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Abstract

RATIONALE: Isotopic palacodietary studies generally focus on bone collagen from
human and/or animal remains. While plant remains are rarely analysed, it is well
known that plant isotope values can vary as a result of numerous factors, including
soil conditions, the environment and type of plant. The millets were important food
crops in prehistoric Eurasia, yet little is known about the isotopic differences within
millet species.

METHODS: Here we compare the stable isotope ratios within and between Setaria
italica plants grown in a controlled environment chamber. Using homogenized
samples, we compare carbon isotope ratios of leaves and grains, and nitrogen isotope
ratios of grains from 29 accessions of Setaria italica.

RESULTS: We find significant isotopic variability within single leaves and panicles,
and between leaves and panicles within the same plant, which must be considered
when undertaking plant isotope studies. We find that the leaves and grains from the
different accessions have a c. 2%o range in 8'C values, while the nitrogen isotope
values in the grains have a c. 6%o range. We also find an average offset of 0.9%o
between leaves and grains in 8'°C value.

CONCLUSIONS: The variation found is large enough to have archaeological
implications, and within- and between-plant isotope variability should be considered
in isotope studies. The range in 8'°N values is particularly significant as it is larger
than the typical values quoted for a trophic level enrichment, and as such may lead to
erroneous interpretations of the amount of animal protein in human or animal diets. It
is therefore necessary to account for the variability in plant stable isotope values
during palaeodietary reconstructions.

INTRODUCTION

Stable isotope studies rely on the premise that “you are what your eat”, but in order to
fully understand human and animal diets it is necessary to isotopically characterize



both the plant and animal components of the diet itself. Until recently plant foods
were rarely analysed as part of palacodietary studies and even now charred plant
remains are more often studied in their own right rather than as part of an integrated
palacodietary study.!" Nevertheless, variation in plant isotopes is a significant factor
in need of consideration in palaecodietary studies. Plant isotope values vary between
different tissues of the same plant, as well as between different plants of the same
species, based on genetic and environmental factors.> ® Where people and/or animals
are eating different parts of a plant or different varieties of a species, the differences
in plant isotope values can influence the human and animal data, and thus our
understanding of the past..’) In order to fully interpret human or animal isotope data,
therefore, it is necessary to have a good understanding of the isotopic variability in
plants.

Two millet species (Setaria italica and Panicum miliaceum) were important food
crops in prehistoric Eurasia, from China to Eastern Europe. They have various
advantages over other major food crops, including: a relatively short growing season
which can be three months or less; a relatively high nutritional value in terms of
protein, vitamins and minerals compared to wheat, rice and maize; high water use
efficiency; and the ability to grow on poor soils.® % As the millets were the only Cs
plants likely to have been consumed on a significant scale in prehistoric Eurasia, they
are particularly suited as a topic for stable isotope research due to the isotopic
differences between Cs and C4 plants. With the growth of archaeological research in
China, Central Asia and Eastern Europe, there is increasing interest in the role of
millet in prehistoric societies. Millet consumption has been shown both isotopically
and archaeobotanically'? across prehistoric Eurasia. It is likely that humans utilized
both the grains and leaves; on some farms today, millet grains are consumed by
humans or used as feed while the leaves are used as fodder.!"*! It is now timely to
consider further the variation in isotopic values of millet and the implications this has
on our interpretation of human and animal isotopic data.

[11]

This paper describes the results of analyses of foxtail millet (Setaria italica) samples
grown in a controlled environment chamber. Foxtail millet was chosen for this study
for several reasons: it is of considerable archaeological interest, being the dominant
crop in northern China from the Middle Neolithic.""* It is known to show high levels
of intraspecific genetic variability,!'*! and the recent sequencing of the complete
genome of foxtail millet!'® ') paves the way for analysis of the functional genetic
variation underlying phenotypic variability. Foxtail millet also has a relatively short
life cycle, which can be three months or less,!'" '™ facilitating experimental work. We
characterize the carbon and nitrogen isotope variation between millet accessions (a
plant or grain sample, variety or population, collected from a particular area and kept
in a gene bank for conservation, cultivation and research), to consider the effect that
genetic variation has upon isotope values. Furthermore, we compare the carbon
isotope values of the two major edible tissues, grains and leaves, to consider the effect
that eating different plant parts would have on consumer isotopic values. In order to
achieve these aims, we first characterize the variation within a leaf and panicle,
between leaves and panicles from the same plant, and between plants derived from a
single grain of the same accession (S1 selfed progeny, i.e. the progeny of a plant
where the only pollen that could reach the stigma of the flowers was the pollen from
the anthers of that same plant) grown in different areas of the controlled environment
chamber.



SCIENTIFIC BACKGROUND
C4 Photosynthesis and Isotope Discrimination

One of the major uses of stable carbon isotope analysis is to distinguish between the
consumption of two types of plants with different photosynthetic pathways, Cs and
C4. As the stable isotope technique is relatively insensitive to minor dietary
components, only staple plant foods are likely to influence human and animal isotope
values.!"™ Most plants use the C; photosynthetic pathway, including wheat, barley,
potatoes and rice, while staple C4 plants include maize, sugar cane, sorghum and the
millets. It is well-established that Cs plant 8'°C values are affected by multiple
environmental and genetic factors.!"” ) The latter cause slight differences in the way
that plants control intercellular CO, in response to the environment.!'” 2% C, plants,
on the other hand, are thought to show little isotopic variability as they are relatively
insensitive to environmental conditions.”"

Both the C; and C4 photosynthetic pathways discriminate against 1C during uptake of
COs. C; plants discriminate against 13C more than C4 plants, leading to a bimodal
distribution of plant carbon isotope values,”? which is then passed up the foodchain
to animals and humans. The theoretical basis for isotope discrimination in Cs plants is
well understoodand is largely controlled by the diffusion of CO, through the stomata
and the action of enzymes.!"” The variation in discrimination against "C is related to
water use efficiency and plant yield.

While isotopic discrimination in Cy4 plants is less well-understood, a theoretical basis
has been proposed.® As well as the stomatal and enzymatic components, the
dissolution and hydration of CO, and CO, leakage from bundle sheath cells are
important. Essentially, C4 plants are less sensitive to the partial pressure of CO; inside
the leaf mesophyll and in the atmosphere (because primary fixation of CO; occurs
efficiently at lower concentrations), and discrimination should increase as the
concentration of the enzyme phosphoenolpyruvate (PEP) carboxylase increases or as
the amount of CO, that leaks out of the bundle sheath cells increases.”*! Three
different biochemical C4 subtypes exist, which use different enzymes to release CO,
in the bundle sheath cells. These subtypes show small but significant differences in
8'*C values when grown under controlled conditions, although the reasons for this are
not fully understood.”™ ***) Setaria italica uses the NADP-ME (NADP-malic
enzyme) pathway, the pathway that generally has the highest 8'C values when plants
of different subtypes are grown under controlled conditions.””>?%) C,4 plants are more
efficient in terms of water- and nitrogen-use than C; plants, plus have higher light-use
efficiencies at temperatures over 25-30°C.2"-#

Studies of plant isotope values indicate that C4 plant material has a smaller range of
8'°C values than C; plant material.*?! Nevertheless, average isotope values vary
between Cy species related to differences in bundle sheath anatomy among
biochemical Cy4 subtypes.'?*?”) Differences have also been shown within different
varieties of the same species, with ranges of up to 2.2%o reported in maize,*” small
but significant differences found between 12 diverse genotypes of sorghum (up to
0.6%o in mean discrimination values),”'! and a small difference found between two
genotypes of Panicum coloratum (0.8%0).1°?! In field trials of 13 varieties of foxtail



millet, 8'°C values of both grains and leaves were found to vary by c. 1%o0 between
varieties.*”

In terms of environmental differences, C4 plant 8'>C values have been found to vary
with light intensity (18 species of C4 grasses,”" Miscanthus giganteus,”*' Zea mays,
Miscanthus x giganteus and Flaveria bidentis"®)), water availability (18 species of C4
grasses,[3 Y Bothriochloa ischaemum,”™ 18 species of C4 grassesm]), salinity (Zea
mays and Andropogon glomemtus,[”] Saccharum spp. hybrid*®), latitude (Setaria
italica)?® and altitude (Setaria viridis)."*" 1t should be noted, however, that not all
studies observe these relationships, for example no relationship was found between
the 8'°C values of C4 plants and mean annual rainfall in southern Africa.[*?!

C4 plant carbon isotope values vary between plant part and biochemical fractions.
Studies suggest that maize grains have 8'"°C values that are c. 1.5%o higher than
leaves,** **! whereas roots of C, plants tend to have similar or slightly lower 8'°C
values than leaves (as shown in studies of Pennisetum purpureum,*’ Andropogon
brazzae, Ctenium newtonii, Loudetia spp and Cyperus spp,'*® Brachiaria
humidicola *" and Saccharum officinarum™™). Alkanes and lipids have been shown
to have 8"°C values that are 8-10%o lower than those of bulk leaf matter (as shown in
studies of: Saccharum officinarum, Miscanthuys sacchariflorum and Zea mays;** and
Zea mays, Zoysia japonica, Saccharum officinarum and Sorghum bicolor®™). Plant
cellulose 8"°C values tend to be higher than lignin (Spartina alterniflora and Cyndon
dactylon,”") Brachiaria humidicola™"). A previous study of Setaria italica grown in
field tri[%l]s suggests that the grains have 8'°C values on average 0.8%o higher than
leaves.

The variation in carbon isotope values within and between C4 plants is therefore large
enough to be of interest to archaeologists, but few studies have yet been carried out on
millet species.

Nitrogen Uptake and Isotope Discrimination

Nitrogen isotope values are used in palaeodietary studies to consider the proportion of
animal (terrestrial or aquatic) protein in the diet of an individual. This is possible
because nitrogen isotope values increase by 3—5%o per trophic level, although the
mechanism for this is not fully understood.’*>¥

The nitrogen isotopic values of plants reflect that of their source nitrogen, modified
by fractionation during nitrogen uptake, metabolism and distribution. The source
nitrogen-containing compounds, atmospheric nitrogen (for nitrogen-fixing plants),
and nitrogenous compounds (NH*" and NO5"), have different nitrogen isotope ratios
and therefore the plant '°N value reflects the proportion of each of these compounds
utilized, as well as the different discrimination factors that occur for each.’>>% The
factors that control total soil §'°N values are complex but include: the composition of
the soil;*> > whether the soil is part of an open or closed system;*” **) the age, and
therefore often depth, of the soil;[59’ 60] climate, particularly rainfall;[6l] salinity;[62] the
amount of animal matter;[63] and altitude.'** In general, the soil 8"°N value increases
as depleted mineral nitrogen compounds are lost due to nitrification, ammonia
volatilization and leaching.!® The soil has reduced 8"°N values when the input of



depleted nitrogen exceeds its loss.

Uptake and fixation of nitrogen from the soil involves various fractionations, and co-
occurring plant species can have large variability in §'°N values, with a range of 10%o
reported.'®! The fractionation during nitrogen fixation in legumes is not well
understood, with studies reporting both discrimination for and against *N.!*”! In non-
leguminous plants, fractionation during nitrogen fixation is influenced by various
factors, for example the type of mycorrhiza: plants with ectomycorrhiza and ericoid
mycorrhiza usually have lower 8'°N values than plants with arbuscular mycorrhiza or
no mycorrhiza.'* ® The plant morphology and tissue type affect the '°N value, with
8'°N value declining with longevity and woodiness, such that herbaceous annuals
have the highest 8'°N values followed by perennial herbs, shrubs and trees.[®” The
penetration depth of the roots could also be a factor in 8'°N variation, due to the
variations in soil 8'°N value with depth.[°® Isotopic differences also exist within
plants of the same species when different genotypes are grown under the same
conditions, with whole plant Hordeum spontaneum 8N values varying by 1.3%o
among genotypes,’” while another experiment on the same species found 2.2%o
differences between shoots.!”"!

Finally, different plant parts have been shown to have different 8'°N values,
determined by the 8'°N values of influx and efflux nitrogen after metabolism in the
organ. Growing parts (such as expanding leaves and filling grains), for example, are
supplied with nitrogen by two sources, currently-absorbed nitrogen and re-allocated
nitrogen. Studies have shown that grains have higher 8'°N values than rachises in
wheat (Triticum aestivum)!'* and that leaves have higher 8'°N values than roots in
tomato plants (Lycopersicon esculentum)”” and komatsuna (Japanese spinach leaf,
Brassica campestris).[74]

The increase in plant 8'°N values with aridity is of particular importance to
archaeology, as in arid climates it can be difficult to distinguish between individuals
consuming marine and (Cy) terrestrial diets.l”> 7% As C, plants are adapted to arid
conditions, this may cause difficulties in determining the amount of animal protein
consumed by an individual or animal that eats a lot of millet. Indeed, several studies
have suggested that an aridity effect accounts for high bone collagen 8'"°N values of
inland human populations consuming millet.””” ”® It is worth noting, however, that
several studies on agricultural (Cs) species have not shown an aridity effect, which
may suggest that in agricultural settings other factors over-ride or mitigate any aridity
effect or that such effects can only be seen on a community, rather than individual
species, level.l” 8

The variations in 8'°N values of plants are therefore of interest to archaeologists but
are rarely analysed to provide baseline data for human or animal diets. Furthermore
most studies do not consider the effect of humans and animals eating different plant
parts with different 8'°N values.

MATERIALS AND METHODS

A total of 40 accessions of Setaria italica were analysed isotopically in this study.
These were selected from a larger set of 360 accessions, for which grain was obtained



from five germplasm banks: the National Institute of Agrobiological Sciences, Japan
(NIAS); Leibniz-Institut fiir Pflanzengenetik und Kulturpflanzenforschung,
Gatersleben, Germany (IPK Gatersleben); the N.I. Vavilov Institute of Plant Genetic
Resources, Russia (VIR); The International Crops Research Institute for the Semi-
Arid Tropics, India (ICRISAT); and the United States Department of Agriculture
Agricultural Research Centre (USDA-ARS), for a wider project on foxtail millet
genetic diversity. Accessions are defined as such by the curating germplasm bank and
sent as samples of typically several hundred grains. They are derived from samples of
local varieties, originally collected from across Eurasia and parts of Africa and
presumed to be adapted to the climatic conditions in their regions of origin (full
details of the samples used in this study are given in Table S1). What constitutes a
distinct sample or accession will depend on the opinions of the original collector, and
the genetic diversity within accessions will further by shaped by the regeneration
programme of the germplasm bank in which they are maintained, and thus will be
variable between accessions. In previous years’ experimental work on our collection,
randomly chosen grains from each accession were sown and plants grown to maturity,
with panicles bagged to prevent cross-pollination. The resulting S1 selfed grain was
harvested, and this grain was used in the current experiment. Therefore, in the
following, each accession was represented by grain derived from a single plant grown
from the original germplasm, hereafter designated ‘lines’. Because S. italica is largely
self-pollinating, within-plant heterozygosity is expected to be very low, and therefore
the grain within a single line should be highly genetically similar.

The accessions were sown in a Conviron controlled environment chamber (hereafter
growth chamber) at the Sainsbury Laboratory, University of Cambridge, Bateman
Street, Cambridge, CB2 1LR (12 hours of daylight, 350 pmoles light level, 28°C day
time temperature, 22 °C night time temperature and 65% humidity). All plants were
grown in the same type of compost (John Innes no. 2: 40% peat, 40% soil, 20% grit
with fertilizer, 6% N, 8% P and 11% K, supplied by the Sainsbury Laboratory) and
were watered with tap water every day in the initial fortnight and thereafter
approximately every second day (i.e. when the soil was getting dry). The plants were
grown in ten blocks in the growth chamber. For most lines, one plant was grown in a
randomly allocated location. For eleven lines, one plant was grown in a randomly
allocated place in each of the ten blocks (ten plants in total per line). Plants from these
replicated lines were chosen for the intra-plant and growth chamber variation studies.

For each day of the growth trial, plants were checked for heading (when the panicle
first becomes visible upon inspection of the flag leaf sheath). This was recorded as the
date of flowering and days to flowering were calculated from the sowing date. The
following characteristics were measured on the day of flowering: intensity of green of
the whole plant - on a relative scale of 1 to 3, where 1 was pale and 3 was dark green;
height of plant - from the soil to the base of the flag leaf; number of tillers (secondary
stems); habit of the plant (how much the tillers spread out) where 0 denotes horizontal
or nearly so, 1 denotes spreading tillers, but at an angle of less than 30 degrees and 2
denotes highly spread out tillers at an angle of 30 degrees or more; and number of
leaves, where leaves on tillers were counted as well. The number of panicles was
counted once the plant had matured and dried out. Geographic information
(coordinates) were provided with the germplasm or estimated based on the
information provided with the grain (for example, if a province of a country was
provided, coordinates were found for the central point of that province). Photoperiod



sensitivity was measured by subtracting the number of days to flowering in the
growth chamber (with its short photoperiod) from the number of days to flowering
under a long day photoperiod (from a prior experiment in a greenhouse over the
summer, at 52°N). The greater this difference, the greater the photoperiod sensitivity,
with the premise that photoperiod-sensitive plants delay flowering under long days, in
anticipation of a favourable short photoperiod. This is an approximate measure that
has been used for example in rice and maize, other plants responsive to a short critical
photoperiod.*!- %%

The plants were harvested when the grains were mature, or after 4 months, whichever
was earlier. If the grains were mature, the whole plant was placed into one or more
50ml transport tubes. For the plants that were not mature at harvest, samples of leaves
and grains were taken into smaller tubes. All samples were frozen and then freeze-
dried. When samples were selected for analysis, priority was given to plants for which
the whole plant was available. A series of experiments were conducted on these plants
which are described below and summarized in Table 1. Sample sizes were chosen for
a variety of reasons: to provide enough data for statistically reliable results;
availability of samples; and to provide a representative variety of source locations and
plant characteristics.

One plant was chosen at random from each of six of the replicated lines for intra-leaf
and intra-panicle analysis (Table 2). Samples were taken for carbon isotope analysis
from approximately equally spaced points along a leaf from six plants of each line.
Single grains were taken from points spread along a single panicle from the same six
plants for carbon and nitrogen isotope analysis. For nitrogen, whole grains were
analysed, while for carbon the grains were crushed and an appropriate amount taken
for analysis.

In order to characterize isotopic differences between leaves from one plant, a further
plant was sampled from the same six lines (in one case the same individual plant was
used as for the intra-leaf and intra-panicle study: Table 3). As far as possible, all
leaves were sampled from each of these plants, a total of 74 leaves, ranging from 8 to
23 leaves per plant. Each of these 74 leaves was prepared and analysed for carbon
isotope values (see below). It was not possible to use the same six plants to quantify
the isotopic differences between panicles, as not all accessions have multiple panicles
— some accessions typically have a less branching habit and tend to have a single
stem, with one large panicle, while others are more highly branched and have multiple
stems with multiple, smaller panicles. Instead, 11 plants were chosen from four of the
replicated lines (including four of the plants analysed for intra-plant leaf differences;
Table 4). All panicles were sampled from these 11 plants, a total of 36 panicles,
ranging from two to six panicles per plant. Each panicle was prepared and analysed
for carbon and nitrogen isotope values (see below).

Replicated line SIT0034 was chosen to assess intra-line isotopic variation, where ten
of the same line were grown in different locations within the growth chamber. Intra-
line isotopic variation might be due to environmental variation across the growth
chamber in the soil or air (e.g. due to edge effects) or residual genetic variation among
the S1 selfed grain. All of the leaves from each of the ten plants were prepared and
analysed together for their carbon isotope ratio (see below). Each plant had only one
panicle which was analysed for carbon and nitrogen isotope values.



Finally, 29 further accessions were chosen as a representative subset of the 360
accessions to analyse inter-accession variability within Setaria italica (Table 5). The
samples were chosen to give a wide range of geographic locations of origin (see Table
S1 for full sample information). Data on genetic variation in these accessions is not
yet available, but high intraspecific genetic diversity in S. italica has been found in
other studies.'**! We therefore assumed that the among-accession genetic variability in
our sample set will be reasonably high, considering the range of locations and
climates of origin. All of the leaves from each of the 29 plants were prepared and
analysed together for carbon isotope values (see below). All of the panicles from each

plant were prepared and analysed together for carbon and nitrogen isotope values (see
below).

With the exception of the samples taken for intra-leaf analysis, leaves were chopped
by hand and ground in a Qiagen Retsch TissueLyser (Skelton House, Lloyd Street
North, Manchester, M15 6SH). For grains, with the exception of the intra-panicle
analysis, c. 20-30 grains were taken from one or more panicles, as appropriate, and
ground together by hand for analysis. For carbon isotope analysis the sample size
analysed for leaf and grain was 0.8-1.0 mg. For nitrogen isotope analysis of grains,
the sample size was calculated for each plant based in the percentage nitrogen values
obtained in the carbon isotope analysis of the grain, typically 2—4 mg.

Samples were analyzed using a Costech elemental analyzer coupled in continuous-
flow mode to a Thermo Finnigan MAT253 mass spectrometer at the Godwin
Laboratory, University of Cambridge. Carbon and nitrogen stable isotope values are
expressed as delta values (e.g. 8'°C) relative to international standards (VPDB and
AIR, respectively)™ * in units of permil (parts per thousand, %o).*! Repeated
measurements on international and in-house standards (alanine, BLS, caffeine, EMC,
nylon and protein 2) showed that the analytical error was less than <0.2%o for both
carbon and nitrogen. Where possible, that is where the grains or leaves were
homogenized, samples were run in triplicate. The reproducibility across the triplicate
analyses (generally <0.2%o) indicates that the samples were homogenized well. For
the analysis of variation within a single leaf or panicle the data represent a single
analysis. For leaf nitrogen, large sample sizes (up to 10 mg) were needed in order to
obtain sufficient nitrogen for analyses. Unfortunately, such large sample weights led
to significant problems with the mass spectrometric analyses (carbon carryover from
sample to sample) such that the standard values were altered and the entire mass
spectrometer run rendered unreliable. Comparisons of the same analysis between
mass spectrometer runs showed large standard deviations. The leaf nitrogen data were
therefore deemed to be unreliable and excluded from this study.

Statistical analyses were performed using SPSS version 22 for Mac (IBM United
Kingdom Limited, PO Box 41, North Harbour, Portsmouth, Hampshire, PO6 3AU).
The data were tested for normality using histograms, and Kolmogorov—Smirnoff and
Shapiro—Wilk tests, and for equality of variance using Levene’s tests. Most data were
non-parametric, and the tests employed were Mann-Whitney, Kolmogorov—Smirnoff
Z and Spearman’s rho tests. Where data were parametric (only in the case of
comparisons between grain harvested before and after maturity) independent-samples
t tests were used, with a Welch correction in the case of leaf d1C.



RESULTS
Variation within leaves and panicles

We see significant isotopic variation within a single leaf and panicle for all samples
analysed (Table 2, Figure 1, Table S2). The 8"C values range by up to 2.1%o within
leaves (mean=1.5%o, n=6) and 1.5%o within panicles (mean=0.9%o, n=6). The 8"°N
values range by up to 5.7%o within panicles, although we note that the range in one
panicle (SIT0219H) is particularly large (the ranges of the other panicles are between
0.7 and 3.3%o: n=5). There is no consistent trend in either 8"°C or 8"°N value with
position on the leaf or panicle — rather some leaves and panicles have values that
increase, some have values that decrease and others have values both increase and
decrease along the length of the leaf or panicle. Given these large ranges, samples for
the studies on intra-plant, growth chamber and between-accession variation were
homogenised.

Variation between leaves and panicles from the same plant

We see significant isotopic variation between leaves and between panicles in the same
plant for all samples analysed (Tables 3 and 4, Figure 2, Tables S3 and S4). The e
values of different leaves within a single plant have a 2.9%o range (mean=1.4%o, n=6),
while the 8'°C values of different panicles within a single plant have a 1.6%o range
(mean=0.8%o, n=11). The 8'"°N values of different panicles from a single plant vary by
up to 3.9%o (mean=1.1%o, n=11). Given these large variations, samples for the studies
on growth chamber and between-accession variation were homogenized, that is all
leaves were ground together, and where a plant had multiple panicles, grains were
taken from each panicle and ground together, wherever possible.

Intra-line variation

We see relatively little variation in 8"°C and 8'°N values among the ten S1 selfed
progeny of SIT0034 grown in different positions in the growth chamber (Table S5).
The leaf 8"°C values have a range of 0.5%o, from -14.0 to -13.5%o. The grain §"°C
values have a range of 1.2%o, from -13.4 to -12.2%o. The grain '"°N values have a
range of 1.0%o, from 5.9 to 6.9%eo.

Variation between accessions

In comparison to the analyses above, we see larger variations in 8'"*C and particularly
in 8"°N values between the different accessions of Setaria italica (Table 5, Figure 3
and 4). Full information about the phenotypic characteristics and source location of
these accessions are given in Table S1. The 29 accessions’ leaf 8'°C values have a
range of 2.1%o, from -15.2 to -13.1%o. Grain 8"°C values have a range of 2.2%o, from -
14.1 to -12.0%o. The grain 8'"°N values have a range of 6.0%o, from 1.8 to 7.8%o.

Grains harvested before and after maturity were compared in order to see if this
would affect our results, although we note that sample size was small and unequal
(n=5 and 29, respectively). There was no difference in leaf or grain 8"°C, but the grain
harvested before maturity has lower 8'°N values than those grains harvested after



maturity (average=3.3 and 5.1%., respectively; t=3.413, df=27, P=0.002). Subsequent
statistical tests using grain 8'°N values were run twice (with the five immature
samples included and excluded). The statistical results reported here include the
immature samples and we note the one instance when the statistical conclusion of the
two tests differs.

On average, grain 8'°C values are 0.9%o higher than those of leaves, although this
hides a range from 2.5%o higher to 0.1%o lower (Figure 5). This difference is
statistically significant (U=79, z=5.311, P<0.001). In all but one accession (SIT0541),

the grain 8'"°C values are higher than those of the leaves.

The data were compared with various phenotypic and geographic factors (full sample
information is given in Table S1) to investigate whether any of these explain the
variation seen. As regards to phenotypic factors, the intensity of green, the height of
the plant and the number of panicles did not account for any significant variation in
any of the isotope values. The number of days between planting and harvesting (i.e.
until maturity for most of the plants) did not correlate with either leaf or grain d"C
value, but was moderately correlated with grain d"°N value (r~=-0.392, P=0.036;
Figure S1), although we note that if the plants which were harvested before maturity
are discounted then there is no correlation. Considering plant habit, there was a
statistical difference between the leaf §'°C values of plants with a habit of 0 and
plants with a habit of 1 (Z=1.614, P=0.011), although the difference between the
mean values is only 0.4%o. Leaf 8'°C variation is strongly correlated with the number
of tillers (7=0.620, P<0.001; Figure S2) and the number of leaves (»,=0.671, P<0.001;
Figure S3). Grain 8"°C and §'°N values were not correlated with any of the
phenotypic factors. For the geographic factors, there is no correlation between isotope
values and longitude or photoperiod response. There is a moderate correlation
between flowering time and leaf §'°C value (,=0.582, P=0.001; Figure S4). Grain
8N values are moderately correlated with both latitude (7=0.601, P=0.001; Figure
S5) and flowering time (,=0.538, P=0.003; Figure S6), although we note that
flowering time and latitude are also correlated (7=-0.465, P=0.011).

DISCUSSION
Variation within leaves and panicles

The isotopic ranges within single leaves and panicles were found to be variable in
magnitude but in most cases were greater than 1%o, and in one case greater than 5%
(8"°N value of SIT0219H grains). This led to the decision to homogenise samples for
the studies on intra-plant, growth chamber and between-accession variation in order
to obtain an average leaf or panicle value. The large ranges found suggest that we
should be cautious in interpreting small isotopic differences between plant parts or
individual plants unless they have been homogenised — differences less than c. 1.5%o
for leaf 8'"°C, ¢. 1%o for panicle 8"°C and ¢. 2.5%o for panicle '°N values likely
represent natural variability within a leaf or panicle. No comparable data were found
in the literature for millet; however, standard deviations of up to 0.6%o in 8"3C values
have been found in grains taken from a single ear of bread wheat (range not
reported),”*! while different grains taken from the same ear can have a range in 8'°N
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value of up to ¢. 3%o."?! In maize, differences of 0.5%o have been found in the 8"°C
values of grains taken from different positions in the ear.""

Variation between leaves and panicles from the same plant

We found large isotopic variability between leaves and panicles taken from a single
plant. The maximum difference in the 8'"°C value of different leaves and panicles
from a single plant was found to be comparable to the range of values from samples
taken from within a single leaf or panicle. In contrast, the maximum difference
between 8'°N values from different panicles of a single plant was found to be less
than the variation found within a single panicle.

Consequently, samples for the studies on growth chamber and between-accession
variation were homogenized in order to obtain an average plant value. Here, we were
able to homogenise all of the leaves from the plant, which we would advise as best
practice. We recognise, however, that this will not always be possible, but would
suggest that multiple leaves must be used if a reliable average value for a plant is
required. In terms of grains, we would suggest that between 20 and 30 grains are
homogenised (although more maybe required if the grains are small or immature) and
that these should be taken in roughly equal numbers from all of the available panicles.

The large ranges found suggest that we should be cautious in interpreting small
isotopic differences between individual plants unless the samples have been
homogenised, as differences less than c. 1%o in panicle 8"3C and 8N, and ¢. 1.5%o in
leaf 8"°C values could represent natural variability within plants. No other data has
been found comparing different panicles or leaves within a millet plant in the
published literature; however standard deviations of up to 0.83%. have been found in
8'"C values from grains taken from different ears on single bread wheat plants (ranges
not reported).'

Intra-line variation

While the variation seen between different plants of the same line is substantial, it is
comparable to the variation within and between leaves and panicles. For leaf §'°C
value, the range seen in SIT0034 replicates (0.5%o) is notably less than the mean
range seen within a leaf (1.5%o) and less than the mean range seen between leaves
from the same plant (1.4%o). For grain 8'°C values, the range seen in SIT0034
replicates (1.2%o) is slightly larger than the mean range seen within a panicle (0.9%o,
but less than the maximum range recorded within a panicle: 1.5%o) and is larger than
the mean range seen between panicles of the same plant (0.8%o). In the case of the
grain 8"°N value, the range seen in SIT0034 replicates (1.0%o) is less than the mean
range seen within a panicle (2.6%0) and comparable to the mean range seen between
panicles within the same plant (1.1%o). No other data has been found for millets,
however maize grown in a growth chamber had a range of 2.0%o in leaf 8'C, 0.4%o in
grain 8"°C and 1.6%o in grain 8'°N values (n=5 for all analyses, although the genetic
similarity of the plants is unclear).’*”’

We therefore conclude that there is some isotopic variation between plants of the
same line, either caused by genetic or positional differences. It is not possible to
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distinguish between these two factors without using isogenic lines, which was beyond
the scope of this study. Further, we did not investigate true within-accession variation
in this study, which would require sowing multiple grains from each of the original
accession samples. This was not practicable here due to growth chamber space
limitations. The isotopic effect of within-line variation is likely to be swamped by
intra-plant variation.

We infer that differences of up to 1%o could result from intra-plant or intra-line
variability and this baseline noise should be taken into consideration in isotopic
studies.

Variation between accessions

First, we note that the 8'"°C values (-15.2 to -12.0%o) observed here are typical for Cy
plants,* while the 8'°N values (1.8 to 7.8%o) are in some cases notably higher than
would be expected for a non-leguminous plant.**

The range seen across accessions is approximately 2%o in 8'C values (leaves and
grains) and 6%o in 8N values for grains (Figures 3 and 4). Even if the samples had
not been homogenized, these values are larger than would be expected given the
typical variations within leaves or panicles, between leaves and panicles or due to
intra-line differences. We therefore suggest that these data reflect real isotopic
variation that arises due to genetic differences between accessions, which could be
tested by analysis of their genetic diversity.

In field trials, 13 different varieties of Setaria italica grown on the same plot have
found a ¢. 1%o range of 8"°C values in both grains and leaves.”*! The data presented
here show that different accessions of Setaria italica grown under the same conditions
can have a 2% range in 8'°C values. Given that C4 plants are expected to show little
isotopic variation within and between species in 8'°C values, this 2%o range is
significant. In terms of archaeological interpretation for palaeodiet, a 2%o difference
between two people or groups of people would be seen as a real difference in
subsistence practice. However, here we have shown that this difference may not
reflect the amount of millet or other C,4 plant consumed, but rather could relate to the
variety of that plant.

The intraspecific variation found has wider implications beyond palacodietary studies.
For example, C, plant §'°C values are sometimes used to study the isotopic
composition of atmospheric CO,, because they are relatively insensitive to
environmental conditions. The data presented here suggest that it is important to
ensure that the same variety is studied throughout the period or area under study, and
to consider the variation within and between plants.

In terms of 8'°N values, both the high values and the 6%o range between accessions
are surprising, and have several implications for archaeology. Firstly, in non-arid
areas, plant 8'°N values as high as 8%o would typically be interpreted as clear
evidence for manuring,”** " while in arid areas such high 8'°N values would likely be
seen as a reflection of the limited precipitation.”> *” The data presented here indicate
that high 8'°N values do not necessarily relate to either of these factors, but may
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simply relate to the variety of the species studied. Therefore, when humans or animals
from different sites are compared, differences in 8'°N values may relate to the
proportion of animal protein consumed, differences in the 8'°N value of the soil due
to manuring, differences in aridity between sites, or simply due to difference in the
variety of millet being consumed.

Secondly, the large range has significant implications to the interpretation of the
proportion of animal protein consumed. A single trophic level is typically seen as
being represented by a 3—5%o increase in 8N value. The foxtail millet accessions
analysed here, however, have a range greater than that of a single trophic level, and in
some cases 8'°N that are similar to those observed in herbivorous animals. If plant
values are not obtained in palaeodietary studies there is the potential for erroneous
interpretation of human 8'°N values, particularly if any animals sampled did not
consume millet (or other plants with high 8'°N values). In this scenario, it is entirely
possible that the millet and the animals would have similar '°N values. This would
make it impossible to distinguish between human diets with a high proportion of
animal protein and human diets containing little or no animal protein, on the basis of
nitrogen isotope data alone, as the nitrogen contained in the plant and animal foods
have similar 8"°N values. This finding also has similar implications for the
interpretation of data from omnivorous animals and for comparisons between people
in a population with access to different resources.

The typical 0.9%o difference between grains and leaves (Figure 5) is comparable to
the 0.8%o difference found in field trials.**! This consistent offset is likely to have an
impact upon archaeological research, particularly if humans consume the grains and
animals the stems and leaves, as has been suggested for the Iron Age site of Danebury
in the UK!” and in some contemporary communities.!'”

Phenotypic and geographical factors were compared with the isotope values of the
accessions in order to investigate why the accessions had different values. In general,
there was little correlation between the phenotypic factors (days until maturity, plant
habit, intensity of green, the number of tillers, the height of the plant, the number of
panicles and the number of leaves) and the isotope values. Nevertheless, the number
of leaves and tillers does correlate with leaf 8'°C values, and plants with an upright
habit were statistically different in leaf 8'°C values from plants with a semi-bushy
habit. In terms of the geographical factors, while longitude of origin did not correlate
with any of the isotope values, flowering time accounts for some of the variation in
leaf 8'"°C values, while latitude and flowering time account for some of the variation
in grain 8"°N values. The grains harvested before maturity have lower 8'°N values
than the other grains (although their sample size was small). It is unclear if this is
related to their immature status or the length of time until flowering. It is likely that
some of the variation between accessions is related to plant adaptation to
environmental conditions, such as temperature and daylength.

CONCLUSION
Here we have shown that there is significant isotope variability in foxtail millet

plants, within single leaves and panicles and between leaves and panicles in the same
plant. This variability must be considered when undertaking plant isotope studies.
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Using homogenised samples, we have shown that there is substantial range in isotope
values among Sefaria italica accessions, approximately 2%o in 8C and 6%o in "°N
values. We have also shown that there is an isotopic offset between §"°C values of
grains and leaves of, on average, 0.9%o. These values are large enough to affect
archaeological interpretations, particularly in the case of the variability in 8'°N values
between accessions which represents more than a trophic level. It is clear that without
obtaining appropriately representative plant isotope values, which factor in the
possibility of substantial isotope variability, isotope studies run the risk of
misinterpreting human and animal data, with potentially significant implications for
our understanding of the past.
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FIGURES

Figure 1a: Comparison of isotope values for different points within a leaf or panicle:
(a) 8"°C values within a leaf; (b) 8"°C values within a panicle; and (c) '°N values

within a panicle
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Figure 1b: Comparison of isotope values for different points within a leaf or panicle:
(a) 8"°C values within a leaf; (b) 8"°C values within a panicle; and (c) '°N values

within a panicle
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Figure 1c: Comparison of isotope values for different points within a leaf or panicle:
(a) 8"°C values within a leaf; (b) 8"°C values within a panicle; and (c) '°N values
within a panicle
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Figure 2a: Boxplot showing isotope values of different leaves and panicles from
individual plants: (a) 8"°C values from leaves; (b) 8"°C values from panicles; and (c)
8N values from panicles.
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Figure 2b: Boxplot showing isotope values of different leaves and panicles from
individual plants: (a) 8'C values from leaves; (b) 8"°C values from panicles; and (c)
8" N values from panicles.
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Figure 2c: Boxplot showing isotope values of different leaves and panicles from
individual plants: (a) 8'C values from leaves; (b) 8"°C values from panicles; and (c)
8" N values from panicles.
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Figure 3a: Histogram of isotope values of 29 different accessions: (a) "°C values
from leaves; (b) 8"°C values from grains; and (c) '°N values from grains
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Figure 3b: Histogram of isotope values of 29 different accessions: (a) 8"°C values
from leaves; (b) 8"°C values from grains; and (c) '°N values from grains
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Figure 3c: Histogram of isotope values of 29 different accessions: (a) 8"°C values
from leaves; (b) 8"°C values from grains; and (c) '°N values from grains
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Figure 5: Histogram of differences between grain and leaf 8'°C values from each
accession
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TABLES

Table 1: Summary of the experiments conducted. *This accession produced one panicle per plant

Samples analysed

Short description

Leaf 81°C

Grain 8°C

Grain 8°N

Experiment 1

Intra-leaf and intra-
panicle comparison

6 samples from one leaf from
6 plants

6 grains from one panicle from
6 plants

10 grains from one panicle from
6 plants

Experiment 2

Intra-plant comparison

All available leaves from 6
plants (total of 74 leaves)

20-30 grains from each panicle
from 11 plants (total of 36
panicles)

20-30 grains from each panicle
from 11 plants (total of 36
panicles)

Experiment 3

Intra-line comparison

All leaves (homogenised into
one sample) from 10
replicates of SIT0034

20-30 grains from 10 replicates
of SIT0034*

20-30 grains from 10 replicates
of SIT0034*

Experiment 4

Inter-accession
comparison

All leaves (homogenised into
one sample) from 29
accessions

20-30 grains from all panicles
of 29 accessions

20-30 grains from all panicles of
29 accessions




Table 2: Summary of within leaf and within panicle isotope data. *Grains from SIT0264E contained too little nitrogen for reliable 8'°N values,

and the data are therefore excluded from this study

3C (%o) "N (%o)
Leaf Leaf Leaf Grain Grain Grain Grain Grain Grain
Plant n average stdev range n average stdev Range n average stdev range
SIT0034C | 6 -14.2 0.3 0.8 6 -12.6 0.4 1.2 |10 6.6 0.2 0.7
SITO075A | 6 -13.5 0.8 2116 -13.3 0.1 04|10 6.9 0.4 1.5
SITOO197E | 6 -15.8 0.5 1316 -13.2 0.5 1.3 |10 2.6 0.6 1.8
SITO219H | 6 -14.3 0.4 1.1 |6 -12.5 0.7 1.5 10 3.6 2.0 5.7
SIT0264E | 6 -14.6 0.6 1.6 | 6 -12.4 0.1 031]10 nd nd nd
SIT0298C | 6 -14.0 0.7 1916 -12.1 0.2 0.7 110 5.9 1.2 33
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Table 3: Summary of carbon isotope data from different leaves of the same plant

8"C (%)

Plant Mean St Dev Range
SIT0034J 11 -13.4 0.2 0.6
SIT00751 23 -13.9 0.1 0.3
SIT0219G 8 -14.0 0.6 1.8
SITO197E 8 -14.7 0.6 L.5
SIT0264H 8 -14.4 0.4 1.1
SIT0298F 16 -14.0 0.9 2.9
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Table 4: Summary of isotope data from different panicles of the same plant

3"C (%o) 3N (%o)

Plant Mean St Dev Range Mean St Dev Range
SIT00751 4 -14.0 0.1 0.3 6.6 0.2 0.5
SITO197E 2 -13.3 0.5 0.7 2.4 0.0 0.0
SITO197F 3 -13.5 0.3 0.6 1.4 0.5 1.0
SIT0197G 2 -12.6 0.1 0.2 2.0 0.3 0.4
SIT0219G 4 -12.8 0.3 0.6 3.1 0.8 1.9
SIT02191 2 -12.7 0.3 0.4 3.0 0.6 0.8
SIT0298C 2 -12.9 0.7 1.0 6.4 0.0 0.1
SIT0298E 4 -12.6 0.4 0.9 5.2 1.7 3.9
SIT0298F 6 -13.0 0.6 1.6 3.7 0.2 0.4
SIT02981 3 -13.4 0.6 1.1 4.4 1.1 2.0
SIT0298J 4 -13.0 0.5 1.2 3.8 0.6 1.4
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Table 5: Isotope data from 29 different accessions. Accessions marked with an asterix

denote plants that were not mature at harvest

Leaf §°C Grain 8"C Grain 8°N Grain - Leaf §°C
Accession (%0) (%0) (%0) (%o)
SIT0038 -13.6 -12.6 6.6 0.9
SIT0132 -13.1 -12.0 6.5 1.2
SIT0134 -13.4 -12.5 5.3 0.9
SIT0139 -13.1 -12.7 6.6 0.4
SIT0199 -13.8 -12.7 3.4 1.1
SIT0222% -14.0 -12.6 4.9 1.4
SIT0233 -14.0 -12.9 5.1 1.2
SIT0238 -13.6 -12.9 5.5 0.6
SIT0241%* -14.5 -13.1 3.2 1.4
SIT0256 -14.3 -13.9 4.9 0.4
SIT0287 -14.0 -13.6 6.1 0.4
SIT0300 -13.3 -13.1 5.7 0.2
SIT0338 -13.9 -12.2 4.5 1.7
SIT0424* -15.1 -12.5 2.7 25
SIT0426 -13.5 -13.2 6.5 0.3
SIT0462 -13.8 -12.8 4.7 1.0
SIT0492 -13.7 -13.1 2.9 0.6
SIT0503* -15.2 -13.3 4.0 1.9
SIT0510 -13.8 -12.8 6.1 1.0
SIT0533 -13.9 -13.3 22 0.7
SIT0541 -13.8 -13.9 5.0 0.1
SIT0559 -13.5 -13.0 6.7 0.5
SIT0565 -13.9 -13.6 6.4 0.3
SIT0586 -14.1 -12.1 5.2 1.9
SIT0589* -13.7 -13.0 1.8 0.6
SIT0592 -14.2 -14.1 7.8 0.1
SIT0595 -13.7 -13.0 6.6 0.7
SIT0598 -13.8 -13.0 5.8 0.8
SIT0620 -13.9 -12.5 6.0 1.4
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SUPPLEMENTARY FIGURES

Figure S1: Scatter graph showing the grain 8'°N values plotted by days from planting
to maturity. Note that the samples plotted at 130 days were not mature at harvest
(which took place at 123 days)
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Figure S2: Scatter graph showing leaf 8'"3C value plotted by number of tillers
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Figure S3: Scatter graph showing leaf 8"C value plotted by number of leaves
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Figure S4: Scatter graph showing leaf 8"C value plotted by flowering time
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Figure S5: Scatter graph showing grain 8"°N value plotted by latitude of original

germplasm collection
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Figure S6: Scatter graph showing grain 8'°N value plotted by flowering time
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SUPPLEMENTARY TABLES

Table S1: Ancilliary information about accessions used in this study. Accessions marked with an asterix denotes plants harvested before
maturity. Seed was obtained from the following germplasm banks: the National Institute of Agrobiological Sciences, Japan (NIAS, 2-1-2

Kannondai, Tsukuba, Ibaraki 305-8602, Japan); Leibniz-Institut fiir Pflanzengenetik und Kulturpflanzenforschung, Gatersleben, Germany (IPK,

Corrensstralie 3, 06466 Gatersleben, Germany); the N.I. Vavilov Institute of Plant Genetic Resources, Russia (VIR, 13-ya liniya, 64/39, St
Petersburg, Russia, 199178); The International Crops Research Institute for the Semi-Arid Tropics, India (ICRISAT, Building Number 305,
Dryland Cereals, Patancheru, Hyderabad, Telangana 502324, India); and the United States Department of Agriculture Agricultural Research

Centre (USDA-ARS, NCRPIS, 1305 State Avenue, Ames, lowa 50014-7913)

Number Days
Intensity Number Plant of Number Flowering Photoperiod until
Accession Germplasm Bank Country Habit of green of tillers height panicles of leaves Longitude Latitude time response harvest

SIT0038 ICRISAT India 1 2 2 69.5 4 41 71.38 22.07 59 73 115
SIT0132 ICRISAT Malawi 1 1 2 84.5 3 26 33.65 -14.16 51 66 123
SIT0134 ICRISAT Cameroon 2 2 2 335 nd 57 13.58 7.32 41 59 123
SIT0139 ICRISAT India 1 3 2 64.5 6 41 76.65 10.78 59 nd 102
SIT0199 IPK Gatersleben Slovakia 1 2 3 19.2 22 18 18.13 47.77 30 27 115
SIT0222 IPK Gatersleben Czech Republic 1 2 1 30 nd 18 15.87 49.98 35 26 nd
SIT0233 IPK Gatersleben South Korea 0 2 0 70 1 12 127.00 36.00 44 86 109
SIT0238 IPK Gatersleben Ttaly 1 2 3 69.5 5 36 13.10 46.26 47 69 115
SIT0241 IPK Gatersleben North Korea 0 2 0 30.5 nd 10 126.66 40.83 31 105 nd
SIT0256 Natonal Insnglctii:gi? grobotanical China ! 2 2 356 14 2 101.00 25.00 32 136 109
SIT0287 Nationa Insnglctii:gi? grobotanica Japan 0 3 0 39.4 4 12 139.00 37.90 37 44 109
SIT0300 Natonal Insnglctii:gi? grobotanical Pakistan ! ! 2 38 11 38 70.00 30.00 38 29 115
arTarae Vavriloer Chinn 0 3 0 56.5 2 14 117 nn 27 &n 37 < 171




SIT0462

SIT0492

SIT0503

SIT0510
SIT0533
SIT0541
SIT0559
SIT0565
SIT0586
SIT0589
SIT0592
SIT0595
SIT0598
SIT0620

Vavilov

Vavilov

Vavilov

Vavilov
Vavilov
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
USDA ARS GRN
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Russian
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Russian
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Russian
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South Africa
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42.99
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82.56
62.97
35.00
24.00
53.00
84.00
4.72
35.50
38.00
38.00
-7.13

42.33

50.42

55.45

55.01
41.77
39.00
-29.00
32.00
28.00
51.25
33.50
8.00
1.00
31.05
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115
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Table S2: Table showing 8"°C values for different points along 6 leaves and 8'°C and
8N values for grains from 6 panicles . *Samples were taken at approximately equal
intervals along the leaf or panicle.

Relative Leaf 8"°C Grain 8"°C Grain 6"°N
Accession position* (%o0) (%o0) (%0)
1 -14.3 -12.7 7.1
2 -14.6 -13.2 6.7
3 -14.2 -12.4 7.0
4 -14.3 -12.4 6.6
SITO0034C 5 -13.8 -12.0 6.7
6 -13.9 -12.7 6.5
7 nd nd 6.4
8 nd nd 6.5
9 nd nd 6.7
10 nd nd 6.3
1 -15.0 -13.3 6.8
2 -13.8 -13.3 6.9
3 -12.9 -13.1 7.0
4 -12.9 -13.5 6.0
SITO0075A 5 -13.3 -13.2 7.3
6 -13.2 -13.3 6.5
7 nd nd 6.7
8 nd nd 7.1
9 nd nd 7.2
10 nd nd 7.5
1 -16.4 -12.6 2.9
2 -16.2 -13.5 1.9
3 -15.6 -12.9 1.6
4 -15.6 -13.1 34
SITO0197E 5 -15.6 -13.9 2.3
6 -15.1 -13.5 2.8
7 nd nd 2.3
8 nd nd 33
9 nd nd 3.0
10 nd nd 2.4
1 -14.5 -13.3 5.5
2 -13.7 -13.4 14
3 -14.5 -12.1 4.5
4 -13.9 -12.3 1.7
SITO0219H 5 -14.4 -12.0 7.1
6 -14.8 -11.9 1.6
7 nd nd 3.9
8 nd nd 1.4
9 nd nd 4.2
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10 nd nd 4.5
1 -13.6 -12.5 nd
2 -14.3 -12.6 nd
SITO0264E 3 -15.1 -12.3 nd
4 -15.0 -12.4 nd
5 -15.2 -12.3 nd
6 -14.7 -12.3 nd
1 -15.2 -12.6 5.7
2 -14.2 -12.1 6.2
3 -13.3 -11.9 8.2
4 -13.4 -12.2 4.9
SITO0298C 5 -13.7 -12.0 4.9
6 -14.4 -12.1 7.8
7 nd nd 5.1
8 nd nd 5.9
9 nd nd 4.9
10 nd nd 5.0
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Table S3: Table showing 8'°C values of each homogenized leaf from 6 plants. Leaves

were numbered from the bottom of a stem to the top, where multiple stems were
present, leaf numbering is continuous between stems.

Plant

Leaf
number*

33C (%o)

SIT0034)

O 00 3 N L A W N —

—_
— O

-13.7
-13.5
-13.2
-13.4
-133
-13.1
-13.4
-13.4
-13.5
-13.4
-13.5

SIT0075I

03NN bW~

[\)[\)[\)[\)»—A»—A»—A»—A»—A»—A»—A»—A»—A»—Ao
W= O 000N N W —= O

-14.0
-13.8
-13.9
-13.8
-14.0
-13.9
-13.8
-14.0
-14.0
-14.0
-13.8
-13.9
-13.8
-13.9
-13.8
-13.8
-14.1
-13.9
-14.0
-14.1
-13.7
-14.0
-14.1

SITO197E

-13.9
-13.7
-14.1
-15.3
-15.2
-15.2
-15.2
-14.9

SIT0219G

NN N R W =0 N R W~

-14.2
-13.6
-14.3
-13.7
-14.9
-14.5
-13.1
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-13.7

8
1 -14.9
2 -15.0
3 -14.8
SIT0264H 4 -14.4
5 -14.1
6 -14.1
7 -14.0
8 -13.9
1 134
2 -13.6
3 131
4 -15.8
5 -15.0
6 138
7 133
8 157
SIT0298F 5 s
10 -12.9
1 142
12 -14.4
13 -14.4
14 133
15 -14.5
16 131
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Table S4: Table showing 8'°C and 8"°N values of 20-30 homogenised grains from
each panicle from 11 plants

Panicle
Accession number 8"°C (%o) 8N (%o)
1 -13.8 6.4
2 -14.0 6.6
3 -13.9 6.7
SIT00751 4 -14.1 6.9
1 -13.0 24
SITO197E 2 -13.7 2.4
1 -13.1 1.5
2 -13.7 1.9
SITO197F 3 -13.6 0.8
1 -12.5 1.8
SIT0197G 2 -12.7 2.2
1 -12.5 4.0
2 -12.6 33
3 -13.1 32
SIT0219G 4 -12.8 2.1
1 -12.9 2.6
SIT02191 2 -12.5 34
1 -12.4 6.4
SITO298C 2 -13.4 6.3
1 -12.1 4.4
2 -12.5 5.1
3 -13.0 7.6
SIT0298E 4 -12.7 3.7
1 -12.6 3.6
2 -12.5 3.6
3 -13.2 3.7
4 -12.3 4.1
5 -13.9 3.8
SIT0298F 6 -13.2 3.6
1 -12.8 32
2 -13.7 4.8
SIT02981 3 -13.9 5.1
1 -12.4 3.8
2 -13.3 3.7
3 -12.8 3.1
SIT0298J 4 -13.6 4.5




Table S5: Table showing leaf §'°C (all leaves homogenized together), grain 8"°C and

grain "N (c. 20-30 grains taken from across all available panicles) from 10
replicates of accession SIT0034 grown in different places in the growth chamber.

Leaf §°C Grain 8°C Grain 8°N
Replicate (%0) (%0) (%o)
SIT0034A -13.6 -122 6.6
SIT0034B -14.0 -13.4 5.9
SIT0034C -13.6 -12.6 6.7
SIT0034D -13.5 -122 6.7
SIT0034E -13.8 -124 6.8
SIT0034F -13.5 -12.7 6.6
SIT0034H -14.0 -12.8 6.2
SIT0034G -13.8 -12.8 6.9
SIT00341 -13.8 -12.8 5.9
SIT0034J nd -124 6.0
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