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Abstract: While crop genetic diversity supports ecological processes and food security, there
have been few cross-cultural studies evaluating the influence of cultural and dietary factors on
the conservation of genetic resources. This study examines genetic diversity patterns of tartary
buckwheat in 18 smallholder farming communities across five regions of China (Yunnan Province,
Tibet Autonomous Region and Sichuan Province) and Bhutan managed by Yi, Tibetan, and
Bhutanese farmers using ethnobotanical surveys and DNA barcoding. Findings emphasize that
high dietary dependence linked to a single crop may result in simplification of genetic diversity
as well as agricultural systems and landscapes more broadly. We advocate for the diversification
of crops in agricultural systems as well as diets through the integration of scientific research and
farmers’ ecological knowledge and practices towards meeting global food security while supporting
environmental well-being through biodiversity conservation.

Keywords: tartary buckwheat; genetic diversity; dietary dependence; landrace diversity;
agricultural systems

1. Introduction

Crop genetic diversity is a key dimension of overall biodiversity, supporting multiple ecological
processes at the population, community and ecosystem levels, including primary productivity,
population recovery from disturbance, interspecific competition, community structure, and energy
and nutrient fluxes [1]. In agricultural and food systems, crop genetic diversity is valued for its
contribution to food security by enhancing farm-level resilience to environmental shocks [2] such as
climate change [3]. Crop genetic diversity further provides a range of nutrients, micronutrients, and
phytochemicals that support dietary quality and health outcomes [4].

Multiple mechanisms influence crop genetic diversity, such as genetic drift, natural selection,
migration, and cultural and socioeconomic variables [5–8] including farmers’ ecological knowledge,
management practices, seed exchange and selection [9]. Farmers dynamically manage crops through
a continuous process of experimentation, innovation, and exchange that may serve to enhance,
conserve, or reduce crop genetic diversity [10]. Numerous studies highlight the role of traditional
ecological knowledge and associated practices for supporting crop genetic diversity [11–14], such as
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selecting crop landraces with preferred nutrient profiles or those that are relatively more resilient to
climate variability [15]. Neighborhood groups [9] and marriage exchanges are other social factors that
shape crop diversity at local and regional levels [16–19].

While ecological, cultural, and socioeconomic factors influence crop genetic diversity, few
studies have examined the influence of cultural factors on the genetic diversity of globally minor
crops [7,19]. Tartary buckwheat (Fagopyrum tataricum (L.) Gaertn.; Polygonaceae) is a minor crop
based on global distribution that serves as a major staple food for several sociolinguistic groups in the
eastern Himalayas, including the Yi, Tibetans, and Bhutanese [12]. Buckwheat (tartary buckwheat)
is believed to originate in the region of China encompassing Sichuan, Yunnan, and Tibet [20] where
it was domesticated [21]. Today, buckwheat is primarily distributed in Bhutan and southwestern
China [22,23]. Buckwheat is valued for food security in the Himalayas due to its cold-resistant character,
short growth period [24], and nutrient-dense and rich antioxidant profile [25]. In particular, the Yi of
China’s Sichuan Province value buckwheat as a dietary staple for livestock feed, as well as part of their
creation myth and festivals [26]. Fossil pollen evidence suggests that buckwheat was part of Yi diets
over a thousand years ago [27]. Buckwheat is also commonly used as a medicinal tonic and beverage
in several eastern Asian countries including China, Japan, and Korea [25].

DNA barcoding [28] was applied to assess variation in DNA sequences of buckwheat samples
within and among study sites. As the number of DNA barcode sequences accumulates, however,
these data will provide a unique ‘horizontal’ genomics perspective with broad implications [29].
Hou et al. [30] found two separate subgroups of tartary buckwheat clustered through studying
the population genetic structure using SSR (simple sequence repeat) data. One group was mainly
distributed in Nepal, Bhutan and the Yunnan-Guizhou Plateau regions of China; the other group was
mainly derived from the Loess Plateau regions, Hunan and Hubei of China and USA. By using AFLP
(amplified fragment length polymorphism) and ISSR (inter-simple sequence repeat) markers [31],
it showed that the highest genetic diversity was presented in accessions from Yunnan which is
considered the center of origin of buckwheat. Although the genetic diversity of tartary buckwheat
have been studied by SSR [30], AFLP and ISSR [31], DNA barcoding can complement the current
research and broaden our understanding of both phylogenetic signal and population-level variation.

This study examines the relationship between agricultural management, dietary dependence,
geography, and morphological factors with buckwheat genetic diversity. Research was carried out
across southwestern China and Bhutan using ethnobotanical surveys on agricultural management
practices and diets coupled with DNA barcoding. We hypothesized the following: (1) smallholder
communities that manage and identify a greater number of buckwheat landraces (named farmer
varieties) will have greater buckwheat genetic diversity, (2) communities that have greater dietary
dependence on buckwheat will also maintain greater buckwheat genetic diversity and, (3) buckwheat
genetic differentiation varies with geography. The ultimate translational goal of this research is to
inform the conservation of crop genetic resources towards enhancing local and global food security
and overall biodiversity through diversification of agricultural systems and diets.

2. Materials and Methods

2.1. Study Sites

Fieldwork was carried out in 18 smallholder farming communities in three regions within China
(Sichuan, Yunnan & Tibet) and two regions in Bhutan (Thimphu & Paro) (Figure 1) managed by Yi,
Tibetan, and Bhutanese farmers including six smallholder communities in Sichuan, six communities
in Yunnan, three communities in Tibet, one community in Thimphu, and two communities in Paro.
Study regions were selected on the basis of the literature as either within the region encompassing
the place of origin of buckwheat [32], maintaining diverse buckwheat genetic resources [33], and/or
having expansive areas of buckwheat cultivation [34]. Study sites were further selected to encompass
the range of agroclimatic conditions where buckwheat grows in the Himalayas.
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Figure 1. Study sites. Fieldwork was carried out in 18 smallholder farming communities in three 
regions within China (Sichuan, Yunnan & Tibet) and two regions in Bhutan (Thimphu & Paro). 
Colored symbols in the map represent specific study sites in each of the three regions of China and in 
Bhutan. Specifically, black circles are Yi study sites in Sichuan Province, blue triangles are Tibetan 
study sites in Yunnan Province, red crosses are Tibetan study sites in Tibet Autonomous Region, and 
orange squares are Bhutanese communities in Bhutan. 

The geographic location of sampling sites ranged from 27°10′ N to 29°38′ N and from 89°24′ E to 
102°50′ E (Table 1). The average altitude of sites is 2620 m in Sichuan, 3490 m in Yunnan, 3200 m in 
Tibet and 2340 m in Bhutan. Sichuan has a subtropical monsoon climate, Yunnan has a cold temperate 
climate, Tibet a temperate climate, and Bhutan wet monsoonal. The topography of Sichuan is 
mountain plateau while Yunnan is defined by mountain ravines, Tibet by plateaus, and Bhutan as a 
river valley. Tibet and Yunnan have a more complex topography compared to Sichuan and Bhutan. 
Yi people are the main sociolinguistic group managing buckwheat in Sichuan, Tibetans the primary 
group cultivating buckwheat in Yunnan and Tibet, while Bhutanese practicing Tibetan Buddhism 
primarily manage buckwheat in Bhutan.  

2.2. Ethnobotanical Surveys 

A total of 160 informants from 102 households were interviewed including 56 informants in 
Sichuan, 48 informants in Yunnan, 32 informants in Tibet, and 24 informants in Bhutan. The 
ethnobotanical survey tool included a series of semistructured questions [35] to procure information 
about number and name of buckwheat landraces managed, diet habits including dietary diversity as 
well as other cultural factors (Tables 1 and S1). 

 

Figure 1. Study sites. Fieldwork was carried out in 18 smallholder farming communities in three regions
within China (Sichuan, Yunnan & Tibet) and two regions in Bhutan (Thimphu & Paro). Colored symbols
in the map represent specific study sites in each of the three regions of China and in Bhutan. Specifically,
black circles are Yi study sites in Sichuan Province, blue triangles are Tibetan study sites in Yunnan
Province, red crosses are Tibetan study sites in Tibet Autonomous Region, and orange squares are
Bhutanese communities in Bhutan.

The geographic location of sampling sites ranged from 27◦10′ N to 29◦38′ N and from 89◦24′ E to
102◦50′ E (Table 1). The average altitude of sites is 2620 m in Sichuan, 3490 m in Yunnan, 3200 m in
Tibet and 2340 m in Bhutan. Sichuan has a subtropical monsoon climate, Yunnan has a cold temperate
climate, Tibet a temperate climate, and Bhutan wet monsoonal. The topography of Sichuan is mountain
plateau while Yunnan is defined by mountain ravines, Tibet by plateaus, and Bhutan as a river valley.
Tibet and Yunnan have a more complex topography compared to Sichuan and Bhutan. Yi people
are the main sociolinguistic group managing buckwheat in Sichuan, Tibetans the primary group
cultivating buckwheat in Yunnan and Tibet, while Bhutanese practicing Tibetan Buddhism primarily
manage buckwheat in Bhutan.

2.2. Ethnobotanical Surveys

A total of 160 informants from 102 households were interviewed including 56 informants
in Sichuan, 48 informants in Yunnan, 32 informants in Tibet, and 24 informants in Bhutan.
The ethnobotanical survey tool included a series of semistructured questions [35] to procure
information about number and name of buckwheat landraces managed, diet habits including dietary
diversity as well as other cultural factors (Tables 1 and S1).
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Table 1. Buckwheat (Fagopyrum tataricum) sampling information based on location and associated socioecological factors.

Location Study Site Population
Code

Number of
Plants

Geographic
Coordinates

Altitude
(m) Climate Topography

Main
Sociolinguistic

Group

Major Staple
Food

Cultural
Lifestyle Religion

Sichuan

Zhaojue 1 6 28◦00′51.18′ ′ N
102◦50′38.11′ ′E 3010 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Zhaojue 2 6 28◦03′18.17′ ′ N
102◦49′54.83′ ′E 2570 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Zhaojue 3 6 27◦50′26.11′ ′ N
102◦47′08.91′ ′E 2260 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Zhaojue 4 6 27◦54′03.10′ ′ N
102◦50′18.16′ ′E 2980 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Butuo 5 5 27◦42′41.91′ ′ N
102◦49′06.09′ ′E 2450 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Butuo 6 5 27◦44′26.78′ ′ N
102◦47′01.00′ ′E 2460 subtropical monsoon mountain plateau Yi tartary

buckwheat farming Bimoism

Yunnan

Weixi 7 5 27◦10′39.00′ ′ N
99◦17′57.75′ ′E 2590 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Deqin 8 5 28◦29′02.26′ ′ N
98◦56′32.30′ ′E 4360 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Deqin 9 5 28◦27′06.58′ ′ N
98◦54′23.39′ ′E 3280 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Shangri-La 10 6 27◦49′37.07′ ′ N
99◦42′25.15′ ′E 3280 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Shangri-La 11 6 27◦43′19.63′ ′ N
99◦46′06.74′ ′E 3920 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Shangri-La 12 6 27◦28′51.87′ ′ N
99◦52′52.37′ ′E 3500 cold temperate mountain ravines Tibetan hulless barley nomadic Buddhism

Tibet

Lhasa 13 5 29◦38′46.80′ ′ N
91◦08′25.02′ ′E 3650 plateau temperate Tibetan plateau Tibetan hulless barley nomadic Buddhism

Linzhi 14 5 29◦38′57.02′ ′ N
94◦21′41.70′ ′E 3000 plateau temperate Tibetan plateau Tibetan hulless barley nomadic Buddhism

Milin 15 5 29◦12′57.47′ ′ N
94◦12′49.08′ ′E 2940 plateau temperate Tibetan plateau Tibetan hulless barley nomadic Buddhism

Bhutan

Thimphu 16 10 27◦28′21.79′ ′ N
89◦38′20.70′ ′E 2340 wet monsoonal mountain valley Bhutanese wheat farming Buddhism

Paro 17 10 27◦25′45.30 N
89◦24′59.72′ ′E 2270 wet monsoonal mountain valley Bhutanese wheat farming Buddhism

Paro 18 10 27◦27′08.94 N
89◦26′01.41′ ′E 2410 wet monsoonal mountain valley Bhutanese wheat farming Buddhism
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2.3. Sample Collections

A total of 114 buckwheat (Fagopyrum tataricum) individuals were randomly sampled from 18 study
populations (Table 1). Coordinates of each population were recorded. Morphological characteristics
including plant height (cm), number of branches, grain weight per plant (g), and TGW (thousand grain
weight, in g) of each sample was documented (Supplementary Table S1). Leaves from each sample
were collected, silica-dried, and stored at −20 ◦C for laboratory analysis.

2.4. DNA Isolation, PCR Amplification and Sequencing

Three candidate loci (trnH-psbA, rbcL-a and trnL-F) from the chloroplast were used as DNA
barcodes to assess sequence variation and construct phylogenetic trees among buckwheat samples.
We amplified the rbcL and trnF-L regions using standard plastid barcoding methods, and the trnH-psbA
region was amplified using primers trnH/psbA [3].

DNA was isolated from leaf samples using CTAB (cetyltrimethylammonium bromide) method [36].
The relative purity and concentration of extracted DNA was estimated by ethidium bromide staining
on agarose gels compared with known DNA concentration markers. PCR amplification was performed
in a 25 µL reaction mixture containing 2.5 µL of 10 × PCR (Polymerase Chain Reaction) buffer,
2.0 µL of 25 mmol/L MgCl2, 2.5 µL of 2.5 mmol/L dNTPs, 0.5 µL of each primer (10 µmol/L), 0.5 unit
of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), 1 µL of genomic DNA (~30 ng) and ddH2O.
The reaction was carried out in an Eppendorf thermal cycler (Eppendorf, Germany). The PCR product
was separated in 1% agarose gel, and the bands were visualized in a gel documentation imaging
system (Bio-Rad, Hercules, CA, USA). DNA sequencing was completed by Biosune Co., Ltd. (Beijing,
China). DNA sequences were deposited in Genbank (Table 2).

2.5. Genetic Analysis

Sequences were assembled and aligned by Clustal X software [37] and adjusted manually in
CodonCode Aligner [38]. PCR results and properties of the three DNA barcoding regions of tartary
buckwheat samples were analyzed by MEGA6 [39]. Genetic distance was computed by Kimura
two-parameter (K2P) model with MEGA6. A Neighbor-Joining tree and a Maximum Parsimony
tree based on single locus or combined loci were constructed by MEGA6 with bootstrap testing of
1000 replicates. Outgroup comparisons were made using Fagopyrum esculentum samples from Inner
Mongolia as well as F. dibotrys and F. tibeticum sequence data from Genbank.

Sequence data of F. tataricum samples were analyzed using a series of genetic diversity indexes
including gene polymorphisms, nucleotide diversity, and haplotype diversity by MEGA6 and
DnaSP5 software [40]. MEGA6 was used for the alignment of multiple sequences and to remove
clutter sequences. DnaSP5 was applied to the analysis of nucleotide polymorphisms from aligned
DNA sequence data among populations. In order to compare the sequenced locus, a series of genetic
diversity indexes including the number of polymorphic sites, nucleotide diversity, average number
of nucleotide differences, number of haplotypes, and haplotype (gene) diversity were calculated with
MEGA6 and DnaSP 5. Haplotype analyses with and without gaps and indels were performed
using DnaSP program. Phylogenetic trees were constructed on the basis of DNA polymorphisms by
MEGA6 to distinguish samples from different groups, including the neighbor-joining tree based
on single locus trnH-psbA gene as well as the maximum parsimony tree by combining the three
study loci for double check. Compared to the other two loci, the trnH-psbA gene provides the
highest intraspecies variation and discriminating ability in the chloroplast that has the potential to
determine genetic polymorphism.

[41]
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2.6. Statistical Analysis

Data from ethnobotanical surveys regarding number of buckwheat landraces managed and
identified by farmers, level of dietary dependence on buckwheat, and geographic area were integrated
with morphological and genetic data in order to examine the relationship of cultural factors and
morphological variables with DNA polymorphisms and genetic divergence of buckwheat samples
(Supplementary Table S2). A one-way analysis of variance (ANOVA) based on the Mann–Whitney test,
Kruska–Wallis test, and Kolmogorov–Smirnov test were applied to examine statistical relationships.

3. Results

3.1. Ethnobotanical Survey

Most households interviewed in Yunnan, Tibet, and Bhutan follow a nomadic lifestyle of herding,
whereas the Yi households interviewed in Sichuan depend on farming for their livelihood, with a focus
on buckwheat cultivation.

Informants manage and name buckwheat landraces on the basis of multiple phenotype
characteristics including seed color (including grey, black, and brown), seed shape, seed size, plant
height, and flower color (Supplementary Table S1). A total of 12 farmer-named landraces were managed
and identified during surveys in China. Tibetan informants in Yunnan manage and identify the greatest
number of buckwheat landraces including the following seven: Bian Zi Qiao, Hong Xiao Ku Qiao,
Yuan Zi Qiao, Hei Zi Qiao, Da Ku Qiao, Ku Qiao, and Hui Ku Qiao. Ku Qiao, a landrace with
a brown colored seed, was the most frequently documented buckwheat in Yunnan. A total of three
buckwheat landraces were identified in Sichuan by Yi with E Luo Wu Ci being the most frequently
mentioned landrace (by 50% of the households) followed by E Luo Wu Qie (mentioned by 33% of
the households). Both the frequently mentioned landraces by Yi smallholders are recently introduced
‘improved’ varieties that have a relatively large plant biomass. Informants in Tibet named three
buckwheat landraces while one buckwheat landrace was named by informants in Bhutan.

Dietary dependence on buckwheat as a staple food varies geographically and by sociolinguistic
group (Table 2). The Yi have the greatest dietary dependent on buckwheat as a staple grain while
hull-less barley is the staple dietary crop of Tibetans. The Bhutanese rely on a series of crops including
buckwheat, wheat, barley, and corn. Yi smallholders were the only informants that reported that
buckwheat is mentioned in their cultural stories and is part of their rituals including sacrificial practices,
hosting guests, and celebrating weddings. Tibetan households mentioned barley to be the dietary grain
that plays a central role in their rituals, while Bhutanese smallholders mentioned a series of crops.

3.2. Genetic Analysis

A total of 90 sequences were successfully obtained from the 114 samples of buckwheat that
were amplified by the three loci rbcL-a, trnH-psbA, and trnL-F and 24 sequences were unsuccessfully
sequenced (Table 2). The three loci had different performance for the amplification of different
buckwheat varieties. The rbcL-a sequence had a 90% success rate of amplification with the greatest
performance for buckwheat samples from Sichuan, Yunnan, and Bhutan. trnL-F had the lowest
performance rate with less than 50% rate of amplification while the trnH-psbA locus performed well
about 75% for samples from Sichuan and Yunnan.

DNA sequence variation of buckwheat samples was notably lower in populations from Sichuan
managed by Yi compared to those from the other study sites (Table 2). The haplotype (gene) diversity
based on the rbcL-a sequence for Sichuan was 0.362 while Yunnan, Tibet, and Bhutan had higher
haplotype with indices of 0.712, 0.900, and 0.668, respectively. Both phylogenetic trees (Figures 2 and 3)
indicate that buckwheat samples from Sichuan had fewer clades and lower genetic diversity compared
with samples from the other sites.
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Table 2. Comparative analysis of genetic diversity indexes based on genetic loci and location.

*Loci (Avg.
Sequence Length) **Groups

Number of
Amplified
Sequences

Number of
Polymorphic

Sites

Nucleotide
Diversity (Pi)

Avg. Number
of Nucleotide

Differences (K)

Number of
Haplotypes

(NHap)

Haplotype (Gene)
Diversity (Hd) Genbank No.

rbcL-a (633 bp) SC 29 4 0.00138 0.857 4 0.362
Serial No.: KP966643,
KP966644, KP966645,

KP966646 . . . KP966728
YN 28 8 0.00295 1.968 6 0.712
XZ 5 3 0.00206 1.400 4 0.900
BT 26 5 0.00199 1.262 4 0.668

trnH-psbA (408 bp) SC 27 3 0.00080 0.291 4 0.214
Serial No.: KP966756,
KP966757, KP966758,

KP966759 . . . KP966820
YN 23 5 0.00251 0.901 5 0.561
XZ 7 2 0.00180 0.762 3 0.524
BT 8 2 0.00249 0.964 3 0.607

trnL-F (849 bp) SC 5 1 0.00047 0.400 2 0.400
Serial No.: KP966729,
KP966730, KP966731,

KP966732 . . . KP966755
YN 6 3 0.00186 1.533 3 0.733
XZ 3 2 0.00152 1.333 2 0.667
BT 13 2 0.00116 1.026 2 0.513

* rbcL-a: ribulose-1,4-bisphosphate carboxylase/oxygenase large subunit; trnH-psbA: trnH-psbA intergenic spacer; trnL-F: trnL gene and trnL-F intergenic spacer. ** SC: Sichuan,
YN: Yunnan, XZ: Tibet, BT: Bhutan.
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3.3. Correlation Analysis of Cultural, Geographic, and Morphological Factors with Genetic Differentiation

Several cultural and geographical characters were found to be highly correlated to buckwheat
genetic diversity (Figure 4 and Table S2). Specifically, greater number of buckwheat landraces managed
and identified by smallholder farmers was associated with high buckwheat genetic diversity based on
the three chloroplast makers. Additionally, relatively low dietary dependence of buckwheat as a staple
crop was associated with higher buckwheat genetic diversity. Both these cultural factors associated
with higher buckwheat genetic diversity characterize field sites in Yunnan and Tibet managed by
Tibetan farmers that rely on hull-less barley as a dietary staple. Conversely, low buckwheat genetic
diversity was associated with high dietary dependence of buckwheat as a staple crop in field sites in
Sichuan managed by Yi. Significant relationships were found between morphological characters and
genetic relatedness of individuals for plant height, number of branches, grain weight per plant, and
total grain weight (Table S3).Sustainability 2017, 9, 1806  10 of 14 
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Figure 4. Correlation analysis of cultural, geographic, and morphological factors associated with
genetic differentiation of buckwheat. Several cultural, geographic, and morphological factors were
found to be highly correlated to buckwheat genetic diversity including greater number of buckwheat
landraces managed and identified by smallholder farmers and relatively low dietary dependence of
buckwheat as a staple crop. (a) Represents the geographic location factor (Sichuan, Tibet, Yunnan,
and Bhutan); (b) represents the factor of dietary dependence on tartary buckwheat; (c) represents
the factor of lifestyle (farming culture and seminomadic culture); (d) represents the factor of level
of landraces maintained in different areas. Values from 0–0.9 represent the genetic diversity of each
gene. The following letter abbreviations represent the following study site locations: SC: Sichuan,
YN: Yunnan, XZ: Tibet, BT: Bhutan.

4. Discussion

Despite the importance of crop genetic diversity for ecological processes and food security,
few cross-cultural studies have examined the relationship between cultural factors and crop
genetic diversity [6,42,43]. This study integrates ethnobotanical surveys and DNA barcoding to
examine the relationship between cultural, geographical, and morphological factors with buckwheat
genetic diversity. Results support our hypothesis that smallholder communities that manage and
identify a greater number of buckwheat landraces also maintain greater genetic diversity of this
resource. Findings further support our hypothesis that geographic factors are associated with genetic
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differentiation of buckwheat. Surprisingly, the results were inverse of our hypothesis—that smallholder
farming communities that have greater dietary dependence on buckwheat also manage greater genetic
diversity of this resource in their agricultural systems. Buckwheat samples from agricultural systems
managed by the Yi showed relatively low genetic polymorphisms compared to those managed by
Tibetan and Bhutanese smallholder farmers.

The relatively low genetic diversity of buckwheat managed by the Yi of Sichuan is likely due to
both environmental and cultural factors, including having a relatively flat terrain that is suitable for
large-scale cultivation, high dietary dependence on buckwheat as a staple crop, and limited access to
diverse seed sources because of policy and a lack of exchange through social networks [44]. The study
sites in Sichuan have a low latitude that is relatively flat with less complex topography compared
to the other sites. This flat terrain allows for large-scale and intensive production of buckwheat.
Conversely, the relatively varied, montane, and harsh environmental conditions of Tibet and Yunnan
are not conducive for the cultivation of buckwheat on a large scale and contribute to geographical
isolation, a factor that has been extensively documented to be associated with high crop diversity and
overall biodiversity [45]. Likewise, the study sites in Bhutan are mountainous with a varied landscape
that is recognized to foster crop biodiversity [46]. The study sites in both Bhutan and Sichuan were
characterized by a farming lifestyle where agriculture is the main source of livelihood.

Yi communities in Sichuan have high dietary dependence on buckwheat with this crop being
their dietary staple, while Tibetan and Bhutanese communities have lower dietary dependence on
this grain. The cultural identity of the Yi is further linked to buckwheat with its prominence in their
stories and rituals. The dietary dependence of the Yi on buckwheat likely promoted its large-scale
cultivation with selection of a few ‘pure’ landraces that were favored for specific desired characteristics
such as high-yield, drought resistance, and flavor. Similar results were reported by Idrissi et al. [47] for
lentil landraces from Morocco, where environmental stress, drought and heat, was a limiting factor
to landrace suitability providing farmers few adapted landrace options. This explained the lower
diversity find among Moroccan landraces compared to those from northern Mediterranean countries.
The Yi’s transition from a closed, subsistence farming system to a market-oriented system further
facilitates large-scale cultivation of buckwheat using a few selected landraces with desired and reliable
characteristics. This pattern of reduced diversity with increased dietary dependence on a limited
number of crop species and varieties, and increased commercialization is evidenced throughout
our entire modern food system, and calls for greater dietary diversification and consumption of
under-utilized crops [48]. Sources of diverse buckwheat seed may also no longer be available.
Tibetan smallholders who were found to maintain the greatest number of buckwheat landraces
as well as the greatest genetic diversity may engage in greater experimentation of crop landraces in
their agricultural systems because of their lower dependence on this crop as a dietary staple, and
thus lower risk. In addition, the diverse topographic conditions of the agroecosystems managed by
Tibetans may foster the need to cultivate several landraces suitable for the multiple local microclimates
and environmental conditions. As a self-fertilizing crop, buckwheat does not have the ability for
introgression with other differentiated varieties from a different and relatively far away geographic
area [49].

Seed exchange, or the lack there of, may serve as another driving mechanism for the patterns of
genetic diversity. Previous studies have shown that farmers’ seed sharing networks drive the gene
flow of crops within a region [9,17,18,50]. Access to diverse crop germplasm requires that farmers
have adequate income or connections without social or political constraints to acquire different
crop varieties [51]. The Tibetans are most likely in this study to have the most complex social
network because of their nomadic lifestyles that likely results in greater interactions with other
groups. Alternatively, the Yi and Bhutanese smallholders that follow an agricultural lifestyle may
experience relatively less interaction with other communities because of long distances between
different communities. Ethnobotanical interviews verified that buckwheat landraces are hard to
access for the Yi people of Sichuan from the market, partly because Chinese seed policy prohibits the
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marketing of crop varieties if they fail to pass government verification standards [52]; rather, Chinese
seed policies focus on production and promotion of new seed varieties [53].

5. Conclusions

This study demonstrates that ecological and cultural factors influence crop genetic diversity of
a globally minor crop serving as a dietary staple in the Himalayas, tartary buckwheat. Specifically,
we demonstrated that high dietary dependence linked to a single crop can result in its lowered
genetic diversity and simplification in agricultural systems despite rich cultural history. The pattern
of reduced diversity with increased dietary dependence is evidenced throughout our entire modern
food system and calls for greater diversification of agricultural systems as well as greater consumption
of under-utilized crops. We refer, in particular, to empirical research supporting the following
activities and priorities: (1) assessment of diversity and distribution of traditional crop resources,
(2) studies and programs linking informatics, genetic analysis, and traditional knowledge, (3) increased
access to diverse planting materials, (4) improving the value of crop genetic diversity through better
management and crop breeding programs, and (5) ensuring market and non-market benefits reach
the custodians of crop genetic diversity. These proposed research and outreach activities include
enhancing the dialogue between farmers and scientists through a participatory approach aimed at
improving smallholder agroecosystems, diets, livelihoods and global food security more broadly. Such
scientific and conservation efforts are particularly essential in the context of global environmental
change, as well as the need to sustainably feed a growing population with limited natural resources
while supporting biodiversity of the planet.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/9/10/1806/s1,
Table S1: Data and statistics of morphological features and genetic diversity of buckwheat from four study sites,
Table S2: Correlation analysis of the relationship between buckwheat genetic diversity and socioecological factors,
Table S3: Correlation analysis of the relationship between morphological characters and genetic relatedness of
individual buckwheat samples.
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