were placed on a
threshing cradle covered by a rough rubber surface and manually
threshed with a similar rubber panel (Fig. 1A) until all grains
seemed to be released (Fig. 1B). The time required to release
the kernels from the chaff in the threshing cradle was measured
using a stopwatch. Following the threshing, the material was win-
nowed to separate the kernels from the chaff, and the grain frac-
tion was weighed.

A complete ‘saddle-shaped grinding slab’ made of beach rock
from acoastal plain site in Israel dated to some 3000 years BP was
used to simulate ancient threshing methods (Fig. 1C, D) assum-
ing that such slabs have been used as grinding/threshing stones.
Several samples of different spike/spikelet types were threshed
using a similar procedure as with our ‘modern’ experimental
threshing cradle. A comparison between the two threshing
devices exhibited similar trends in terms of threshing times of
the various samples.

Data processing and analyses

Spike brittleness was calculated based on pre-threshing sorting
as the weight ratio of the brittle fraction to total material (spike-
lets/spikes). Spike harvest index (SpHI) was calculated as the

Fi1G. 1. Threshing cradle panel covered by rough rubber used in the current study with a sample before (A) and after threshing with all grains released (B). A similar
‘saddle-shaped’ grinding/threshing slab made of stone approx. 3000 years old used to simulate ancient threshing methods with a sample before (C) and after (D) threshing.
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weight ratio between the free kernels and the threshed sub-sample.
Threshing efficiency was calculated as the weight of kernels di-
vided by the time (in minutes) required for threshing, thus reflecting
the weight of kernels extracted per minute.

Groups of 15 RILs (10 % of the total RIL population size) that
showed extreme values of spike brittleness and SpHI were
selected from the RIL population and subjected to detailed stat-
istical analysis.

The JMP 7.0 software package was used for statistical analyses.
A nested factorial model was employed for the analyses of variance
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with groups, genotypes nested within groups and blocks considered
as random effects. Tukey’s honestly significant difference (HSD)
test was used to compare between treatment means.

RESULTS
Genotypic groups

Spike brittleness did not distribute normally and hence it was not
subjected to ANOVA. Nevertheless, the various genotypic
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Fic. 2. Distributions of spike brittleness and spike harvest index in each of the Emmer wheat genotypic groups studied.
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groups exhibited clearly distinct brittleness values, with wild
genotypes showing 0-86—1.0 brittleness vs. 0-0—0-02 brittleness
in the modern cultivars and both landrace groups (Fig. 2,
Table 2). SpHI, reflecting the hulled/free-threshing character,
also exhibited distinct values in the genotypic groups, with the
wild genotypes showing the lowest values, nearly double that
in the hulled landraces and even higher in the free-threshing land-
racesandmoderncultivars, withnosignificantdifferencebetween
the latter two groups.

The time required to thresh 20 g of spikes or spikelets varied
widely within the wild genotypes (74—165 s) as well as within
the hulled landraces (50—112 s), while the free-threshing land-
races and modern cultivars exhibited lower values and narrower
ranges (Fig. 3). The average threshing time for the wild geno-
types was nearly 2 min, about 80 s for the hulled landraces and
much shorter (8—14 s) for the free-threshing landraces and
modern germplasm (Table 2). Threshing efficiency exhibited a
narrow range within each of the hulled genotypic groups and a
wide range within each of the free-threshing groups (Fig. 3).
The average threshing efficiency of the wild genotypes was
about 3 g grains min ', it was more than three times greater in
the hulled landraces, over 30 times greater in the free-threshing
landraces and over 40 times greater in the modern cultivars
(Table 2).

Recombinant inbred lines

Among the 150 RILs tested, most exhibited either brittle (0-9—
1.0 brittleness) or non-brittle (0-0—0-1 brittleness) phenotypes
(Fig. 4). Of particular interest, however, are the remaining 64
RILs (43 %), showing intermediate values (0-1—0-9 brittleness)
with a fairly uniform continuous distribution. This pattern
suggests that, in addition to the major loci controlling spike
brittleness, this trait is affected by additional minor genes (modi-
fiers); these genes are currently under study in our laboratory.
SpHI of the RILs exhibited a normal distribution, ranging
between 0-51 and 0-71.

To examine the effects of spike brittleness and SpHI on thresh-
ing time and efficiency on a recombinant modern-wild back-
ground, groups of 15 RILs that showed extreme values in spike
brittleness and SpHI (marked with dark colour in Fig. 4) were
selected and subjected to ANOVA. The two groups representing
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extreme brittleness values exhibited a relatively small but signifi-
cant difference in SpHI (Table 3). Greater differences were man-
ifested between these two groups in threshing time and threshing
efficiency, with the non-brittle genotypic group requiring 61 %
threshing time and having 179 % threshing efficiency relative
to the brittle genotypic group. The two groups representing
extreme SpHI values exhibited a 14 % difference in SpHI (sig-
nificant) but only a minor difference in spike brittleness
(Table 4). These two groups differed significantly in threshing
time and threshing efficiency, with the high SpHI group requiring
66 % threshing time and representing 191 % threshing efficiency
relative to the low SpHI genotypic group.

DISCUSSION
Spike brittleness and spike harvest index as labour-saving traits

Rachis disarticulation and tough glumes are major adaptive
mechanisms for wild wheat under natural conditions (Zohary,
1969). The arrow-like morphology of the dispersal units of the
large-grained Near Eastern wild cereals (barley, einkorn and
emmer) and the motility mechanism of their awns (Elbaum
et al., 2007) facilitate their burial in the ground, under stones
and in rocky crevices, while tough glumes protect the grains
from predation by rodents, ants and birds. Under domestication,
however, a brittle-spike phenotype might be associated with
yield losses. Hence, harvest of partially mature crops (Hillman
and Davies, 1999) as well as spikelet collection from the
ground (Kislev et al., 2004) have been suggested as possible
measures to minimize the yield losses associated with spike dis-
articulation. While it is widely accepted that the emergence of
free-threshing genotypes simplified the post-harvest processes,
the classical convention that automatic selection in favour of
non-brittle spikes occurred under cultivation (sensu Harlan
et al., 1973) has recently been challenged (Fuller ef al., 2010).
The results of our controlled threshing experiments show that
threshing of domesticated modern wheat cultivars is 15 times
less time-consuming and 40 times more efficient than that of
wild wheat (Table 2). However, these differences reflect the
combined effects of spike brittleness and threshability (repre-
sented here by SpHI). In this respect, threshing efficiency,
which was calculated based on the extracted grains, is inherently
associated with SpHI. A comparison between the brittle wild

TABLE 2. Spike brittleness, spike harvest index (SpHI), threshing time and threshing efficiency in wild, traditional and modern
genotypes of tetraploid wheat germplasm

Genotypic group d.f. Spike brittleness’ SpHI Threshing time (s per 20 g spikes) Threshing efficiency (g grain min~ ')
Wild accessions 0-98 0-32° 115-9* 3.1°

Hulled landraces 0-01 0-62° 79-3° 10-9°

Free-threshing landraces 0-00 0-76" 13-6° 99.2°

Modern cultivars 0-00 0-77* 7-9¢ 132.8%

Source of variation

Genotypic group (F value) 3 750-9%%%* 194.47%%* 149.9%#%*

Genotype (group) (F value) 41 2.9k 1.7%%% 2.47%%%

Block (F value) 2 1-0™* 9.4k 3.3k

¥ Brittleness values did not distribute normally and hence were not analysed.

20 Different letters indicate significant differences between group means according to Tukey’s HSD test at P < 0-05.
*#% n.s., Significant F values at P < 0-001 or non-significant values, respectively.
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TABLE 3. Spike brittleness, spike harvest index (SpHI), threshing
time and threshing efficiency in two groups of recombinant inbred
lines showing extreme values of spike brittleness

TABLE 4. Spike brittleness, spike harvest index (SpHI), threshing
time and threshing efficiency in two groups of recombinant inbred
lines showing extreme values of SpHI

Threshing Threshing
Genotypic Spike time (s per efficiency
group d.f. brittleness’  SpHI 20 g spikes) (g grain min™ ')
Brittle (Br) 0985 0-594° 413" 19-2°
Non-brittle (br) 0-001 0-623* 25.4° 34.4%
Source of variation
Genotypic 1 38.4%%% 63.1%%* 58.6%**
group (F-value)
Genotype 29 12.2%%% 2.k 204
(group)
(F-value)
Block (F-value) 2 6-7%%% 23.5%%% 12.1%%*

" Brittleness values did not distribute normally and hence were not analysed.

*P Different letters indicate significant differences between group means
according to Tukey’s HSD test at P < 0-05.

#Hk ok Significant F values at P < 0-001 or P < 0-01, respectively.

genotypes (hulled) and the non-brittle hulled landraces showed a
30 % reduction in threshing time presumably reflecting the
effects of both lower spike brittleness and greater SpHI
(reduced glume toughness). A comparison between the two
hulled genotypic groups (wild and hulled landraces) and the
two free-threshing groups (modern cultivars and free-threshing
landraces) showed an approx. ten-fold reduction in threshing

Threshing
time (s per Threshing
20g efficiency

Genotypic group  d.f. Brittleness’  SpHI spikes) (g grain min~ ")
Low SpHI 037 053> 422° 17-9°
High SpHI 0-38 0-67*  277° 34.2°
Source of variation
Genotypic group 1 617-5%%%  46-1%%* 81.8%**
(F value)
Genotype (group) 29 0-7n.s. 3.2k 1.8%%
(F value)
Block 2 3-1n.s.  25.3%k* 22.6%**
(F value)

¥ Brittleness values did not distribute normally and hence were not analysed.

% Different letters indicate significant differences between group means
according to Tukey’s HSD test at P < 0-05.

#Hk k% s, Significant F values at P < 0-001 or P < 0-01 or
non-significant values, respectively.

time that could be fully attributed to the effect of glume tough-
ness. Note that threshing time was correlated with SpHI across
the four genotypic groups (R* = —0-86, n = 45, P < 0-001).
The extreme phenotypic groups of RILs enabled further dis-
tinction between the effect of spike brittleness and that of
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tough glumes. Among the two RIL groups differing in spike
brittleness, the non-brittle genotype exhibited slightly greater
SpHI but a considerably shorter threshing time and greater
threshing efficiency. Likewise, the two RIL groups differing in
SpHI exhibited similar brittleness values, with the high SpHI
group showing shorter threshing time and greater threshing effi-
ciency. Thus, the results from the extreme groups of RILs are in
full accordance with those from the phenotypic groups, showing
that both traits, non-brittle spike and free-threshing, are in fact
labour-saving traits that simplify and increase the efficiency of
post-harvest processing in tetraploid emmer wheat.

Spike brittleness in relation to recent modelling of plant
domestication

The distinct morphology of the non-brittle spike in the Near
Eastern cereals can be identified in archaeobotanical material
(e.g. Hillman and Davies, 1999). For this reason, and due to its
clear agronomic advantage, it is widely accepted that breakdown
of the seed-dispersal mechanism (e.g. the emergence of non-brittle
spike, non-shattering panicle) is the major trait underlying cereal do-
mestication (e.g. Zohary, 1969; Harlan et al., 1973; Hillman and
Davies, 1990a, b). The floral biology of the Near Eastern cereals
(Zohary, 1999) and simple population genetic considerations led
several authors to suggest that the domesticated non-brittle alleles
could have been selected for and fixed in the nascent crop popula-
tions in a rather rapid manner (e.g. Hillman and Davies, 1999;
Ladizinsky, 1998). Recently, however, a claim for a millennia-long
domestication process has been put forward with suggested time
frames ranging from 1000 years (Tanno and Willcox, 2006) to
4000 years (Purugganan and Fuller, 2011). This model, referred
to as ‘protracted domestication’ (Allaby et al., 2008), was recently
criticized in a review by Heun et al. (2012).

Given the advantage of the non-brittle spike in preventing yield
losses, several explanations have been offered to account for the
presumed ‘slow’ cereal domestication rate in the Near East and
elsewhere (Fuller, 2007; Purugganan and Fuller, 2011). Fuller
et al. (2010) argued that the domesticated non-brittle ear pheno-
type is associated with extra post-harvest labour required to
release the grains from the non-brittle spike. It was also suggested
that due to the extra labour associated with the increase of non-
brittle genotypes in the nascent crop populations, farmers may
have had to resort to the wild cereal populations for sampling
new wild types to renew their seed corn, apparently as a
measure to ‘repair’ or in fact ‘de-domesticate’ their seed stocks
(Fuller et al., 2010, p. 18). According to this model, the increased
yield reliability of the non-brittle types and the selection (in the
opposite direction) against the presumed extra (post-harvest)
labour resulted in a protracted meta-stable equilibrium in the
Neolithic cereal crop populations, in which the non-brittle geno-
types were maintained for thousands of years as a fairly stable mi-
nority (Fuller ez al., 2010).

Although often termed a ‘seed-dispersal mechanism’, spike
brittleness in wild wheat and barley results in spikelet shattering
rather than seed dispersal. Therefore, extracting the grains from
both wild-type and domesticated Near Eastern cereals requires
threshing to release them from the glumes and florets (lemma
and palea), often collectively termed ‘chaff’. In wild barley,
the dispersal unit holds a single-hulled seed in which the chaff
is invested in the seed coat, which also necessitates threshing

Tzarfati et al. — Threshing efficiency and domestication of emmer wheat

to separate the seeds from the inedible awns and lignified
chaff. It is therefore not surprising that our results clearly show
no extra labour whatsoever associated with the transition from
wild to domesticated non-brittle wheat phenotype. By contrast,
our hands-on experience showed that threshing non-brittle
spikes is more efficient than threshing disarticulated spikelets.
This was also illustrated by a simple, straightforward, small-scale
experiment using an ancient stone-made (assumed threshing)
device (Fig. 1C, D). Therefore, it is most likely that in addition
to its agronomic advantage in minimizing yield losses, the
extra labour involved in threshing the brittle wheat types facili-
tated the transition to non-brittle morphotypes.

The wide variation in threshing time among both the landraces
and the wild wheat accessions (Fig. 3) is typical of a quantitative
trait. Such naturally occurring variation within the wild gene
pool was most probably available to the early Neolithic ‘cultiva-
tors’ when approaching wild populations to prepare their initial
seed corn stocks, and later on as a raw material to select for the
desired phenotypes in their fields. The variation observed in our
small collection of traditional domesticated wheat landraces prob-
ably represents the gradual transition from difficult (hulled) to easy
threshing (free-threshing) domesticated types. Although a very
small fraction of spike disarticulation can be observed in domesti-
cated materials, both the landraces and the modern cultivars can be
classified as having a non-brittle rachis, whereas all of the wild
accessions tested exhibited strong and nearly complete spike
disarticulation. Contrary to the discrete classification of brittle vs.
non-brittle rachis phenotypes, mostly treated as a monogenic
Mendelian trait (e.g. Sood et al., 2009), glume toughness can be
analysed as a classical quantitative trait, as done here and by
other groups (e.g. Simonetti et al., 1999). These two distinct poly-
morphism patterns, (nearly) discrete (spike disarticulation) and
continuous (glume toughness), suggest that brittle rachis was the
first domestication trait in wheat, while glume toughness and its
associated SpHI and grain weight underwent a gradual change
under domestication (sensu Abbo et al., 2012). While threshing
the hundreds of samples analysed in this work, another drawback
associated with the threshing of wild wheat was observed. Due to
the tough glumes, wild wheat genotypes require much more force-
ful movement of the threshing implement to achieve full release of
the kernels. Often, this resulted in massive kernel breakage (data
not shown), directly affecting their viability and consequently redu-
cing their contribution to the next generation after each harvest and
processing cycle. This may have served as another selective force
in favour of the domesticated (free-threshing) genotypes, at the
expense of the wild types from the very early days of agriculture.

The classical treatment of Near Eastern cereal domestication
attributes a major role to unconscious (automatic) selection
exerted by the early ‘cultivators’ on the managed plant popula-
tions (e.g. Harlan et al., 1973; Hillman and Davies, 1999;
Zohary, 2004). However, in our view, there is ample experimen-
tal (and other types of) evidence suggesting that the early
agriculturists were highly conscious in their species (and pheno-
type within species) selections for domestication (e.g.
Ladizinsky, 1987; Kerem et al., 2007; Abbo et al., 2009, 2010,
2011a, b). In this context, taking into account the labour involved
in post-harvest processing, the selection in favour of non-brittle
spike phenotypes among the Near Eastern cereals can be seen
as yet another compelling example of the role of conscious
selection in plant domestication.
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Concluding remarks

While discussing their ‘labour trap’ assumption, Fuller et al.
(2010, p. 17) suggested that the notion of ‘domestication
events’ (namely, rapid domestication) be discarded and the
concept of ‘protracted pathways towards domestication’ be
adopted instead. Having no work experience with wild or domes-
ticated forms of the African and Far Eastern crops (e.g. pearl
millet, sorghum, rice) to which Fuller et al.’s (2010) assumption
may apply (although still awaiting experimental verification),
this cannot be commented upon here. However, as far as the
Near Eastern cereals are concerned and with respect to the
labour associated with their threshing, it seems more prudent
to discard the notion of the ‘extra labour trap’ and its presumed
role in affecting the pace of cereal domestication.
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