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Abstract The conservation of landraces in Europe is

challenging because very often they have already

disappeared or cannot be properly identified, which in

turn prevents any possibility for their utilization. This

work deals with the collection of molecular and

historical data to identify and study the original

landraces of common buckwheat (Fagopyrum escu-

lentum Moench), locally cultivated in Northern Italy

(Valtellina) and to date surviving among other com-

mercial varieties, recently introduced in the same areas

of the Alps. As plant materials of F. esculentum, we

analyzed a number of Italian accessions along with two

foreign accessions from Poland andNepal, for a total of

174 individuals. Molecular investigations were based

on a set of eight nuclear SSR marker loci. The mean

observed heterozygosity over all accessions was equal

to Ho = 0.466, being significantly lower than the

expected heterozygosity (He = 0.764).Amajor finding

was the recognition of a marked inbreeding rate

(Fit = 0.387) and a reduced fixation index

(Fst = 0.061), indicating that most genetic variation is

found within populations. A significant overall gene

flow among accessions was found (Nm = 3.846).

Results indicated that only two of the examined

accessions, the so-called ‘‘Nustran’’ and ‘‘Curunin’’,

could be considered, authentic Valtellina landraces. On

the basis of results, we successfully developed a multi-

locus marker system and identified a number of co-

dominant marker alleles suitable for genetic traceabil-

ity and authenticity certification of a ‘‘Nustran’’ and a

‘‘Curunin’’ autochthonous landraces of Valtellina and

its food derivatives (i.e., Pizzoccheri, Polenta taragna).
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Introduction

A landrace, according to Camacho et al. (2005), is ‘‘a

dynamic population of cultivated plants that has
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historical origin and distinct identity, and lacks formal

crop improvement, as well as often being genetically

diverse, locally adapted and associated with traditional

farming systems’’. Landraces represent not only a

valuable source of potentially useful traits, but also an

irreplaceable bank of highly co-adapted genotypes

(Brush 1999). Despite their importance, the cultiva-

tion or use of landraces is challenging because in many

cases they have already disappeared or cannot be

properly identified (de Carvalho et al. 2013; Jaradat

2014), which in turn, prevent the possibility for their

conservation and valorization.

In this context, the importance of landraces of

species of interest for agriculture has rapidly increased

and the concept of biodiversity conservation has been

extended from wild species to crops and livestock

(Jarvis et al. 2008; Pessina et al. 2011). The impor-

tance of landraces has increased for several reasons,

the most important of which are: (1) the awareness of

customers looking for organic products related to local

chains of production, (2) the fact that landraces are

sources of genetic diversity that find utility to improve

standard crops in a changing climate (Esquinas-

Alcazar 1993; Fideghelli and Engel 2009), (3) their

potential economic value at different market scale.

Such an interest actively stimulates the study, rescue

and valorization of landraces (e.g. Janick et al. 2007;

Cavagna et al. 2012). Moreover the political entities

implemented their legislation to assure the conserva-

tion of landraces threatened by genetic erosion,

especially in the most developed countries (e.g. EU

Directives 2008/62/EC and 2009/145/EC ‘‘providing

for certain derogations, for acceptance of vegetable

landraces and varieties which have been traditionally

grown in particular localities and regions and are

threatened by genetic erosion’’). Furthermore, world-

wide initiatives for the conservation and valorization

of landraces are currently active (e.g. Bioversity

International and more recently the initiatives of the

Global Crop Diversity Trust, The Global Seed Vault,

etc.).

The major problems related to the use of landraces

are to understand whether historically documented

landraces yet exist in their original locations, on one

side, and to distinguish them within the plethora of

similar commercial varieties, on the other. Knowledge

of germplasm diversity among local populations and

breeding stocks is expected to have a significant

impact on the improvement of crop plants. It can be

obtained by surveying both qualitative and quantita-

tive morphological traits, or using molecular markers

for investigating polymorphisms at the DNA sequence

level (Barcaccia et al. 1999). In fact, besides linkage

mapping, gene targeting and assisted breeding, the

plant DNA polymorphism assays are powerful tools

for characterizing and investigating germplasm

resources and genetic relatedness. Among the PCR-

derived techniques, a co-dominant marker system

widely exploited for population genetics is that based

on microsatellites or simple sequence repeat (SSR)

markers (Morgante and Olivieri 1993). In the last few

decades, molecular markers have been successfully

used to characterize and preserve many landraces

across the most important crop species.

Among cultivated species, an interesting case is

represented by landraces of common buckwheat

(Fagopyrum esculentum Moench), a plant of the

Polygonaceae family largely distributed and used for

human feeding. The traditional use of buckwheat is

common in East Asia, where the species is likely

native (Ohnishi 1994, 1998), and also in North-East

Europe, where buckwheat was probably introduced

since the Neolithic era (Alenius et al. 2013) with

documents attesting its cultivation in the Alps since

XVI century (Giacomini 1954; Ferranti et al. 2002).

The European populations of common buckwheat are

likely to derive from China through the silk-road

(Ohnishi 1993). In Europe, and in the Alpine region,

the species F. tataricum is also present, being its

occurrence highly dependent on the cultivation of F.

esculentum (Hammer et al. 1999). Common buck-

wheat is an open-pollinated plant species character-

ized by allogamy due to heterostylic system of

incompatibility, as a consequence individuals within

a stylar type are self-incompatible as well as cross-

incompatible (Ohnishi and Asano 1999; Zeller and

Hsam 2001; Cawoy et al. 2009). Previous studies

based on molecular markers in F. esculentum showed

that local populations of this species are represented

by collections of highly heterozygous and heteroge-

neous plants, although certain landraces from South-

ern Europe often revealed a genetic variation lower

than that found in Asiatic and Northern Europe

landraces, and a greater genetic differentiation of

landraces that often show differences in seed husk

color (Ohnishi 1993). As a consequence, European

populations of cultivated F. esculentum are of special

interest to address general issues concerning the
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conservation of landraces in general. Differently from

South-Eastern Asian countries, like for instance Tibet,

Nepal and China, the use of landraces of buckwheat in

the Alps declined since sixties, with the risk of

extinction of landraces (Ohnishi 1993). This is a

common fate for many landraces in most developed

countries, where the use of standard products has

already brought to their loss and genetic erosion

(Negri et al. 2009; Raggi et al. 2013). Recently

common buckwheat is returning popular as a conse-

quence of increasing gluten-free product market.

However, in Italy, most of the landraces of F.

esculentum have been largely replaced by commercial

seeds, imported from Central Europe (see also

Laghetti et al. 1993). Nevertheless, few local popula-

tions supposed to be well adapted to the agro-

environmental conditions of the historical sites of

cultivation are still cultivated in the Central Alps

(Valtellina).

In this work we put together molecular and

historical data with the aim to implement a multi-

locus genotyping reference system, based on co-

dominant microsatellite markers, to identify, if yet

existing, and to characterize, the genetic structure of

these relict landraces of common buckwheat, histor-

ically cultivated in the Italian Alps. Genetic variation

within farmer’s populations, often indicated with

vernacular names, and their genetic relationships with

commercial varieties, currently cultivated in Valtel-

lina and Trentino areas are here investigated. The

description of the genetic traits of the common

buckwheat landraces, historically cultivated in the

Italian Alps, allows the conservation of the germplasm

(i.e., seed banking), favors its traditional utilization

and, in a broader perspective, supports discussion on

general issues related to the identification of landraces

by means of molecular analyses.

Materials and methods

Plant materials

Plant material of Fagopyrum esculentum

(2n = 2x = 16)was represented by 9 Italian accessions

(Table 1; Fig. 1) collected in the Valtellina valley,

Lombardy (VARA,VARB,VARC,RS4, RS5,RS6 and

RS10) and in Trento province (TNC and TNT) during

2013. Moreover, 2 foreign accessions from Poland

(POL1) andNepal (NEP2), even collected in 2013,were

used for comparisons in all molecular analyses. The

gene pool of each population was represented by a sub-

sample of 12–19 randomly chosen plants (see Table 1).

According to information of local farmers based on

tradition, in Valtellina the most ancient germplasm is

called ‘‘Nustran’’, whereas a French variety was intro-

duced later and called ‘‘Curunin’’ (or ‘‘Furest’’,meaning

‘‘coming from abroad’’). The ‘‘Nustran’’ and ‘‘Curunin’’

selected accessions are easily distinguished on the basis

of seedmorphology and colour: ‘‘Nustran’’ is cultivated

up to 850 m a.s.l. and shows bigger seeds than

‘‘Curunin’’ which is cultivated up to 1200 m a.s.l.;

moreover ‘‘Nustran’’ has brown seeds, whilst ‘‘Cu-

runin’’ has grey seeds (see Fig. 1).

Genomic DNA isolation

Genomic DNA was isolated from 100 mg of fresh leaf

tissue using a CTAB-based protocol for DNA purifi-

cation, modified from Doyle and Doyle (1987). The

integrity of extracted DNA samples was estimated by

electrophoresis on a 0.8 % agarose/1 9 TAE gel

containing 1 9 Sybr Safe DNA stain (Life Technolo-

gies). Both purity and quantity of DNA extracts were

assessed by means of the NanoDrop 2000c UV–Vis

Spectrophotometer (Thermo Scientific).

Analysis of SSR markers

PCR amplifications and microsatellite (SSR) marker

analyses for the genotyping of the 216 common

buckwheat plants were performed as described by

Barkley et al. (2007) using a M13 labeled primer (50-
TTGTAAAACGACGGCCAGT-30), in combination

with a specific SSR-targeting forward primer with a 50-
M13 tail and a specific SSR-targeting reverse primer

(see supplementary materials, Table S-1). The set of

SSR marker loci investigated in this study was

obtained from Konishi et al. (2006) and Iwata et al.

(2005). Each PCR reaction consisted of a 10 ll final
volume containing 1 9 Platinum Master Mix (Life

Technologies), 10 % PCR Enhancer, 0.05 mM for-

ward primer with a 50-M13 tail, 0.15 mM reverse

primer, 0.10 mM M13-labelled primer (Life Tech-

nologies), 10 ng DNA and distilled water. All PCR

reactions were performed using a thermal cycler with

96-well plate (Applied Biosystems 9600). All SSR

marker loci were assayed using the same cycling
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Table 1 Information on common buckwheat accessions analyzed in this study

Accessions (ID code and region) Location/origin (country and province) Sample size Vernacular name

Italian accessions

Subgroup Valtellina (Lombardy region, Italy)

VARA Teglio (SO) 16 Nustran

RS4 Postalesio (SO) 18 Nustran

RS5 Vervio (SO) 19 Nustran

VARB Teglio (SO) 18 Curunin

VARC Teglio (SO) 15 Curunin

RS6 Baruffini di Tirano (SO) 17 Curunin

RS10 Teglio (SO) 17 Curunin

Subgroup Trentino (Trentino region, Italy)

TNC Capriana (TN) 15 n.a.

TNT Terragnolo (TN) 15 n.a.

Foreign accessions

POL1 n.d. (Poland) 12 –

NEP2 Chaurikarka (Nepal) 12 –

Fig. 1 A Sample of Fagopyrum esculentum; B Area of provenience of the Italian accessions of the species. Different seed shape and

colour of ‘‘Nustran’’ (C) and ‘‘Curunin’’ (D) biotypes. (Color figure online)
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conditions. The program consisted of 1 cycle at 95 �C
for 2 min for the initial denaturing step, 5 cycles of

95 �C for 30 s, 60 �C for 30 s and 68 �C for 45 s, 35

cycles of 95 �C for 30 s, 58 �C for 30 s and 68 �C for

45 s, 1 cycle of 68 �C for 60 min for final extension

and a 4 �C hold for temporal storage. The PCR

products were then diluted in formamide and sub-

jected to capillary electrophoresis with the ABI

PRISM 3130xl Genetic Analyzer. The LIZ500 was

adopted as molecular weight standard.

Marker data analysis

Polymorphisms highlighted within and between the

different common buckwheat accessions were used to

estimate the level of genetic diversity and differenti-

ation existing within and among the considered

accessions. Descriptive genetic diversity and differ-

entiation statistics, as well as inbreeding coefficients,

were calculated using the POPGENE software pack-

age version 1.32 (Yeh et al. 1997). The average

number of alleles observed per locus (na) was

computed as the arithmetic mean of the total number

of alleles observed at each locus. The effective number

of alleles per locus was computed as ne ¼ 1=
P

p2i ,

where pi is the frequency of the ith allele (Kimura and

Crow 1964). For each marker locus and over all loci,

the genetic diversity was computed as H ¼ 1�
P

p2i ,

corresponding to the expected heterozygosity of Nei

(1973). Genetic diversity values were reported not

only as observed heterozygosity (Ho), but also as

expected heterozygosity (He) and average heterozy-

gosity (Ha). Moreover, the unbiased heterozygosity of

Nei (1978) was calculated using the algorithm of

Levene (1949). These parameters were also calculated

for all buckwheat accessions. The phenotypic diver-

sity of marker allele profiles was estimated using the

Shannon’s information index, I ¼ �
P

p2i ln p
2
i , as

reported by Lewontin (1974). A hierarchical analysis

of variance with estimation of F-statistics (Wright

1965) was also performed. Estimates of heterozygos-

ity within subpopulations (Fis) and between subpop-

ulations (Fit) were determined, as was the fixation

index (Fst) according to Wright (1978). In particular,

the inbreeding coefficients Fis and Fit were computed

for single SSR loci to measure the deficiency (positive

values) or excess (negative values) of heterozygotes at

each locus. Moreover, Fst measures the genetic effect

of total population subdivision as the proportional

reduction in overall heterozygosity owing to variation

in SSR allele frequencies among different subpopula-

tions (i.e., accessions). Values of Fst were averaged

across populations and over all loci. Gene flow was

estimated from FST as follows: Nm ¼
0:25 1� Fstð Þ=Fst (McDermott and McDonald

1993).

The cluster analysis was performed according to the

unweighted pair-group arithmetic average method

(UPGMA), and the dendrogram and centroids of all

populations were constructed from the symmetrical

mean genetic similarity matrix. All calculations and

analyses were conducted using the Numerical Taxon-

omy and Multivariate Analysis System (NTSYS-pc)

version 2.21q (Rohlf 1993). The proportion of genetic

similarity (GS) in all pair-wise comparisons of indi-

viduals was calculated by applying the coefficient of

simple matching (Rohlf 1993). The principal coordi-

nates analysis (PCA) technique was then applied to

compute the first two principal components from the

qualitative data matrix. Neighbor-joining (NJ) trees

were computed on the basis of the symmetrical matrix

of pair-wise genetic similarity estimates for the whole

population of buckwheat. A bootstrap statistical

analysis was conducted to measure the stability of

the computed branches with 1000 resampling

replicates.

The estimation of molecular variance (AMOVA)

existing within and between common buckwheat

populations was performed using the software GenA-

lEx 6.501 (Peakall and Smouse 2006).

The overall genetic structure of the buckwheat

accessions (174 individuals) was also investigated

using the model-based clustering algorithm imple-

mented in the STRUCTURE software (Falush et al.

2003), which groups the individuals according to

marker allele combination and distribution. All sim-

ulations were executed with no a priori population

information. Calculations were performed with

500,000 iterations, a burning period equal to 500,000

and by adopting the following setting: (1) the admix-

ture ancestry model; (2) allele frequencies correlated

among populations. Computations were made with 20

replicated runs, with each run exploring a range of K

spanning from 1 to 12. The most likely value of K was

estimated using DK, as reported in other studies

(Evanno et al. 2005).
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Results

Genomic loci of SSR markers scored from a minimum

of 7 to a maximum of 22 marker alleles (15 on

average), with values of polymorphism information

content (PIC) that ranged from 0.69 to 0.95, hence

underlying high levels of genetic variability not only

within but also among buckwheat accessions (see

Supplementary materials, Table S-1).

Descriptive statistics of SSR marker loci

in common buckwheat accessions

Descriptive statistics over all SSR loci along with

information on the amount of genetic diversity found

across molecular markers and plant accessions are

reported in Table 2. All the exploited marker loci were

polymorphic among individuals and accessions, with

frequency of the most common marker allele that was

equal to 0.684 per SSR locus (Table 2). The mean

number of observed alleles per SSR locus was found

as high as 15.000 over all common buckwheat

accessions (Table 2). The mean number of observed

alleles per SSR locus was equal to 14.000 (subgroup

Valtellina) and 7.625 (subgroup Trentino) in the local

accessions, whereas it varied from 5.750 to 8.000 in

the foreign (Nepal and Poland, respectively) acces-

sions (Table 2). Moreover, the effective number of

alleles per SSR locus was equal to 4.850 (Table 2). It

is worth mentioning that these descriptive statistics

were comparable for both ‘‘Nustran’’ and ‘‘Curunin’’

biotypes, being the number of observed and effective

alleles per SSR locus equal to 11.875 and 11.250, and

to 5.253 and 4.540, respectively (see Table 2).

Estimates of both the unbiased Nei’s genetic

diversity (H) and the Shannon’s information index of

phenotypic diversity (I) were used as parameters for

the characterization of the gene pools of local and

introduced buckwheat accessions (Table 2). The mean

genetic diversity computed over all marker loci and

plant accessions was equal to 0.762 (SD = 0.120),

and ranged from aminimum of 0.483 (locus FES1346)

to a maximum of 0.860 (locus FES1303). The

measures of molecular genetic diversity computed

for the subgroups of plant accessions were relatively

similar, varying from 0.673 (Trentino accession TNC)

to 0.764 (Valtellina accession VARA). Moreover, the

two main Valtellina accessions scored values of

genetic diversity equal to 0.776 for ‘‘Nustran’’ and to

0.743 for ‘‘Curunin’’ accessions (Table 2). The Shan-

non’s information index computed over all marker loci

and plant accessions was equal to 1.875

(SD = 0.427), and ranged from a minimum of 0.970

(locus FES1346) to a maximum of 2.285 (locus

FES1303). This information index of marker pheno-

typic diversity was higher in the Valtellina accessions

with respect to Trentino accessions (1.876 vs. 1.519,

respectively), showing the lowest estimate in the

Nepal accession (1.438). Moreover, the two main

Valtellina accessions scored measures of marker

phenotypic diversity equal to 1.890 for ‘‘Nustran’’

and to 1.762 for ‘‘Curunin’’ accessions (Table 2).

Descriptive statistics for Nei’s genetic diversity (H

statistics) and Wright’s inbreeding coefficients (F

statistics) for single marker locus and population

accessions were also computed (Table 3). The mean

observed heterozygosity (Ho) was as low as 0.466 in

the population accessions, ranging from 0.423 to

0.531, and being equal to 0.452 for the subgroup

Valtellina and to 0.458 for the subgroup Trentino. The

‘‘Nustran’’ and ‘‘Curunin’’ accessions were shown to

have an observed heterozygosity of Ho = 0.429 and

Ho = 0.471, respectively (Table 3). An important

finding is that the expected heterozygosity (He) over

all the plant accessions scored a mean value equal to

0.764, ranging from 0.698 to 0.790, being significantly

higher than the observed heterozygosity. For instance,

the estimates of expected heterozygosity for the

‘‘Nustran’’ and ‘‘Curunin’’ accessions were as high

as He = 0.784 and He = 0.750, respectively

(Table 3). As a consequence, Wright’s inbreeding

coefficients Fis and Fit scored positive values, reveal-

ing a marked deficiency of heterozygotes at each locus

and across individual accessions and accession

subgroups.

The value of Fis calculated for each single locus and

over all accessions underlined a strong defect of

heterozygosity that, on average, was higher for the

Italian (Valtellina and Trentino) accessions than for

the Poland and Nepal entries, with a mean value equal

to Fis = 0.347 (Table 3). In particular, this inbreeding

coefficient for plant accessions ranged from 0.252 up

to 0.446, being on average equal to 0.422 and 0.331 for

‘‘Nustran’’ and ‘‘Curunin’’ accessions, respectively

(0.371 for the Valtellina subgroup) and equal to 0.333

for the Trentino subgroup (Table 3). Values of the

fixation index Fst computed for each locus and over all

accessions are reported on Table 3. This parameter
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ranged from 0.034 to 0.116 across marker loci and

varied from 0.026 to 0.094 across plant accessions,

with an average value equal to 0.061 (Table 3). Such a

fixation index indicates that most of the genetic

variation (i.e., about 94 %) is occurring within acces-

sions and that genetic differentiation among local

populations and foreign introductions is very low (i.e.,

only 6 % of the total genetic variation was found

among common buckwheat accessions). A supple-

mentary classification of the Italian accessions under-

lined a narrow range of variation for the Fst estimates,

as this fixation index was low for both the Trentino

subgroup (0.024) and the Valtellina subgroup (with

similar values for ‘‘Nustran’’ and ‘‘Curunin’’ acces-

sions, 0.050 and 0.048, respectively).

Estimates of gene flow (Nm) were also computed

for each locus and across accessions (Table 3). The

calculated Nm values were[1 in all assayed marker

loci, ranging from 2.4 to 9.5 over all accessions (on

average, Nm = 3.846), and hence supporting a high

genetic introgression and a little genetic differentia-

tion between autochthonous populations locally cul-

tivated in the Alps and foreign accessions introduced

in Northern Italy.

Genetic distances among common buckwheat

accessions and genetic structure analysis

The level and gradient of genetic variation existing

among buckwheat individual plants within as well as

Table 2 Descriptive

statistics of genetic

diversity calculated across

markers and buckwheat

accessions, including allele

sample size of individual

genotypes (S), frequency of

the most common marker

allele (pi), average number

of observed alleles (na) and

effective number of alleles

(ne) per marker locus,

unbiased Nei’s molecular

genetic diversity (H), and

estimates of Shannon’s

information index of marker

phenotypic diversity (I)

The overall values and

standard deviations are also

reported for each of the

parameters

SSR loci S pi na ne H I

FES1407 343 0.406 22.000 4.688 0.787 2.063

FES1346 347 0.684 8.000 1.934 0.483 0.970

FES2802 341 0.284 13.000 5.421 0.816 1.922

FES1286 331 0.469 18.000 3.939 0.746 1.965

FES1303 327 0.258 19.000 7.149 0.860 2.285

FES1094 272 0.272 18.000 6.469 0.845 2.220

FES3331 343 0.377 7.000 4.078 0.755 1.551

FES3508 275 0.378 14.000 5.118 0.805 2.024

Nustran accessions

VARA 31 0.562 7.250 4.930 0.764 1.696

RS4 36 0.650 8.500 4.690 0.750 1.712

RS5 38 0.625 7.375 3.962 0.709 1.542

Overall Nustran 105 0.614 11.875 5.253 0.776 1.890

Curunin accessions

VARB 35 0.684 7.125 4.014 0.717 1.570

VARC 29 0.750 6.500 3.832 0.707 1.504

RS6 33 0.684 6.500 3.908 0.710 1.501

RS10 33 0.736 7.375 4.230 0.705 1.581

Overall Curunin 130 0.711 11.250 4.540 0.743 1.762

Subgroup Valtellina 235 0.668 14.000 4.963 0.763 1.876

Trentino accessions

TNC 29 0.767 6.000 3.830 0.673 1.408

TNT 30 0.625 6.250 3.790 0.699 1.452

Subgroup Trentino 59 0.694 7.625 3.995 0.703 1.519

Foreign accessions

NEP2 (Nepal) 22 0.750 5.750 3.742 0.696 1.438

POL1 (Poland) 33 0.735 8.000 4.431 0.737 1.666

Overall buckwheat accessions 348 0.684 15.000 4.850 0.762 1.875

SD 0.246 5.398 1.615 0.120 0.427
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between accessions was primarily investigated by

calculating genetic similarity estimates in all possible

pair-wise comparisons among the 174 samples using

the whole set of marker alleles scored at all genomic

loci. In particular, the individual plants from different

accessions exhibited a very high level of genetic

similarity that varied between 85 and 98 %. The

overall population of common buckwheat did not show

any segmentation or division in subpopulations, in fact

none of the ordinationmethods (i.e., UPGMA trees and

PCA centroids) based on genetic similarity estimates

revealed any relevant formation of subgroups of

individuals or subclusters of accessions (see Supple-

mentary materials, Figure S-1, panels A and B).

An additional cluster analysis was based on marker

allele frequencies for computing genetic distances in

all possible pair-wise comparisons among the 11

accessions. The NJ tree of all the accessions was then

constructed revealing a slightly structured distribution

of common buckwheat accessions (Fig. 2). In fact, the

Italian accessions from Valtellina and Trentino areas

were clustered together in a single well-defined

subgroup, supported by a bootstrap value equal to

50 %, with the exception of a ‘‘Nustran’’ accession

Table 3 Summary of

H-statistics, F-statistics and

gene flow (Nm) estimates

for individual SSR marker

loci and buckwheat

accessions. Nei’s genetic

diversity values were

calculated as observed

heterozygosity (Ho),

expected heterozygosity

(He) and average

heterozygosity (Ha)

Wright’s inbreeding

coefficients Fis, Fit and Fst
are also reported as

measures of genetic

differentiation within and

between buckwheat

accessions

H-statistics F-statistics Gene flow

Ho He Ha Fis Fit Fst Nm

Locus

FES1407 0.441 0.789 0.737 0.396 0.430 0.057 4.122

FES1346 0.314 0.484 0.463 0.328 0.351 0.034 7.074

FES2802 0.627 0.818 0.784 0.194 0.225 0.039 6.181

FES1286 0.594 0.748 0.716 0.159 0.202 0.051 4.701

FES1303 0.579 0.863 0.812 0.287 0.325 0.054 4.420

FES1094 0.235 0.849 0.774 0.715 0.736 0.074 3.133

FES3331 0.723 0.757 0.714 -0.009 0.044 0.052 4.523

FES3508 0.217 0.807 0.720 0.684 0.721 0.116 1.909

Nustran accessions

VARA 0.423 0.790 0.764 0.446 0.460 0.026 9.550

RS4 0.425 0.771 0.750 0.433 0.458 0.043 5.515

RS5 0.437 0.729 0.710 0.385 0.443 0.094 2.399

Overall Nustran 0.429 0.784 0.741 0.422 0.450 0.050 4.865

Curunin accessions

VARB 0.447 0.738 0.717 0.377 0.404 0.044 5.432

VARC 0.531 0.733 0.710 0.252 0.292 0.053 4.438

RS6 0.489 0.735 0.710 0.311 0.348 0.053 4.438

RS10 0.430 0.727 0.710 0.394 0.427 0.053 4.438

Overall Curunin 0.471 0.750 0.710 0.331 0.363 0.048 4.978

Subgroup Valtellina 0.452 0.767 0.723 0.371 0.406 0.055 4.250

Trentino accessions

TNC 0.459 0.698 0.672 0.317 0.359 0.061 3.818

TNT 0.456 0.724 0.670 0.319 0.363 0.064 3.641

Subgroup Trentino 0.458 0.716 0.686 0.333 0.349 0.024 10.117

Foreign accessions

NEP2 0.512 0.729 0.737 0.305 0.330 0.035 6.824

POL1 0.531 0.761 0.696 0.237 0.305 0.089 2.559

Overall accessions 0.466 0.764 0.715 0.347 0.387 0.061 3.846

SD 0.193 0.120 0.108 0.251 0.244 0.026 1.614
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(VARA) and a ‘‘Curunin’’ accession (RS6), that were

clustered apart, with a bootstrap value as high as 94 %.

It is worth nothing that the accession from Nepal was

split from that introduced from Poland, being the

former clearly differentiated from all Italian acces-

sions (bootstrap equal to 71 %) and the latter closely

related to Italian accessions (bootstrap equal to 27 %).

If it is true that ‘‘Nustran’’ and ‘‘Curunin’’ accession

subgroups are not genetically distinguishable each

other, it is also true that two of the Italian accessions

largely cultivated in the past in the Valtellina valley

have shown marker allele compositions and frequen-

cies that make them genetically traceable from the rest

of accessions, including foreign ones (Fig. 2).

Principal coordinate analysis allowed the definition

of centroids for all the 11 common buckwheat

accessions (Fig. 3). Most of the accessions could be

discriminated from each other on the basis of their

marker alleles and genotypes, even though the Italian

accessions and subgroups were closely plotted in the

central part of the four main quadrants (Fig. 3). The

first two principal components were able to explain

36 % of the total genetic variation found within the

population as a whole. In particular, the first compo-

nent, which explains about 21 % of the total diversity,

was positively associated with the Trentino accessions

and negatively associated with one ‘‘Nustran’’ and two

‘‘Curunin’’ accessions from Valtellina and the Poland

accession. The second component, which explains

15 % of the total diversity, was clearly able to

discriminate the Nepal accession (Fig. 3).

On the basis of all SSR marker alleles, the genetic

structure of the common buckwheat accessions was

investigated using the STRUCTURE software. Each

plant accession is represented by a vertical histogram

portioned into K = 3 colored segments that represent

the estimated membership of each hypothesized

ancestral genotype (Fig. 4). Single plant accessions

were sorted by population types and by membership

coefficients: the clustering of genotypes according to

the former data revealed the occurrence of highly

Fig. 2 NJ tree based on the

whole SSR marker data set,

displaying the genetic

distances among pair-wise

comparisons of plant

accessions, with branches

and nodes supported by

bootstrap values

Fig. 3 2D centroids derived from the genetic similarity

estimates computed among plant accessions in all possible

pair-wise comparisons using the whole SSR marker data set
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admixed genotypes (Fig. 4, upper panel A), whereas

the grouping of genotypes according to the latter data

showed three distinct subgroups each with putatively

pure genotypes (Fig. 4, lower panel B). Based on this

analysis, the two Italian accessions VARA (‘‘Nustran’’

biotype) and RS6 (‘‘Curunin’’ biotype) both from

Valtellina proved to be the most homogeneous pop-

ulations in terms of high ancestry assignation and low

proportion of admixed genotypes (Fig. 4).

Contingency tests were performed in order to

underline the most discriminant markers (p\ 0.05)

useful for genetic identification of the ‘‘Nustran’’ and

‘‘Curunin’’ accessions, VARA and RS6, respectively

(see Supplementary materials, Tables S-2 and S-3).

Contingency tests were performed for each of the

marker alleles over all accessions and led to the

identification of significant differences in terms of

relative frequencies among the ‘‘Nustran’’ VARA, the

‘‘Curunin’’ RS6, and the remaining accessions ana-

lyzed in this study. In particular, several marker alleles

scored a frequency significantly different in these two

accessions compared to the other accessions

(Tables S-2 and S-3). Interestingly, 5 and 3 marker

alleles belonging to three marker loci/linkage groups

displayed values of p\ 0.01, indicating highly sig-

nificant differences and highly discriminant frequen-

cies for the ‘‘Nustran’’ accession VARA (Tables S-2)

and the ‘‘Curunin’’ accession RS6 (Table S-3).

Discussion

Local crops are important sources of genetic variation

as they are associated with a number of favorable

ecological factors ensuring robustness, adaptation to

local conditions and peculiar organoleptic and health

characters (Veteläinen et al. 2009). The present study

is the first that compares the genetic population

diversity of common buckwheat (F. esculentum) in

the Alps. Germplasm was collected on the basis of

historical indications given by local people that, hand

down and cultivate since centuries this old germplasm

resource (i.e., autochthonous landraces), that nowa-

days is on the edge of extinction. Supposed landraces

cultivated in two regions of the Italian Alps were

compared with commercial materials from Europe

(Poland) and also with materials cultivated in the area

of origin of common buckwheat (Himalaya, Nepal) in

order to assess their intra-population and inter-popu-

lation genetic variation and differentiation, the degree

of genetic structuration of the population as a whole,

and in turn the definition of genetic features of the

alpine landraces. In particular, 9 common buckwheat

accessions deriving from different farmer’s popula-

tions of Valtellina valley and Trento province and two

reference populations from Poland and Nepal were

characterized in great detail using mapped microsatel-

lite markers. Detecting genetic variability by means of

Fig. 4 Population structure

of the buckwheat population

as a whole as estimated with

STRUCTURE software.

Each plant accession is

represented by a vertical

histogram portioned into

K = 3 colored segments

(red, green and blue) that

represent the estimated

membership of each

hypothesized ancestral

genotype. Single plant

accessions were sorted by

population information

(A) and membership

coefficients (B). (Color
figure online)
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marker allele compositions and proportions, and of

multi-locus genotypes in different populations of

alpine agro-ecosystems is a crucial phase towards

sustainable management, use (consumption and

improvement) and conservation of genetic resources

of the yet surviving autochthonous landraces of F.

esculentum.

Genetic variability

Results showed that the selected microsatellites were

very informative, having a medium–high variation in

the buckwheat populations (e.g. PIC estimates varying

from 0.69 to 0.95). Nei’s genetic diversity, ranging

from 0.673 to 0.764 was comparable to that reported

for both natural and cultivated populations by Konishi

and Ohnishi (2007), using microsatellite markers (i.e.,

H values ranging from 0.65 and 083). As a general

rule, the outcrossing breeding system of self-incom-

patible species, along with the annual life cycle and

large geographic ranges may have a central role in

influencing the conservation of good levels of genetic

diversity in common buckwheat populations. Honey-

bees have been reported to be an effective pollinator

favoring gene flow among F. esculentum populations

inWestern Europe (Cawoy et al. 2009). Another factor

favoring diversity can be ascribed to the high propor-

tion of interspecific hybridization observed with the

infesting weed Fagopyrum tataricum Gaertn. Mend-

ler-Drienyovszki et al. (2013) and Chen et al. (2004)

found that intercrossing between F. esculentum and F.

tataricum can be as high as 37 %. These features

probably contribute to the high within population

genetic diversity documented in our samples.

The Nei’s genetic diversity and the Shannon’s

information index of the different samples proved to

be higher in the ‘‘Nustran’’ and ‘‘Curunin’’ accessions

of the subgroup Valtellina with respect to Trentino and

other foreign accessions. A possible explanation could

be the intense and everywhere diffuse cultivation in

the past of common buckwheat in Valtellina with

respect to other parts of the Alps. Furthermore, the

highest inbreeding coefficients (Fis and Fst) found in

the Valtellina accessions could be explained with the

longer isolation of Valtellina in the past compared to

other regions of the Alps. However, despite a high

allelic variability, the estimates of observed heterozy-

gosity (Ho = 0.466, on average) were much lower

than the ones of expected heterozygosity (He = 0.764,

on average) across all analyzed populations. A com-

parable pattern was detected by Song et al. (2011) for

the Korean landraces: values of observed heterozy-

gosity (Ho = 0.42, on average) were in agreement

with our findings, whereas the expected heterozygos-

ity accounted slightly lower values (He = 0.53) com-

pared with our findings. Heterozygosity deficiency,

with a robust and significant deviation than predicted

by Hardy–Weinberg equilibrium, is a common obser-

vation in varieties of cultivated plants, as farmers use

to renew cultivations, year after year, with seeds taken

from a reduced gene pool, determining a human

induced bottleneck and artificial selection (Doebley

et al. 2006).

The concomitant recognition of amarked inbreeding

rate (Fis = 0.347, on average), a reduced fixation index

(Fst = 0.061) and a high gene flow (Nm = 3.846)

between over all accessions indicate that most allele

diversity and genotype variation is found within

accessions and that genetic differentiation among

accessions is very low. Such a low genetic differenti-

ation can be attributed to a high gene flow among

populations, due to pollen dispersal among adjacent

fields and seed exchange among local farmers, once

more consistent with the finding of high levels of

genetic diversity preserved within single populations.

Population structure

The main evolutionary driving force that determine

genetic structure in cultivated plant populations are

gene flow, farmer selection activity and environmental

heterogeneity associated to random genetic drift (Neal

2004). Our study revealed that the amount of genetic

diversity does not change significantly among regional

areas and plant populations (data from AMOVA

analysis). Such inter-regional genetic relatedness in

cultivated populations of common buckwheat most

likely would originate from seed exchanges among

farmers of different countries over years. The cluster-

ing method implemented in the STRUCTURE anal-

ysis suggested low structuration of populations and the

existence of admixed ancestry based on three distinct

gene pools. However, The PCA and UPGMA cluster-

ing analyses clearly suggested that the accession

named VARA of the ‘‘Nustran’’ biotype and, to a

minor extent, the accession named RS6 of the

‘‘Curunin’’ biotype are populations of the Valtellina

valley which have gene pools clearly distinct from the
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other accessions, hence clustering apart from the core

of accessions.

Implications for the identification of local alpine F.

esculentum landraces

Our results demonstrated that a selected panel of

microsatellite markers is useful for the genetic iden-

tification and characterization of landraces of culti-

vated plants. In particular, the DNA genotyping

method applied in this research allowed us to identify

the landraces that most likely represent the historical

gene pool of common buckwheat cultivated in

Valtellina among different local accessions and

foreign materials. Other studies reported that different

molecular techniques can be used for characterization

of the landraces and investigation on their origin, like

DNA barcoding (Nicolè et al. 2011) and DNA

fingerprinting (Gwanama et al. 2000; Ferriol et al.

2004). In general, these tools are of special interest

because they provide basic information useful, if not

essential, for the preservation and valorization (even

commercial) of abandoned landraces.

In the specific case the common buckwheat acces-

sions VARA (provided by Dr. P. Roccatagliata) and

RS6 (provided by Dr. M. Deplaz) will require further

conservation efforts (i.e., gene bank, started at Pavia

University) and should be preferred to other acces-

sions for the commercial exploitation of this crop plant

in the Valtellina valley.

Additionally, on the basis of our molecular data, we

successfully identified a number of marker alleles

across mapped loci suitable for genetic identification,

traceability and authenticity certification (Protected

Geographic Indication) of given ‘‘Nustran’’ and ‘‘Cu-

runin’’ biotypes and their food derivatives (i.e., flour,

pizzoccheri, chat, polenta taragna).

In conclusion, we are confident that population

genetics of F. esculentum landraces is a crucial step for

the identification, conservation and valorization of

local genetic resources in this species in their original

agro-ecosystems.
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