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Running head: Origins of domestication of the Andean pulse crop tarwi

Premise of the study: The Andean highlands are a hotspot of domestication, yet our understanding of the
origins of early Andean agriculture remains fragmentary. Key questions of where, when, how many times
and from what progenitors many Andean crops were domesticated remain unanswered. The Andean crop
lupin, tarwi, Lupinus mutabilis, is a regionally important pulse crop with exceptionally high seed protein and

oil content and is the focus of modern breeding efforts, but its origins remain obscure.

Methods: A large genome-wide DNA polymorphism dataset was generated using nextRADseq to infer
relationships among more than 200 accessions of Andean Lupinus species, including 24 accessions of L.
mutabilis and close relatives. Phylogenetic and demographic analyses were used to identify the likely
progenitor of tarwi, and elucidate the area and timing of domestication in combination with archaeological

evidence.

! Manuscript received ; revision accepted
7 Author for correspondence (e-mail: guy.atchison@systbot.uzh.ch)

L]


mailto:guy.atchison@systbot.uzh.ch
http://www.editorialmanager.com/ajb/download.aspx?id=220145&guid=07913c2d-d98a-4b8a-b41c-423e6c2930ee&scheme=1
http://www.editorialmanager.com/ajb/download.aspx?id=220145&guid=07913c2d-d98a-4b8a-b41c-423e6c2930ee&scheme=1

28

29

30

31

32

33

34

35

36

37

38

Key results: We infer that tarwi was domesticated once in northern Peru, most likely in the Cajamarca region
within, or adjacent to the extant distribution of L. piurensis which is the most likely wild progenitor.
Demographic analyses suggest that tarwi split from L. piurensis around 2,600 BP and suffered a classical
domestication bottleneck. The earliest unequivocal archaeological evidence of domesticated tarwi seeds is

from the Mantaro Valley, central Peru c. 1,800 BP.

Conclusions: A single origin of tarwi from L. piurensis in northern Peru provides a robust working

hypothesis for the domestication of this regionally important crop, and is one of the first clearcut examples of

a crop originating in the highlands of northern Peru.

Key words: Andes; domestication; Leguminosae; Lupinus mutabilis; nextRAD; tarwi.
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The Inca and pre-Inca peoples of the Andes developed agricultural systems involving a suite of
domesticated pseudo-cereal, pulse, and tuber crops, as well as livestock, dating back to at least 8,000 BP. By
the late pre-Hispanic period highland Andean agriculture came to be amongst the most sophisticated in the
world, reliant on intensive technologies such as irrigation and built environments such as terracing and raised
fields, involving large scale landscape modification, and underpinning advanced agricultural economies that
supported large populations organized into highly complex societies (National Research Council, 1989;
Hernandez-Bermejo and Landeo6n, 1994; Piperno and Pearsall, 1998; Pearsall, 1992, 2008; Larson et al.,
2014). Despite this sophistication and prominence of early Andean agriculture and the importance of the
Andes as a centre of crop diversity, the geotemporal trajectories of early agricultural origins and
development in this region remain very incompletely understood (Pearsall, 2008). The traditional view of
highland Andean agricultural origins has focused on a core set of crops and livestock including the potato
(Solanum tuberosum L.) (Hawkes, 1990; Spooner et al., 2005), quinoa (Chenopodium quinoa Willd.)
(Wilson, 1990; Bruno and Whitehead, 2003; Bruno, 2006; Langlie et al., 2011; Walsh et al., 2015), Ilama
(Lama glama L.) and alpaca (Vicugna pacos L.) (Wheeler, 1995; Mengoni Gofalons, 2008; Larson and
Fuller, 2014), all thought to have been domesticated in a core region in the south-central Andes in southern
Peru and northern Bolivia, potentially centred in the Lago Titicaca basin (e.g. Pearsall, 1992; Morris, 1999).
However, archaeological data suggest a more geographically extensive and diffuse (Pearsall, 1992, 2003,
2008), and temporally protracted history spanning 10,000 to 3,500 BP (Pearsall, 2008; Larson et al., 2014).
Furthermore, the discovery of early remains of a suite of crops including cotton, squash, peanut and quinoa
in north coastal Peru (Dillehay et al., 2007) suggest that agricultural economies, cultivation and extensive
translocation of some of these crops into northern Peru were already in place by 8,000-5,000 BP, in line with
evidence suggesting ancient cultural connections between the highlands and the lowlands to the east of the
Andes and on the Pacific coast (Pearsall, 1992). There is no consensus as to whether agricultural
development in the highland Andes followed geographically diffuse vs more centric, or temporally
condensed vs more protracted trajectories. In the Andes, this is further complicated by the close geographical
proximity of the distinctive but closely interconnected and broadly contemporaneous agricultural systems
found in the highlands, at mid elevations and in the lowlands, where different sets of crops were grown

(Pearsall, 1992, 2008).



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Many potent, and often more precise insights into the origins of domestication in terms of where,
when, how many times and from what progenitors crops evolved have been made in recent years, providing
evidence about how many times agriculture arose independently, where, when and how that happened, and
the geotemporal trajectories of agricultural origins and development within and among regions (Smith, 2001;
Fuller et al., 2012b; Larson et al., 2014; Larson and Fuller, 2014; Zeder, 2015). However, these insights have
not yet been matched in the Andes. In this region there remains a lack of detailed evidence about the precise
locations and timing of domestication of even some mainstream crops, such as the potato (Hawkes, 1990;
van den Berg et al., 1996; Spooner et al., 2005), quinoa (Wilson, 1990; Bruno and Whitehead, 2003; Bruno,
2006; Langlie et al., 2011; Walsh et al., 2015), or tomato (Solanum lycopersicum L.) (Peralta and Spooner,
2006), let alone the large cohort of lesser-known crops, the so-called ‘Lost Crops of the Incas’ (National
Research Council, 1989), many of which remain poorly understood, or essentially unstudied. Much more
precise and complete data about the origins of individual Andean crops are needed in order to understand the
trajectory of agricultural origins and development in this region (Pearsall, 2008; Larson et al., 2014).

Understanding the origins of Andean crops is beset by particular challenges. For many Andean crop
genera, including wild tuber-bearing Solanum sect. Petota Dumort (Hawkes, 1990; van den Berg et al., 1996;
Spooner et al., 2005), Chenopodium L. (Walsh et al., 2015) and Oxalis L. (e.g. Emshwiller, 2002a), basic
taxonomy is lacking or extremely confused raising doubts about what species there are and where they are
distributed. Furthermore, in the high elevation Andes the tempo of plant evolution and species diversification
has often been high (Madrifian et al., 2013; Hughes and Atchison, 2015), such that several genera harbouring
crops present a background of fast and very recent species diversification, making it harder to obtain robust
resolution of species relationships using conventional DNA sequence data. Finally, for some crops, such as
the potato, quinoa and oca (Oxalis tuberosa Molina), additional complexities of hybridization and polyploidy
are apparent (e.g. Walsh et al., 2015), with potentially reticulate crop origins, set against a possible backdrop
of extensive spontaneous hybridisation following cultivation (Brush et al., 1981; van den Berg et al., 1996;
Hughes et al., 2007). The Andean tuber crop oca exemplifies these challenges. Despite extensive field,
herbarium and molecular work (Emshwiller, 2002a, 2002b; Emshwiller and Doyle, 1998, 2002; Emshwiller
et al., 2009), the on-going discovery of new wild tuber-bearing species, lack of robustly supported resolution
in gene trees and a complex history of polyploidy, mean that considerable uncertainty about the origins of

oca remains.
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Here we investigate the origins of domestication of one of these Lost Crops of the Incas, tarwi (in
Quechua, tauri in Aymara and chocho in Spanish), the Andean crop lupin, Lupinus mutabilis Sweet, an
important pulse crop in subsistence agricultural systems across the central Andes (Fig. 1) (Jacobsen and
Mujica, 2008). Tarwi seeds have high protein (46-48%) and oil (16-23%) contents comparable to soya bean
(Glycine max (L.) Merr.) (Hernandez-Bermejo and Ledn, 1994; Jacobsen and Mujica, 2008), making it an
excellent alternative to animal protein, which could help to drive the much needed shift away from meat-
based diets (Wellesley et al., 2015), and has been an important component of highland crop rotations in the
Andes contributing to soil fertility via high phosphorus uptake and nitrogen fixation. Tarwi provides another
good example of the lack of understanding of Andean crop origins. Despite being a regionally important
food crop grown and marketed throughout the highlands of Bolivia, Peru and Ecuador (Figs. 1 and 2;
FAOSTAT, 2015), and the focus of modern crop breeding in Australia and Europe (Hardy et al., 1998;
Caligari et al., 2000; Clements et al., 2008a, 2008b; Jacobsen and Mujica, 2008; Baer, 2011), key questions
regarding the origin of tarwi remain unanswered (Pearsall, 2008).

Lupinus epitomises the dilemmas and challenges surrounding the understanding of the origins of
Andean crops: the taxonomy of Andean Lupinus remains in a state of considerable chaos resulting from
prolific over-description of species by Smith (1938-1953), with an estimated 85-100 distinct species, but
more than 500 species names, and the last ‘complete’ taxonomic account was that of Agardh (1835). The
monophyly of the Andean taxa, with the exception of L. microphyllus from Chile, has been established
(Ainouche and Bayer, 1999; Hughes and Eastwood, 2006). However, species diversification has occurred
recently and extremely rapidly making it challenging to obtain robustly supported hypotheses of species
relationships using conventional DNA sequence datasets or morphological data (Hughes and Eastwood,
2006; Drummond et al., 2012; Hughes and Atchison, 2015). Indeed, the net species diversification rate
estimated for the Andean Lupinus radiation is amongst the fastest documented for plants (Drummond et al.,
2012). This recency and rapidity of diversification means that all previous phylogenies of Lupinus lack
resolution among the Andean species. These issues have so far hindered progress towards understanding
where, when, how many times and from what progenitors L. mutabilis was domesticated (Eastwood and
Hughes, 2008). To combat these difficulties, here we have assembled new genome-wide DNA sequence data
using the recently developed nextRAD technology to obtain, for the first time, robust resolution among these

very recently diverged species, and to assess the demographic history of domestication.
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Previous hypotheses of domestication of L. mutabilis, focusing on either a hybrid origin involving two
North American species, L. douglasii and L. ornatus (Kazimierski and Nowacki, 1961), or from apparently
unrelated Andean species (Blanco, 1986), such as L. praestabilis (Tapia and Vargas, 1982), were dismissed
by Eastwood and Hughes (2008) as lacking support. Available phylogenetic evidence clearly shows that L.
mutabilis is nested within a large clade of Andean species (Hughes and Eastwood, 2006; Drummond et al.,
2012), ruling out involvement of non-Andean species in the origin of domesticated L. mutabilis, and
demonstrating unequivocally that lupins were domesticated independently in the New and Old Worlds
(Eastwood and Hughes, 2008). There is also no evidence that polyploidy played a role in the domestication
of L. mutabilis, with almost all the western New World Lupinus species, and all documented Andean species,
including L. mutabilis, having a uniform chromosome number, 2n=48 (Conterato and Schifino-Wittmann,
2006). Lupinus mutabilis is only known in cultivation. Despite sporadic reports to the contrary (Tapia and
Vargas, 1982; Blanco, 1986), no apparently wild populations have so far been discovered during extensive
fieldwork by the authors throughout the Andes. Based on morphological and preliminary genetic data,
Eastwood and Hughes (2008) suggested four species as possible close relatives of L. mutabilis: L.
ellsworthianus C.P.Sm., L. piurensis C.P.Sm., L. praestabilis C.P.Sm. and L. semperflorens Hartweg ex
Benth. Of these, L. piurensis was hypothesized as the most likely progenitor due to its close morphological
similarity to L. mutabilis: these two species share notably glaucous stems (especially the young shoots),
similar overall leaf morphologies, notably thin leaflets with glabrous adaxial surfaces, large flowers on
relatively lax erect inflorescences held above the foliage, and closely matching flower colour patterns, the
main differences between the two being in pod size, dehiscence, seed size and seed coat thickness (Fig. 3).
Tarwi possesses a suite of pod and fruit traits (Figs. 1 and 3), including non-shattering (indehiscent) pods,
large seeds, permeable seed coats and reduced seed dormancy, pale seed colour, as well as a shift from
perennial to near-annual habit, a set of traits typical of the classical legume domestication syndrome
(Hancock, 2012; Weeden, 2007). However, in general, seed size remains the only reliable indicator of
legume crop domestication used to assess archaeobotanical remains. In contrast to early Old World and
modern lupin domesticates, seed alkaloid levels remain high in domesticated L. mutabilis, and intensive
processing is needed to de-bitter seeds prior to consumption.

Domestication can also provide important evolutionary insights into the tempo and trajectories of

phenotypic and genetic change, the underlying genetic basis of morphological traits, and the links between
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the two, both within the domesticate (Fuller et al., 2014) and the domesticator (Mathieson et al., 2015).
Lupins provide an especially interesting group for studying domestication because unrelated wild species
were domesticated independently within the last 3,000 years in both the Andes (L. mutabilis) and the
Mediterranean (Lupinus albus L. and Lupinus luteus L.), potentially providing an example of convergent
congeneric crop evolution (Cowling et al., 1998). Additionally, a third Mediterranean species, Lupinus
angustifolius L., which was domesticated much later within the twentieth century, has gone on to become an
important modern agricultural crop (Gladstones et al., 1998), and is the focus of much recent and on-going
research, including genome sequencing efforts (Yang et al., 2013; Kamphuis et al., 2014). Multiple parallel
domestication events provide exciting opportunities to compare phenotypic and genetic changes associated
with domestication among congeners in different locations and cultural contexts, once their progenitors have
been ascertained (Schmutz et al., 2014). All domesticated lupins exhibit a similar syndrome of
morphological changes associated with domestication prompting interesting questions as to whether the
independent domestications in the New and Old World are convergent, i.e. originating from very different
origins but following identical genetic pathways to reach the same phenotype, or represent parallelism,
whereby similar, but not identical genetic pathways were involved (Fuller et al., 2014).

Finally, a better understanding of the origins of crops provides the basis for assessment, collection, use
and conservation of crop genetic resources (Hoisington et al., 1999; Jarvis et al., 2008). Such data are
urgently needed for Andean crops where erosion of valuable crop diversity is apparent both of varieties of
mainstream crops and lesser-known crops. This is especially the case for the large suite of Lost Crops of the
Incas, for which on-farm, circa situm genetic conservation has been particularly important (Hernandez-
Bermejo and Ledn, 1994; Brush, 1999). Given the interest in crop improvement of L. mutabilis, identifying
its close cross-compatible wild relatives is vital as these may allow transfer of important traits. Many
regionally important but lesser-known Andean crops are being displaced and marginalized by introduced
crops (e.g. faba beans, Vicia faba L., displacing tarwi, or wheat, Triticum aestivum L., displacing quinoa)
(National Research Council, 1989; Hernandez-Bermejo and Ledn, 1994), with tarwi as one of the crops most
affected by introduced European crops (Hernandez-Bermejo and Ledn, 1994). At the same time many of
these crops, including tarwi, show great potential for maintaining the resilience of indigenous Andean

agricultural systems, and in providing excellent nutritional benefits. To unlock the potential of tarwi and
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other Andean crops we need to understand the past processes of human manipulation and evolution of
domestication traits (Zeder, 2015).

In this study we address questions about where, when, how many times and from what progenitor
tarwi was domesticated and assess the implications of our results for understanding the origins and
development of early agriculture in the Andes. To do this, we have generated a large genome-wide DNA
sequence dataset of over 100,000 loci for more than 200 accessions of Andean Lupinus, including 24
accessions representing L. mutabilis and its putative close relatives using novel nextRAD sequencing
technology (Emerson et al., 2015; Russello et al., 2015). We also review and summarize the available
archaeological data for tarwi, and integrate and synthesize these complementary sources of genetic and

archaeobotanical evidence.
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MATERIALS AND METHODS

Sampling — For genetic sequencing and phylogenetic inference we generated nextRAD sequence data
for 212 accessions of Andean Lupinus, representing 63 species. Where possible multiple accessions of
species were sampled representing potential genetic diversity within species across their geographical and
morphological ranges. This sampling includes 74% of known taxonomic entities of Andean Lupinus and
spans the entire geographic range of the clade from Colombia to Argentina, with the exception of a small
cohort of species endemic to the Venezuelan Andes. This Venezuelan gap is not considered important as L.
mutabilis is very rarely found in Venezuela and there is no evidence that it could have been domesticated
there. Material for DNA extraction was sampled from silica-dried leaf material, fresh tissue from living
plants raised from seed and, in some cases, leaf material sampled from herbarium vouchers (Appendix S1)
(see Supplemental Data with the online version of this article).

NextRADseq preparation and Sequencing — Total genomic DNA was extracted from sampled
material using either a CTAB DNA isolation protocol (modified from Doyle and Doyle, 1987) or a Qiagen
DNeasy kit (Qiagen, Hombrechtikon, Switzerland) according to manufacturer’s guidelines. A Quibit
Fluorometer (ThermoFisher, Dietikon, Switzerland) was used to assess DNA quantity and gel
electrophoresis was used to measure quality and purity. Library preparation and sequencing of nextRAD
markers from genomic DNAs were performed by SNPsaurus (SNPsaurus LLC, Oregon, USA).

To amplify genomic loci consistently between samples the nextRAD method (Emerson et al., 2015;
Russello et al., 2015) uses selective PCR primers. Genomic DNA was first fragmented with Nextera reagent
(IMumina Inc., San Diego, California, USA), which also ligates short adapter sequences to the ends of the
fragments. Variable amounts of genomic DNA were used as input into the fragmentation reaction to adjust
for quality of DNA, with more input DNA for more degraded extracts. Fragmented DNA was then
amplified, with one of the primers matching the adapter and extending seven nucleotides into the genomic
DNA with the selective sequence (TGCAGAG). Thus, only fragments starting with a sequence that can be
hybridized by the selective sequence of the primer will be efficiently amplified. The resulting fragments are
fixed at the selective end, and have random lengths depending on the initial Nextera fragmentation. Because

of this, amplified DNA from a particular locus is present at many different sizes and careful size selection of



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

the library is not usually needed. Libraries were sequenced on an Illumina NextSeq 500 at the University of

Oregon sequencing centre to generate 150 bp single end reads.

RADseq data assembly — Different approaches for the assembly of the RADseq data were used for the
phylogenetic analysis and the population demographic analysis (the latter described below), reflecting the
very different phylogenetic breadths of these two analyses, spanning many species across the whole Andean
clade for the phylogeny, but just two sister species for the demographic analysis. For phylogenetic analysis,
de novo assembly using PyRAD (Eaton, 2014) based on an overall similarity criterion after alignment was
used. This allows incorporation of indel variation which is expected when more distantly related taxa are
included, and recovers more shared loci across disparate taxa than alternative approaches using Stacks
(Eaton, 2014; Pante et al., 2015; Ree and Hipp, 2015), which are needed to obtain robust phylogenetic
resolution, in line with recent phylogenetic analyses using RADseq data (Eaton and Ree, 2013; Takahashi et
al., 2014; Cavendar-Bares et al., 2015; Massatti et al., 2016). Prior to assembly, raw reads were processed
through Trimmomatic v0.33 (Bolger et al., 2014) to remove bases at the ends of reads with a quality score
less than 15. Reads were assembled de-novo into loci using pyRAD v.3.0.5 (Eaton, 2014). We ran
preliminary tests (results not shown) in pyRAD in order to determine the best parameters to use for our
dataset. Quality filtering of reads in pyRAD at step 2 converted bases with a quality score of less than 20 into
Ns and reads with more than 4 Ns were discarded. Within-sample clustering (step 3) was carried out at 0.85
which is the most suitable threshold for the phylogenetic distances within our dataset (see also Takahashi et
al., 2014). Consensus sequences were created for each cluster using error-rate and heterozygosity estimates
calculated from the base counts at each site across all clusters. Clusters with a minimum read coverage of
less than five were discarded. Consensus loci were clustered between samples at the same threshold as used
in step 3. All other parameters were set at default values.

To infer phylogenetic relationships across the Andean clade we generated a concatenated matrix of
loci for all 212 accessions (hereafter 212acc) using step 7 in pyRAD with a minimum sample coverage (the
minimum number of samples which must have data for a given locus to be included in the final matrix)
setting of 5, in line with other studies (Takahashi et al., 2014). In addition, we applied the maximum number
of SNPs filter in step 7 to include only loci with 60 or fewer SNPs a somewhat stricter cutoff than the default

PyRAD setting of 100 SNPs per locus which has been widely used (Eaton and Ree, 2013; Takahashi et al.,

10
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2014; Cavendar-Bares et al., 2015; Massatti et al., 2016). Both left and right overhangs were trimmed on
final loci.

We generated a second concatenated matrix containing 24 accessions (hereafter 24acc) focusing on a
robustly supported subclade containing L. mutabilis, its putative progenitor, L. piurensus, and a few other
closely related taxa, found in the initial ExaML analysis of the 212acc matrix. For this second 24acc matrix,
the minimum sample coverage filter was set at 10. To investigate genetic structure between, and within, L.
mutabilis and L. piurensis, we generated an unlinked SNP matrix (one SNP sampled at random per locus)
(hereafter 20accUS) for all 20 samples of these two taxa with a minimum sample coverage setting of 10 to
minimise the level of missing data across individuals. Analyses were carried out on the Science Cloud
computational facility of the University of Zurich.

Phylogeny — Due to the computational challenges posed by the large size of the 212acc matrix
(7,389,726 base pairs) we used ExaML v.3 (Kozlov et al., 2015), following a modified version of the
approach used by Jarvis et al. (2014) and Misof et al. (2014) to generate an initial species phylogeny for the
Andean clade as a whole. We generated 100 randomized stepwise addition parsimony trees under standard
RAXML v.8 (Stamatakis, 2014) to use as input starting trees for a fast preliminary run of ExaML. From this
we selected the ten best scoring trees and used the original parsimony starting trees as input for ten full
ExaML runs. We considered the tree with the best overall log-likelihood score of all ten tree inferences to be
the ML tree. We generated 150 non-parametric bootstrap replicates in ExaML as described in the ExaML
manual. We obtained estimates of ML bootstrap support by computing a consensus tree from the bootstrap
replicates using the respective standard RAXML options, and by drawing bootstrap values onto the best ML
tree.

To infer the most robust possible hypothesis of relationships within and between accessions of L.
mutabilis and L. piurensis we analyzed the 24acc matrix using RAXML to perform a bootstrap analysis and
best-scoring ML tree search in a single analysis run. All trees were visualised in FigTree (Rambaut, 2009)
with midpoint rooting used for the 212acc tree, and the L. semperflorens IL. sp nov (Celendin large flowers)
subclade as an outgroup for rooting the 24acc tree. Midpoint rooting is justified as preliminary analyses of an
even larger RAD data matrix including samples from across the whole western New World Lupinus clade
show the monophyly of the Andes, with a set of Mexican lineages as sister to the Andean clade (results not

shown), as found previously by Drummond et al. (2012).
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Genetic Structure — T0 investigate patterns of genetic structure within and between L. mutabilis and
L. piurensis we used Structure v2.3.4 (Pritchard et al., 2000). We used the 20accUS matrix with 20
individuals and 4,141 SNPs with no a priori grouping assignments. Ten replicates at each K value between 1
and 5 were run with 50,000 generations of ‘burn-in’ and 100,000 generations of sampling. Results were
assessed using Structure Harvester (Earl and vonHoldt, 2012).

Demographic history of domestication — For demographic inference of the population history of L.
mutabilis and L. piurensis, t0 estimate the approximate timing of domestication, and the parameters of the
genetic bottleneck associated with domestication of L. mutabilis, we used isolation with migration models
implemented in the dadi package (Gutenkunst et al., 2009). This method compares the observed Site-
Frequency-Spectrum (SFS) to that expected given a specific population split demographic model in order to
estimate model parameters and assess the likelihood of the observed data given the model. As this method
relies on the analysis of SFS it is sensitive to genotype calling errors. Furthermore, using a polarised SFS
(where the ancestral allele at each site is known) significantly increases the power of this method to
distinguish alternative demographic scenarios. To deal with these issues, we employed a different
bioinformatics approach from that used in the phylogenetic analysis to obtain SNP data for this analysis. We
mapped the RADseq sequence reads for 20 L. piurensis | L. mutabilis accessions to the published scaffolds
of the draft L. angustifolius genome (Yang et al., 2013; Assembly GCA_000338175 available from
GenBank) using bwa (Li and Durbin, 2010) with the mem algorithm and default values. We excluded reads
with mapping quality below 20, and used the package Stacks (Catchen et al., 2011, 2013) to extract only
RAD loci present in both species and having at most 2 SNPs. As our analyses assume that polymorphisms in
the dataset are unlinked, a single random SNP from each of these loci, with the ancestral state of
polymorphisms inferred from comparisons with the genome of L. angustifolius, was used for subsequent
analysis in dadi. Following the recommendations in the dadi manual, the sample sizes for each population
were ‘projected down’ to include 10 alleles per population to account for missing data while maximizing the
number of SNPs analysed. Visualisation of the two-dimensional site frequency spectra (2D-SFS) was also
done with the dadi package.

The analyses were conducted with a relatively parameter-rich model, 7M, that allows for an unequal
population size split followed by exponential growth in each species and differential migration rates in both

directions. The model has six free parameters: the relative size of the two populations after they split (s),

12
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time of the species split (75), extant modern population sizes of species 1 and 2 (N1 and N-), and effective
migration rates in two directions (Mi<=> and M»<=1). Fixing specific values for some of these parameters
allows testing demographic hypotheses using likelihood ratio tests. For example, by fixing migration rates at
zero, we tested whether gene flow between species following their split improved model fit to the data. To
ensure the analysis reached the global maximum we performed 50 runs with perturbed starting parameters
(perturb_params function in dadi) and very wide search bounds for all parameters, followed by 50 runs with
perturbed starting parameters and narrower ranges. We analysed the likelihood profiles for all parameters
and selected parameters from the highest likelihood run as the optimal parameter set. To evaluate the
robustness of the parameter estimates, we obtained confidence intervals using the Fisher Information Matrix
approach (FIM uncert function in dadi). This approach does not account for linkage between SNPs, but
given that we use a single SNP per locus and relatively sparse genome-wide sampling of SNPs, it should
provide reliable confidence intervals at much lower computational cost than parametric bootstrapping. The
observed and modelled 2D-SFSs were plotted using the plot_2d_comp_multinom command in the dadi
package. Comparison of models with and without migration was performed using non-parametric bootstraps
and adjusted LRT (Coffman et al., 2015).

Morphological trait data — Measurements of weight, length, width and depth of a sample of 25 seeds
per accession were taken. Additional seed weight data were retrieved from the Royal Botanic Gardens Kew
Seed Information Database (SID) (2016) and incorporated into the dataset used in this study.

Archaeological evidence — Archaeological records of Lupinus remains from across the Andean region

were assembled and assessed from the literature (Appendix 1).
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RESULTS

NextRAD data assembly — The average number of sequence reads per sample was 2,830,091 with a
total of ~600 Million bp of sequence generated. The total number of loci recovered in the 212acc and 24acc
matrices after filtering was 140,608 and 24,942 respectively. The numbers of parsimony informative sites
(pis) and variable sites (vs) in the 212acc matrix were 723,042 and 2,350,809 and in the 24acc matrix there
were 56,492 (pis) and 213,561 (vs). The raw sequences are archived in the NCBI sequence read archive
(Appendix S1).

Phylogeny — The full 212acc phylogeny including all 63 Andean species (Figs. 4A and Appendix S2)
comprises two well-supported (100% BS) and geographically structured clades. While there is some
geographical overlap between these two clades, the northern Andean clade mainly contains accessions from
Ecuador and Colombia, and the south-central Andean clade mainly accessions from Peru and Bolivia. These
two clades are also resolved in wider phylogenies using even larger RADseq datasets spanning the whole
western New World clade which confirm the monophyly of the Andes (results not shown). All L. mutabilis
and L. piurensis accessions are placed within the south-central Andean clade and together these two species
form a robustly supported clade with 99% bootstrap support sister to a clade that contains all accessions of L.
semperflorens and one accession of L. sp nov (here denoted as ‘Celendin large flowers’). Within the L.
mutabilis + L. piurensis subclade, all accessions of L. mutabilis form a well-supported (99% BS) clade which
is nested within L. piurensis (Appendix S2).

The relationships recovered within the 24acc phylogeny (Fig. 4B) mirror those found in the larger
phylogeny. Again L. mutabilis and L. piurensis form a well-supported clade (100% BS) and all accessions of
L. mutabilis form a well-supported clade (100% BS). In both phylogenies accession CEH1998 of L.
piurensis from San Juan in the Department of Cajamarca, northern Peru, is weakly supported as sister to the
L. mutabilis clade.

Within L. piurensis there are two well-supported (100% BS) pairs of accessions, and one well-
supported (99% BS) subclade. Within the L. mutabilis clade the internal support is variable with occasional
moderate support.

Genetic Structure — Bayesian clustering of samples revealed that the best number of clusters, based on

AK criterion (Evanno et al., 2005), was K = 4 (Fig. 4C). To assess the genetic relationships and levels of
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admixture between L. piurensis and L. mutabilis plots of K=2 and K=3 are also presented (Fig. 4C). At K=2
there is a clear split into two groups corresponding to the two species, although two accessions of L.
piurensis (RJIE110 and CEH1998), both from San Juan, Cajamarca, Peru, show partial admixture with 20 to
25% of their genetic material being assigned to the L. mutabilis group. At K=3 two accessions of L. piurensis
(RJE122 and RJE134), both from Piura in the extreme north of Peru, group together and show no admixture.
All accessions of L. mutabilis show 75% affinity or greater to a single genetic group. The remaining
accessions of L. piurensis show varying levels of admixture. At K=4 the structure is similar to K=3 with the
same two accessions of L. piurensis (RIE122 and RJE134) forming a pair, each with no admixture and the
structure for L. mutabilis is also repeated. The pattern within L. piurensis increases in complexity with three
accessions showing admixture into a fourth group.

Demographic history of domestication — Our stringent filtering of RAD loci and SNPs resulted in
1,610 SNPs present in a sample that was ‘projected down’ to 10 alleles from each species that were used for
demographic analysis in dadi. The parameter rich dadi model used here (IM) included six free parameters
and allowed for population size change after divergence, as well as differential bi-directional migration rates
(Fig. 5A). This model fitted the data well, except for a slight excess of low- and high-frequency
polymorphisms in the observed frequency spectra for both species, compared to that predicted by the model
(Fig. 5B). Using likelihood ratio tests on the nested models, the analyses revealed that a simpler species split
model with no migration after splitting fits the data equally well (Table 1). The ML estimates of parameters
of this model (Table 1) show that L. mutabilis was domesticated from a small subset of the ancestral
population (5% of ancestral population size, N,), and subsequently experienced a 20-fold expansion in
population size such that current population size roughly matches the ancestral size. Conversely, population
size in the wild relative L. piurensis remained relatively constant, with an increase of only about 30%
relative to the ancestral population size. The estimated species split/domestication time (7= 0.239 £ 0.031)
is expressed in units of 2N, generations, where N, is ancestral population size. To convert this to years one
needs to assume plausible values of N, and the number of generations per year. The estimated average
genome-wide nucleotide diversity per site for L. piurensis across all loci reported by stacks with a maximum
of 2 SNPs and with or without variation, was 0.000549, which translates into an effective population size of
ca. 5,490, assuming a generic 2.5x10® mutation rate per generation per site. Given this population size, the

domestication occurred (0.239 * 2 * 5.500 = 2,624) ca. 2,600 (sd = 340) generations ago. If we assume one
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generation per year, which is a reasonable assumption given that L. piurensis, although a perennial, flowers
and fruits within the first year in cultivation and in the wild, then domestication occurred 2,600 BP.

Seed Weights — The graph of seed weights (Fig. 6) shows L. mutabilis to have much heavier seeds (4-
8 g per 25 seeds) than any of the other measured Andean lupin species (all < 2 g per 25 seeds) (Appendix
S3). The next heaviest seeds belong to L. semperflorens. The seed weight of L. piurensis seeds is higher than
the majority of wild Andean species measured (and further sampling of seed size variation across the range
of L. piurensis might reveal even larger seeds), most of which have very small seeds, suggesting that L.
piurensis could have been among a small set of wild species potentially pre-disposed to domestication.

Archaeological Record — Seeds of Lupinus are generally infrequent and elusive in the archaeological
record, but have been sporadically recovered from a small number of archaeological sites scattered across
central Peru and at two sites in northern Ecuador (Fig. 2; Appendix S4). Most of these, and all the early
seeds, are reported to be of wild lupins, with the first unambiguous and convincing evidence of large and
clearly domesticated L. mutabilis seeds dating to 1,800 BP from the Mantaro Valley in central Peru. This
provides a minimum age estimate for when large-seeded domesticated tarwi was cultivated and suggests that
domestication occurred sometime between 1,800 BP and 3,450 BP (Fig. 2). In addition to the archaeological
records there are a number of historical references documenting cultivation of L. mutabilis in the form of
requests to tax lupin crops following the Spanish occupation (references in Antinez de Mayolo, 1982; Gross,
1982), prompting Gross (1982) to suggest that an estimated 10,000 hectares of L. mutabilis was being grown

in Peru ca. 450 BP.
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DISCUSSION

The transition from hunter gathering to farming brought about via domestication of crops and
livestock was a pivotal turning point in human history with far-reaching impacts and consequences for the
emergence of civilisations and societal development (Diamond 2002; Fuller 2010; Larson et al., 2014). This
was very much the case in the Andes, where early agriculture led to the emergence of sophisticated pre-Inca
and Inca civilisations extending at their peak from Argentina to Colombia. However, in contrast to several
other regions of early agriculture, understanding the origins of domestication in terms of where, when, how
many times and from what progenitors Andean crops evolved has lagged behind and remains fragmentary,
limiting our understanding of agricultural origins and development in this region.

Here we present evidence suggesting that the regionally important Andean pulse crop, tarwi, L.
mutabilis, was domesticated, not in the putative south-central Andean core area of early agriculture, but
instead much further north in the highlands of northern Peru, most likely in the department of Cajamarca.
We show that all sampled accessions of L. mutabilis form a monophyletic group that is nested within L.
piurensis, a wild lupin species endemic to the western flanks of the Andes from central Cajamarca north
through Piura to the extreme south of Ecuador in Loja (Figs. 2 and 4A and Appendix S2), between 1650 and
3300 m elevation. These results strongly support the hypothesis of Eastwood and Hughes (2008) based on
morphology, that L. piurensis is the most likely living descendant of the wild progenitor of tarwi, and that
tarwi was domesticated once, within or adjacent to the extant distribution of L. piurensis. With reasonably
dense taxon sampling including 75% of Andean Lupinus species, the robust support for the L. mutabilis and
L. piurensis relationship (Fig. 4), plus evidence of strong morphological similarities between these two taxa
(Fig. 3) based on extensive field and herbarium work spanning Andean Lupinus as a whole (Hughes et al. in
prep.), taken together provide compelling evidence that L. piurensis is the likely progenitor of tarwi. While
the domestication gap in seed size between the largest-seeded wild species and domesticated L. mutabilis
seeds is large (Fig. 6), seeds of L. piurensis are among the largest of the Andean wild lupin species, a
characteristic that could have pre-disposed L. piurensis to domestication, as suggested for Fertile Crescent
cereals, but less prevalently for Fertile Crescent pulses (Preece et al., 2015).

The placement of the L. piurensis accession CEH1998 from San Juan, Cajamarca as sister to the L.

mutabilis clade, albeit with weak support (Fig. 4B), and evidence of genetic admixture between the two
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species in that accession (Fig. 4C), alongside the more distant relationship of the two accessions of L.
piurensis sampled from further north in Piura (RJE122 and RJE134) which show no admixture with L.
mutabilis samples at K=2 (Fig. 4C) and form a separate genetic cluster at K=3 and K=4, strongly point to
Cajamarca as the most likely origin of L. mutabilis. In addition, the phylogeographic relationships within L.
mutabilis, although not all robustly supported, suggest that the first-branching lineages of L. mutabilis are
from central-north Peru (Cajamarca, Ancash, Huanuco), with later nested expansions south to Bolivia and
north to Ecuador and Colombia, also pointing to a north-central Peruvian origin of tarwi, with later spread to
the north and south. Of course, the sheer geographical extent, remoteness, and physiographic heterogeneity
of the Andes, and the very sparse and fragmentary state of botanical collections in some parts of the north-
central Andes (Young et al., 2002), mean that it is entirely possible, perhaps even likely, that novel variants
related to tarwi and/or additional close wild relatives of L. mutabilis that could alter this picture, still remain
to be discovered, as has been the case for many other prominent New World crops in recent decades (lltis,
1998; Emshwiller et al., 2009; Taba et al., 2011). Pending such discoveries, a single origin of tarwi from L.
piurensis in northern Peru provides a robust working hypothesis.

The sparse occurrences of Lupinus seeds in the archaeological record are in part a reflection of the
lack of archaeological sites in the Andean highlands (Pearsall, 1992), and the fact that lupins have non-
diagnostic starch grains and so their dietary contribution cannot be studied in that way (Piperno and
Dillehay, 2008), but it is almost certainly also indicative of its later domestication. Early records are
infrequent and comprise small quantities of small seeds comparable in size to extant wild species, which are
ubiquitous throughout the high elevation Andes. To what extent these small wild lupin seeds in the
archaeological record represent gathered wild food resources or accidental incursions is not clear. We have
made sporadic observations of local small-scale cultivation of several other Andean species of Lupinus,
including L. semperflorens (which is notable as the species with the largest seeds of any wild Andean lupin —
Fig. 6), and an as yet unidentified annual or weakly biennial narrowly-restricted endemic species locally
called ‘chuguri’ which is highly valued, sown and encouraged as a green manure crop in fallow fields. Both
of these entities are found in extensive populations in different parts of the Cajamarca valley (close to the
hypothesized origin of tarwi), but it is not clear whether they were cultivated and used as food plants on any
scale in the past. This apparent confluence of lupin cultivation, involving several wild species and the

putative origin of tarwi in and around Cajamarca, may be further evidence for the importance of this region
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for early lupin use in the Andes. The earliest unequivocal archaeological evidence of domesticated tarwi
seeds c. 1,800 BP from the Mantaro Valley, Junin in central Peru, lies less than 500 km south of Cajamarca,
still well to the north of the putative core south-central Andean region where other crops are suggested to
have been first domesticated, and in line with genetic data pointing to Cajamarca as the putative area of first
domestication. It is also notable that no Lupinus seed remains have apparently been recovered from
archaeological sites further south in and around the Lago Titicaca basin, perhaps suggesting that tarwi was
only introduced to southern Peru and Bolivia later, congruent with the derived placements of Bolivian
accessions of L. mutabilis in the phylogeny (Fig. 4).

These results are very much in line with the history of domestication of tarwi as inferred from the
demographic analyses. These analyses suggest that tarwi split from its progenitor L. piurensis around 2,600
BP, was derived from an initial small subset of the ancestral population, and suffered a classical
domestication bottleneck with subsequent rapid population expansion as tarwi became widely cultivated
across the Andes. The close coincidence in estimates of the timing of domestication derived from the
archaeological record (predating 1,800 BP) and the demographic analysis (2,600 BP) is striking. The first
evidence of domesticated tarwi also significantly post-dates the estimated timing of domestication of most
other Andean crop and livestock domesticates (Pearsall, 2008; Larson et al., 2014). This later origin, well to
the north, suggests that tarwi was most likely a later secondary domesticate, added into the existing original
Andean crop and livestock assemblage as agriculture expanded northwards. The demographic analysis found
no evidence for gene flow between L. piurensis and L. mutabilis after domestication which may be the result
of conscious selection for desirable traits or unconsciously, or simply due to its cultivation predominantly
outwith the relatively narrow geographic range of L. piurensis (Hancock, 2012). As far as we can ascertain,
this is one of the first clearcut examples of a crop originating in the highlands of northern Peru. It has been
suggested that lima bean (Phaseolus lunatus L.) and coca (Erythroxylum coca Lam.) could have had their
origins in the north-central Andes (Pearsall, 2008), with lima bean potentially domesticated on the west side
of the Andes of Ecuador and northern Peru, although hard evidence remains sparse and imprecise (Gepts,
1996), and coca postulated to have been first domesticated on the moist eastern mid-elevation slopes of the
Andes (Plowman, 1984). Furthermore, although the boundaries between mid-elevation and highland

agricultural systems are far from clearcut and were interconnected from early times, both lima bean and coca
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are essentially mid-elevation, rather than true highland crops like tarwi, which is found up to 4,000m
elevation (Fig. 1).

Our results lend weight to the idea of a diffuse and temporally extended regional mosaic of
agricultural development and crop domestication in the Andean highlands, where processes of domestication
were broadly parallel, but not simultaneous for all crops, nor spatially concentrated into one core area
(Pearsall, 1992, 2008). This is very much in line with general recent thinking breaking away from centric,
‘core area’” hypotheses and interpretations in favour of more complex, protracted, multi-faceted regional
explanations and scenarios for the development of early agriculture (Fuller, 2010; Fuller et al., 2012a, 2012b;
Langlie et al., 2014).

It is notable that early domestication of lupins in the Mediterranean followed a similar trajectory to L.
mutabilis in the Andes, in that L. albus was apparently cultivated and domesticated only well after
agriculture, based on core Fertile Crescent crops (Zeder, 2008), spread westwards from the Middle East into
the Mediterranean (Deflorin et al. unpubl. data). Thus the independent domestications of wild lupins in the
Mediterranean and the Andes, both apparently represent late-stage secondary domestications, added to
existing crop assemblages several millennia after the establishment of agriculture, in areas distant from the
core areas of first agriculture and initial domestication in these regions, rather like Phaseolus L. beans in
Mesoamerica, which were apparently domesticated long after maize-based agriculture first started, and to the
west of the earliest maize and squash domestication (Smith, 2001). In this sense the independent
domestication of lupins in the Old and New Worlds apparently followed similar trajectories. They also
involved similar phenotypic changes to non-shattering pods, permeable seed coats and large seeds. However,
important differences seem to be that domestication of L. mutabilis involved a more than two-fold increase
in seed size and weight (Fig. 6), while the gap in seed size between wild and domesticated lupins in the
Mediterranean is apparently less pronounced, and the persistence of high alkaloid levels in domesticated L.
mutabilis contrasting with sweet, low-alkaloid Old World lupin domesticates.

RADseq data in domestication studies — This is one of the first studies of the origins of crop
domestication to use RADseq data, and specifically the novel nextRAD approach (Emerson et al., 2015;
Russello et al., 2015). RADseq data are potentially ideal for investigating domestication, because sequences
are obtained for many 1000s of loci distributed across the genome. Previous efforts to address the core

guestions of where, when, how many times and from what progenitor tarwi was domesticated (Eastwood and
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Hughes, 2008), were hampered by lack of phylogenetic resolution due to a lack of variation in the genetic
loci sequenced, even with 9kb of plastid and nuclear sequence data (Drummond et al., 2012). Our results
demonstrate the utility of RADseq data to generate large informative genome-wide DNA sequence datasets
that can resolve relationships among species which diverged as recently as a few thousand years ago, and
hence shed light on origins of domestication. However, it is notable that obtaining resolution among the
recently diverged species of Andean Lupinus depends on using a very large genome-wide dataset by
maximising the number of shared informative loci and SNPs. Similarly high data size thresholds in terms of
numbers of RADseq loci were also required to resolve other recent species radiations (Wagner et al., 2013;
Martin and Feinstein, 2014). Maximising the number of shared informative loci to obtain robust resolution
likely introduces SNP calling errors, consistent with the high proportion of singleton (uninformative) SNPs
and the inflated terminal branch lengths (Appendix S2), but such errors should not unduly affect tree
topology. Despite the computational challenges associated with the very large data matrix, we analyzed full
RAD sequences in a large concatenated alignment, rather than SNPs alone. This is desirable because it has

been shown that this improves accuracy of topologies and branch lengths (Leaché et al., 2015).

CONCLUSIONS

As described by Zeder (2015), understanding domestication is critical for discovery and development
of alternative crops, for on-going crop breeding and development, and for overall global food security. The
identification of L. piurensis as the most likely progenitor of L. mutabilis has important implications for
lupin breeders as a potential source of genetic variation, as well as providing important pointers for crop
genetic resource conservation. The early Hispanic tax records suggest that tarwi was grown on a much larger
scale in the past, with an estimated 10,000 hectares around 450 BP, a greater area than modern estimates
which suggest that there may have been as few as 5,200 hectares under tarwi cultivated in the 1980s (Tapia
et al., 1988). This is consistent with the idea that tarwi has declined and become marginalized with the
introduction of Old World crops (e.g. broad bean, Vicia faba). Our results suggest that the lupin genetic

resources of the Cajamarca region will be especially important to protect via a combination of ex situ and
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circa situm farm-based conservation, if we are indeed going to realize the potential of this particular ‘lost

crop of the Incas’.
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Table 1 — Parameter estimates for different demographic scenarios concerning the split between L. mutabilis and L. piurensis, and respective standard deviations (sd). IM — full IM
model with migration in both directions following split. noM — IM model without migration after split. M12 — IM model with migration after split only from L. piurensis to L.

mutabilis.
Model s
IM 0.049
noM 0.053
M12 0.049

sd

(s)
0.0062
0.0126

0.0090

1.042

1.077

1.043

sd
(N1)
0.152
0.328

0.212

1.359

1.326

1.359

sd
(N1)
0.197
0.208

0.207

Ts

0.249

0.239

0.248

sd
(75)
0.02
0.031

0.028

M=,

0.088

0.088

sd
(Mr<=2)

0.050

0.052

M=y

7.60e-05

sd
(Ma<=1)

0.027

LL

-382.055

-383.700

-382.056

Adjusted
LRT
NA
2.3592

0.0016

Parameters are: s — relative size of L. mutabilis population at time of split from ancestral species (L. piurensis relative population size at time of split is 1-s); N;and N,— current
population size of L. mutabilis and L. piurensis respectively (relative to ancestral population size); 7 — time of population split (in units of 2 x ancestral population size); M;<-,and
M,<=; — migration from L. piurensis into L. mutabilis and from L. mutabilis into L. piurensis respectively (in units of 2 x ancestral population size x m, where m is the proportion of

the receiving population made of immigrants in each generation).

LL — loglikelihood of each model. Adjusted LRT is the adjusted Likelihood-Ratio-Test comparing each simpler model to the full IM model (test is non-significant in both cases, i.e.
each of the simpler models fits the data as well as the more complex full IM model).

35



843  Figures
844

845  Fig. 1: Cultivation and food use of tarwi in the Andes. A & C, typical fields of tarwi (all the blue-green fields
846 in C), here at 3550m altitude, close to Juntatuyo, Cochabamba, Bolivia; B, variation in seed coat

847  pigmentation, including pale white seeds typical of domesticated tarwi, from cultivated plants on Isla del Sol,
848  Lago Titicaca at 3840m altitude in Bolivia; D, pink flower colour mutant individuals occur sporadically in
849  otherwise blue-flowered fields, at 3300m altitude, close to Independencia, Cochabamba, Bolivia; E & G,
850  tarwi seed after de-bittering, for sale — E in Loja, Ecuador, G at Tiquina, Lago Titicaca, Bolivia; F, cultivated
851  tarwi and gquinoa on the outskirts of the pre-Inca ruins of Markahuamachuco, La Libertad, central Peru. All
852  photos C. Hughes.

853

854  Fig. 2: A. Map showing the distributions of cultivated L. mutabilis and its wild progenitor L. piurensis based
855  on herbarium specimen data, plus locations of archaeological sites where lupin seeds have been found; B
856 timeline of archaeological remains of Lupinus in Peru and Ecuador. ‘Towle (1961); ?Pearsall (1980);

857  3Pearsall (1988); “Pearsall (2003); SHastorf (1993); ®Antlinez-de Mayolo (1982) (for more details of

858  Archaeological records see Appendix S4).

859

860  Fig. 3: Morphology of domesticated tarwi, L. mutabilis (upper row) and its putative progenitor L. piurensis
861 (lower row). A, habit; B, inflorescence, both from Hughes 2220, Celendin, Cajamarca, Peru; C, indehiscent
862  pods from Hughes 2326, Isla del Sol, Lago Titicaca, Bolivia; D, drawing; E, habit from Hughes 1997, San
863  Juan, Cajamarca, Peru; F, inflorescence and G, pods, both from Hughes 3066, Contumaza, Cajamarca, Peru;
864  H, drawing. Photos C. Hughes, botanical illustrations drawn by Rosemary Wise.

865

866  Fig. 4: A. Phylogeny of Andean Lupinus showing major clades, including the L. piurensis/L. mutabilis

867  subclade, based on RADseq data for 212 accessions (for a fully annotated phylogeny showing names of all
868  terminals see Appendix S2); B. Phylogeny of the L. piurensis and L. mutabilis subclade. Numbers above
869  nodes are bootstrap values. Geographic origins of accessions are shown next to tip labels with 1SO three

870 letter country codes and province/state; C. Genetic structure within L. piurensis and L. mutabilis.

871
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Fig. 5: Demographic history of L. mutabilis and L. piurensis. A. The IM model used in the analyses
presented here, showing all six parameters plus the ancestral population size (,) used to scale parameters.
Parameters are: s — relative size of the L. mutabilis population at the time of splitting from the ancestral
species (L. piurensis relative population size at time of split is 1-s); N; and N> — current population sizes of L.
mutabilis and L. piurensis respectively (relative to N,); Ts — time of population split (in units of 2 X N,);

M <=> and M><-; — migration rates from L. piurensis into L. mutabilis and from L. mutabilis into L. piurensis
respectively (in units of 2 x N, X m, where m is the proportion of the receiving population made of
immigrants in each generation). The relative sizes of the parameters are roughly proportional to best
estimates of IM model fitted in dadi. B. Comparison of observed (top left) and expected (top right) two-
dimensional Site Frequency Spectra, and their respective residuals (bottom) after fitting the IM model

without migration after splitting.

Fig. 6: Seed weights of 35 Andean Lupinus species, including putative close relatives of L. mutabilis and its

most likely progenitor, L. piurensis, showing the dramatic weight increase associated with domestication of

L. mutabilis (modified from Eastwood and Hughes, 2008).
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Appendix S1: Identities, localities and voucher data for sequenced accessions.

Appendix S2: ExaML phylogeny for Andean Lupinus.

Appendix S3: Raw data for seed measurements.

Appendix S4: Summary listing of Archaeological records containing Lupinus seeds in the Andean region.
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Latitud Longitud State/Provin SRA
Taxon ID e e Country ce Nreads accession
Lupinus interruptus AC11009 @ 6.3791 -72.2806 Colombia Arauca | #HHHHHHE TBA
Lupinus smithianus Kunth. BBK702 @ -0.0667| -78.3833| Ecuador Cotopaxi | ###HHH# TBA
Lupinus nubigenus Kunth BBK704 | -0.1710 -78.5980 Ecuador Pichincha ' 342,660 TBA
Lupinus ballianus C.P.Sm. CEH1989 | #####t | -76.3167 Peru Lima HHHHHH TBA
Lupinus huaronensis J.F.Macbr. CEH1991 | ####H##  -76.2039 Peru Lima Bt TBA
Lupinus piurensis C.P.Sm. CEH1997 -7.2578| -78.5114 Peru Cajamarca | ###H#HHH TBA
Lupinus piurensis C.P.Sm. CEH1998 -7.2578| -78.5114 Peru Cajamarca | ##H#H#HHH TBA
Lupinus mutabilis Sweet CEH1999 -7.1789| -78.4422 Peru Cajamarca | ####### TBA
Lupinus mantaroensis C.P.Sm. CEH2000 ' -7.2081| -78.4050 Peru Cajamarca | ####### TBA
Lupinus dillonii CEH2002 ' -7.1928| -78.3503 Peru Cajamarca | ####### TBA
Lupinus sp. nov. CEH2004  -7.0494 -78.2783 Peru Cajamarca | ####### TBA
Lupinus solangorum C.P.Sm. CEH2007 ' -7.0369| -78.2500 Peru Cajamarca | ####### TBA
Lupinus solangorum C.P.Sm. CEH2014 -7.0022| -78.5692 Peru Cajamarca | ####### TBA
Lupinus humifusus Sessé & Moc. ex G, CEH2015 ' -6.9058 -78.6081 Peru Cajamarca | ####### TBA
Lupinus prostratus different CEH2026  -6.7164| -77.8736 Peru Amazonas | #HHHHHH TBA
Lupinus chachas Ochoa ex C.P.Sm. CEH2027  -6.7128| -77.8456 Peru Amazonas | #HHHHHH TBA
Lupinus semperflorens Hartw. ex Benth CEH2032 | -5.8086 ' -77.9525 Peru Amazonas | #H#HHHHH TBA
Lupinus mutabilis Sweet CEH2039  -9.5556/| -77.7175 Peru Ancash | ######H# TBA
Lupinus huaronensis J.F.Macbr. CEH2048 | -9.8681 -77.0819 Peru Ancash | ######H# TBA
Lupinus mutabilis Sweet CEH2195 -7.1158| -78.8103 Peru Cajamarca | ####### TBA
Lupinus piurensis C.P.Sm. CEH2196  -7.1158| -78.8103 Peru Cajamarca | ####### TBA
Lupinus tomentose Cajamarca CEH2199 -7.0442| -78.2694 Peru Cajamarca | ####### TBA
Lupinus weberbaueri Ulbr. CEH2233 | -9.1264| -77.5244 Peru Ancash | ######H# TBA
Lupinus mutabilis Sweet CEH2237  -9.7358| -77.4522 Peru Ancash | ######H# TBA
Lupinus nubigenus Kunth CEH2239  -9.1264| -77.5244 Peru Ancash | ######H# TBA
Lupinus huaronensis J.F.Macbr. CEH2241 -9.8692| -77.1789 Peru Ancash | ######H# TBA
Lupinus mutabilis Sweet CEH2244  -9.6986/| -76.7569 Peru Huanuco | ####H#H#H#H TBA
Lupinus ellsworthianus C.P.Sm. CEH2246  -9.8919| -76.4628 Peru Huanuco | ####H#H#H#H TBA
Lupinus purosericeus C.P.Sm. CEH2248 | ###HHH# | -76.2167 Peru Pasco R TBA
Lupinus mutabilis Sweet CEH2253 | ### | -68.6400 Bolivia La Paz B TBA
Lupinus soratensis Rusby CEH2254 | #iH | -68.6664 Bolivia La Paz B TBA
Lupinus otto-buchteinii C.P.Sm. CEH2257 | ###### | -68.6231 Bolivia La Paz B TBA
Lupinus breviscapus Ulbr. CEH2258 | ###### | -68.5922 Bolivia La Paz B TBA
Lupinus chrysanthus Ulbr. CEH2264 | ####H | -68.1200 Bolivia La Paz B TBA

Lupinus microphyllus Desr. CEH2265 | #### | -68.1200 Bolivia La Paz B TBA
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Lupinus tominensis Wedd.

Lupinus buchtienii Rusby
Lupinus herzogii
Lupinus pulvinaris

Lupinus mutabilis Sweet
Lupinus subacaulis

Lupinus tomentosus DC.
Lupinus praestabilis

Lupinus misticola Ulbr.
Lupinus bangii Rusby
Lupinus microphyllus
Lupinus tomentosus DC.
Lupinus chrysanthus

Lupinus misticola Ulbr.
Lupinus tominensis

Lupinus bangii Rusby
Lupinus buchtienii Rusby
Lupinus herzogii Ulbr.
Lupinus semperflorens Hartw. ex Benth
Lupinus piurensis C.P.Sm.
Lupinus lindleyanus J.Agardh
Lupinus lindleyanus J.Agardh
Lupinus bangii

Lupinus prostratus J.Agardh
Lupinus piurensis C.P.Sm.
Lupinus prostratus different
Lupinus caespitosus

Lupinus humifusus Sessé & Moc. ex G.
Lupinus humifusus Sessé & Moc. ex G.
Lupinus mutabilis Sweet
Lupinus sp. B

Lupinus boyacensis C.P.Sm.
Lupinus interruptus

Lupinus cocuy-pisha

Lupinus triananus C.P.Sm.
Lupinus triananus C.P.Sm.
Lupinus tauris Benth.
Lupinus sp. H

CEH2294
CEH2295
CEH2296
CEH2298
CEH2302
CEH2319
CEH2325
CEH2353
CEH2365
CEH2367
CEH2371
CEH2372
CEH2390
CEH2391
CEH2439
CEH2443
CEH2622
CEH2623
CEH2653
CEH2663
CEH2668
CEH3020
CEH3029
CEH3030
CEH3066
CEH3115
CEH3120
GA35
GA38
GA41
GA46
GA47
GA54
GA56
GA60
GA62
GA64
GA65

HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
-6.3186
-7.1231
-8.9203
AT
-9.969
-9.969
-7.3328
-6.7289
-6.7333
4.9412
4.9373
4.3873
5.5517
5.5377
5.9918
5.9877
4.6725
4.7085
2.3625
2.1707

-66.3283
-66.3308
-66.3958
-66.3844
-65.6661
-65.7333
-69.1303
-71.5072
-70.6592
-69.2950
-70.9589
-71.0022
-73.5736
-73.5781
-68.0214
-68.4847
-64.9219
-64.9136
-78.8400
-78.8175
-77.8683
-77.4919
-77.3597
-77.3597
-78.8111
-77.8844
-77.8939
-75.3517
-75.3337
-74.1720
-73.1015
-73.0345
-72.5700
-72.5502
-73.7580
-73.8045
-76.3511
-76.4645

Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Bolivia
Bolivia
Bolivia
Bolivia
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

Cochabamba #
Cochabamba ###
Cochabamba ##
Cochabamba #t
Cochabamba ##

Potosi B
La Paz B
Arequipa | #H#HHHHHHE
Moquegua | ###H#HHH#H
Puno B
Puno B
Cuzco B
Apurimac | #######
Apurimac | #######
La Paz B
La Paz B
Tarija B
Tarija B
Cajamarca | #######
Cajamarca | #######
Ancash | ###HH#HH
Ancash | ###H#H#H#H
Ancash | ###HHH
Ancash | ####HHH
Cajamarca | #######
Amazonas | ##HHHHH
Amazonas | ##HHHHH
Caldas 917,483
Caldas B
Bogota HHHHHAT
Boyaca 748,669
Boyaca | #HHH#HIEHR
Boyaca | #HHHH#HIEHR
Boyaca | #HHHH#HIEHR
Bogota AT
Bogota AT
Huila B
Cauca AT

TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA



Lupinus sp. K

Lupinus mutabilis Sweet
Lupinus sp. K

Lupinus sp. J

Lupinus sp. |

Lupinus sp. K

Lupinus sp. J

Lupinus tauris Benth.
Lupinus sp. J

Lupinus alopecuroides Destr.
Lupinus humifusus Sessé & Moc. ex G.
Lupinus microphyllus Desr.
Lupinus santander

Lupinus tauris Benth.
Lupinus huigrensis Rose ex C.P.Sm.
Lupinus arvensis Benth.
Lupinus magniflorus C.P.Sm.
Lupinus boyacensis C.P.Sm.
Lupinus sp. F

Lupinus sp. G

Lupinus boyacensis C.P.Sm.
Lupinus oceta

Lupinus cocuy-pisha
Lupinus sp. D

Lupinus sp. D

Lupinus triananus C.P.Sm.
Lupinus monserratensis
Lupinus interruptus
Lupinus sp. C

Lupinus sp. F

Lupinus chocontensis
Lupinus monserratensis
Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta

GA67
GA70
GA71
GAT72
GA73
GA75
GA76
GA77
GA78
GAT79
GA80
GA81

GPL2574

GPL2723

GPL3307

GPL3563

GPL3814

GS005
GS008
NCO12
NCO17
NCO20
NCO30
NCO35
NCO36
NCO41
NCO45
NCO60
NCO61
NCO62
NCO63
NCO69

NCO49 1

NCO49 1

NCO49 1

NCO49 1

NCO49 1

NCO49 1

0.8443
0.9250
0.9509
0.9509
0.9470
1.0911
1.0916
1.0916
1.1912
4.8959
4.9362
4.9362
-1.6333
-3.6833
-4.0333
-3.9833
-3.5333
5.7061
5.7061
5.6567
6.0167
5.6940
6.3500
6.4167
6.4167
4.1800
5.1250
6.0233
6.0233
6.0233
5.1524
4.5703
5.7061
5.7061
5.7061
5.7061
5.7061
5.7061

-77.6860
-77.8258
-77.8338
-77.8338
-77.8394
-77.6737
-77.7212
-77.7154
-77.1478
-75.3487
-75.3275
-75.3275
-78.0833
-79.2833
-79.0667
-79.2000
-79.2000
-72.8125
-72.8125
-73.4912
-72.9333
-72.8254
-72.3333
-72.3500
-72.3500
-74.2279
-74.0006
-72.5494
-72.5494
-72.5494
-73.6748
-74.0306
-72.8125
-72.8125
-72.8125
-72.8125
-72.8125
-72.8125

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Ecuador
Ecuador
Ecuador
Ecuador
Ecuador
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

Narino
Narino
Narino
Narino
Narino
Narino
Narino
Narino
Narino
Caldas
Caldas
Caldas
Bolivar
Loja
Loja
Loja
Loja
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca
Bogota D.C.
Bogota D.C.
Boyaca
Boyaca
Boyaca
Cundinamarce
Bogota D.C.
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca
Boyaca

RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
RAHHHAHR
R
R
R
R
R
R
892,424
R
R
R
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
HHHEHT
BRI
BRI
BRI
BRI
BRI
BRI
BRI
BRI

TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA
TBA



Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta

Lupinus oceta
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Lupinus triananus C.P.Sm.
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Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha
Lupinus cocuy-pisha

Lupinus alopecuroides Destr.
Lupinus alopecuroides Destr.
Lupinus alopecuroides Destr.
Lupinus alopecuroides Destr.

NCO49 2
NCO49 3
NCO49 4
NCO49 5
NCO49 6
NCO49 7
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NCO55_1
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Boyaca
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Orde Weight per 25
Coll_ID r Species Category seeds weight(g)/1000 Height (mm) = Width (mm) Depth (mm)
CEH 2333 1 L. pulvinaris andean 0.11 4.4 1.82 2.34 1.39
CEH 2256 2 L.sp. andean 0.14 5.6 1.99 2.62 141
CEH 2261 2 L.sp. andean 0.11 4.4 2.00 2.58 1.18
CEH 2324 3 L.sp. andean 0.08 3.2 1.75 2.59 111
CEH 2294 3 L.sp. andean 0.15 6 2.26 2.96 1.36
CEH 2046 4 L. microphyllus andean 0.1 4 2.14 2.73 1.32
CEH 2272 4 L. microphyllus andean 0.15 6 2.15 2.98 1.43
CEH 2319 5 L. sp. andean 0.16 6.4 - - -
CEH 2250 6 L.sp. andean 0.17 6.8 2.27 3.28 1.39
CEH 2332 7 L.sp. andean 0.18 7.2 2.15 3.00 1.44
CEH 2276 8 L.sp. andean 0.19 7.6 - - -
CEH 2264 9 L. chrysanthus andean 0.21 8.4 2.48 3.55 1.48
CEH 2296 10 |L.tomiensis andean 0.21 8.4 2.47 3.42 1.63
CEH 2352 11 L.sp. andean 0.23 9.2 2.18 3.52 1.69
CEH 2233 12 |L. weberbaueri andean 0.25 10 2.89 4.01 1.54
CEH 2218 13 L.sp. andean 0.26 10.4 2.59 3.68 1.80
CEH 2247 14 L. sp. andean 0.26 10.4 - - -
CEH 2241 15 |L. alopecuroides andean 0.27 10.8 2.49 3.51 1.90
CEH 2274 16 L. sp. andean 0.28 11.2 - - -
CEH 2248 17 L.sp. andean 0.33 13.2 2.94 4.07 1.60
CEH 2354 18 L. misticola andean 0.33 13.2 2.17 3.67 1.46
CEH 2350 18 L. misticola andean 0.23 9.2 2.23 3.52 1.02
CEH 2365 18 L. misticola andean 0.18 7.2 2.30 3.35 1.49
CEH 2045 19 L.sp. andean 0.33 13.2 - - -
CEH 2255 20 L.sp. andean 0.33 13.2 - - -
CEH 2239 21 L. prostratus andean 0.34 13.6 3.22 4.26 1.67
CEH 2000 22 L. austrobicolor andean 0.32 12.8 - - -
CEH 2001 22 L. austrobicolor andean 0.35 14 - - -
CEH 2301 23 L.sp. andean 0.42 16.8 - - -
CEH 2037 24 L. sp. andean 0.46 18.4 3.09 4.35 2.12
CEH 2325 25 L. sp. andean 0.46 18.4 3.08 4.45 2.01
CEH 2004 26 L. sp. andean 0.58 23.2 3.56 4.78 2.05
RJE196 27 L.sp. andean 0.71 28.4 - - -
CEH 2002 28 L. sp. andean 0.73 29.2 3.75 5.32 2.30
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Appendix S4 - Summary of Archaeological records containing Lupinus seeds in the Andean region.

Records listed in chronological order with oldest first.

Date: 10,000 - 8,000 BP.

Location: Ancon, Lima, Peru.

Material: Wild lupin seeds.

Reference: Towle (1961)

Notes: There is no exact date for the Lupinus remains, but the date is given for the earliest plant remains at
the site. The presence of lupin seeds at the coast suggests movement of humans between the coast and the
sierra since all but one of the Andean species of Lupinus occur at elevations above 1000 m and the one low

elevation species is restricted to southern Peru.

Date: 9,010 - 8,125 BP.

Location: Pachamachay, Junin, Peru.
Material: Wild lupin seeds.
Reference: Pearsall (1980)

Notes: The remains could be the result of intentional or passive moment of seeds into the cave.

Date: 5,000 - 1,400 BP.

Location: Panaulauca Cave, Junin, Peru.

Material: Wild lupin seeds.

Reference: Pearsall (1988)

Notes: Lupinus seeds were found infrequently and only from the cave midden. Pearsall (1988) lists lupins as
a food source but the basis for this is not explicitly stated. The quantity and location of seed do not suggest

that lupins were cultivated or being used for food.

Date: 4,440 - 3,500 BP.

Location: La Chimba, Pichincha, Ecuador.
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Material: Wild lupin seeds.
Reference: Pearsall (2003)
Notes: Pearsall (2003) suggests the lupin seeds were harvested from wild species to provide a supplement to

the main diet staples of oca, potato and maize.

Date: ca. 3545 BP.

Location: Cotocollao, Pichincha, Ecuador.

Material: Wild or possibly domesticated lupin seeds.

Reference: Pearsall (2003)

Notes: Pearsall (2003) suggests that the presence of lupin seeds represents potential cultivation but there is

no information on seed size or abundance.

Date: 1,800 BP.

Location: Mantaro Valley, Peru.

Material: Domesticated Lupinus mutabilis seeds

Reference: Hastorf (1993) and personal communication.

Notes: The abundance and size of the seed suggest that domesticated L. mutabilis was widely cultivated at
the site alongside a set of Andean crops (oca, ullucu, mashua, potato, beans, maize and quinoa). Yields of
119-514 kg/ha have been estimated which is lower than contemporary production (ranges from 300 to 2000

kg/ha, Bellido (1984)).

Date: 1,500 BP.

Location: Nazca tombs, Peru.

Material: Reported as L. mutabilis seeds.

Reference: Antlinez de Mayolo (1982)

Notes: Seeds found are large by wild lupin standards but smaller than modern L. mutabilis. The size

difference could be either and artifact of extreme drying or and indication of early stage domestication.

Date: 540 BP
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Location: Mantaro Valley, Peru.
Material: Lupinus seeds
Reference: D’ Altroy and Hastorf (1984)

Notes: Lupinus seeds were recovered associated with ceramic remains in Inca store houses.

Other historical records purportedly referring to L. mutabilis

Geyer et al. (2003) reported finding L. mutabilis pollen within coprolites taken from three occupants of
Tomb 3 at coastal Moche site of Dos Cabezas, Peru. This finding is striking as lupins are insect pollinated
and pollen is unlikely to be widely distributed in the environment. Reinhard et al. (2007) commented on the
study by Geyer et al. (2003) and suggested that due to analytical errors some or all of the pollen
identifications were incorrect. Given this uncertainty, and the difficulty in distinguishing Lupinus pollen

from the pollen of other Papilionoid legumes, we feel this record lacks credibility.

Two illustrations on Pacheco urns, originating from coastal Nazca valleys and dated at 1,250 - 1,200 BP
have been interpreted as depicting L. mutabilis (Figs. 27a, b in Yacovleff and Herrera (1934)). Given the
lack of an accurate depiction of tarwi seeds in the illustrations, and their lack of overall similarity to tarwi,

we feel they do not provide compelling evidence for L. mutabilis cultivation in southern Peru.
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