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Abstract
A molecular marker approach was used to analyse the genetic diversity of endemic Triti-
cum aethiopicum wheat accessions that were collected from the same sites in Ethiopia by 
N.I. Vavilov in 1927 and by the Joint Ethiopian-Russian Biological Expedition in 2012, 
which allowed the assessment of changes in the gene pool structure of this species over 
85  years. The level of genetic diversity in the accessions from Vavilov’s collection was 
higher than that of the accessions collected in 2012. Analysis of molecular variance indi-
cated that differentiation between the two groups of accessions was 17% (PhiPT = 0.169; 
p < 0.010). A Bayesian clustering approach and principal coordinates analysis showed that 
these two groups of accessions were notably different in their genetics. In this regard, this 
article discusses the problem of in situ and ex situ conservation of wheat landraces: their 
evolution, stability and genetic drift.
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Introduction

Agricultural biodiversity is an important component of total biodiversity and is of major 
importance for agriculture and food production. As such, there is increasingly more data 
about changes in the levels of genetic diversity in cultivated plants (Fu et al. 2003; Khlest-
kina et al. 2004, 2006; Metakovsky et al. 2019), as well as their relatives (Gao et al. 2000; 
Thormann et al. 2017). The loss of variation in crops, which has been described as genetic 
erosion, due to the modernisation of agriculture is of particular concern (van de Wouw 
et al. 2009). A solution to the problem of genetic erosion is the preservation of cultivated 
plant genetic resources (Dulloo et al. 2010; Halewood 2013). Two basic strategies for pre-
serving genetic biodiversity exist. They are in  situ and ex situ conservation (CBD 1992; 
Maxted et  al. 2008). The first half of the twentieth century was characterised by many 
expeditions, such as N.I. Vavilov’s expedition (Vavilov et al. 1931) to collect landraces of 
cultivated plants. These expeditions have made the basis for global gene pool collections. 
In general, the methodology for preserving collections ex situ is well developed (Börner 
2006). One of the important strategies of in situ conservation is on-farm agricultural biodi-
versity conservation. However, there are still several concerns regarding biodiversity con-
servation strategies, including the correspondence between the genepools being preserved 
in genebanks with those grown in fields (Dulloo et al. 2010).

There are several studies comparing genetic diversity conservation strategies for crops 
and their wild relatives using molecular markers. Genetic diversity study from in situ and 
ex situ populations of Jala (Zea mays subsp. mays), using SSR markers showed little dif-
ferentiation between these groups and revealed that the ex situ Jala collections contained 
the diversity found today in the field, even though diversity was under-represented in indi-
vidual repository populations (Rice et  al. 2006). While for two potato species Solanum 
jamesii and Solanum fendleri collected in USA in 1958 and 1978 and re-collected in 1992, 
RAPD markers revealed significant genetic differences between gene bank-conserved and 
re-collected in  situ populations of these potato species that may be a source of traits of 
interest to breeders (del Rio et al. 1997).

The breeding potential of industrial wheat species has almost been exhausted, so breed-
ers have begun to use landraces and endemic wheat species as new sources of alleles (Riaz 
et  al. 2017), and Ethiopian wheat, Triticum aethiopicum is one of these. Vavilov et  al. 
(1931) found this wheat species and described its peculiarities during his expedition to 
Ethiopia in 1927. Common wheat was found in Ethiopian fields only as an impurity. After 
the Ethiopian expedition, he described the endemic, purple-grained wheat as a new wheat 
species T. abyssinicum and indicated that it was mostly tetraploid (Vavilov et  al. 1931). 
This botanical name was illegitimate, and Jakubziner (1947) later renamed the species T. 
aethiopicum. The important character of this species is the presence of purple-grained vari-
eties (Dorofeev et al. 1979). However, its spike shape and awn type are similar to that of 
common wheat (Dorofeev et al. 1979; Goncharov et al. 2003). Vavilov’s collection of Ethi-
opian wheat is still maintained at the N.I. Vavilov All-Russian Institute of Plant Genetic 
Resources (VIR). We now know that the species is endemic to Ethiopia and Eritrea in the 
north of Africa and Yemen in the south of the Arabian Peninsula. Recently, T. aethiopicum 
was also found on the south-eastern coast of the Arabian Peninsula in Oman (Al Khan-
jari et  al. 2008) and probably in Egypt (Gowayed 2009; Filatenko and Hammer 2014). 
Currently, the species is only cultivated in Ethiopia and Eritrea. A large proportion of the 
wheat grown in Ethiopia is still this species (Teklu and Hammer 2006). Purple-grain acces-
sions of T. aethiopicum are widely cultivated in the Ethiopian highlands despite the claim 
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that they are of lower quality and fetch lower market prices than the white or red coloured 
grain types (Belay et  al. 1995). The purple-coloured pericarp is formed in the maternal 
tissue due to the production of anthocyanins (Zeven 1991), which is of interest for food 
production (Gordeeva 2015).

The species is of current interest to plant breeders. Thus, T. aethiopicum has been stud-
ied intensively, especially its economically valuable traits, such as storage proteins (Letta 
et al. 2005) as well as some other agronomically important traits (Belay et al. 1995; Teklu 
and Hammer 2009), and it was used to produce the cultivars ‘Sevinge’ and ‘Jafary’ in 
Azerbaijan (Dorofeev et al. 1987). An increasing interest has been taken in studying the 
interconnection between the accumulation of anthocyanins in the pericarp of the wheat 
grain and the reaction of the grain to artificial ageing (Gordeeva et  al. 2013), which is 
the characteristic that is considered valuable in Ethiopia. Earlier Ethiopian wheat was used 
in breeding to mark fodder grain of common wheat with purple pericarps (Gilchrist and 
Sorells 1982), and now T. aethiopicum is a popular source of antioxidants (Bartl et  al. 
2015), phenolics, anthocyanins and proteins (Eticha et  al. 2010). Moreover, commercial 
cultivars of the species are characterised as being early maturing and resisting diseases and 
insect pests (Scott and Hollins 1977; Haile et al. 2013).

The Joint Ethiopian-Russian Expedition (JERBE) has permanently operated in Ethio-
pia since 1987. The main scope of the JERBE is to manage the field research of Russian 
academic biological institutes in Ethiopia. In 2012, three Russian research institutes, the 
Vavilov Institute of General Genetics RAS (Moscow), N. I. Vavilov All-Russian Institute 
of Plant Genetic Resources (VIR) (St. Petersburg) and Institute of Cytology and Genet-
ics SB RAS (Novosibirsk), in close cooperation with the Ethiopian Biodiversity Institute 
repeated N.I.  Vavilov’s route of 1927 and recollected T. aethiopicum accessions in the same 
sites as Vavilov, after studying his archives.

The aim of the present study was to characterise the dynamics of the T. aethiopicum 
gene pool in accessions collected by the expedition of Vavilov in 1927 and 85 years later 
during the 2012 JERBE, using amplified fragment length polymorphism (AFLP) analysis, 
which is considered one of the most effective and cheap methods for genetic diversity anal-
ysis, and it has been used effectively for studying both the intraspecific and interspecific 
diversity of wheat (Colomba and Gregorini 2011; Sadigov et al. 2017).

Materials and methods

Plant material

The plant material used in the study included 140  T. aethiopicum accessions (shown in 
Online Resource 1). The 86 accessions that were collected during the expedition of N.I. 
Vavilov in 1927 are now maintained at the VIR. We collected a further 54 accessions in 
2012 during the JERBE. The collection points of Ethiopian wheat accessions from the VIR 
collection were plotted on an electronic map (Fig. 1) that was used to locate the collec-
tion points using a global positioning system. During the expedition in 2012, all the points 
where Vavilov collected T. aethiopicum were visited, and plant material of Ethiopian wheat 
was resampled, if it was found at those points. Of the 86 collection points from the 1927 
expedition, Ethiopian wheat was found at 70 locations in 2012. All collected accessions 
were submitted to the genebank of the Ethiopian Biodiversity Institute, where they were 
catalogued.
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Molecular analysis

Genomic DNA was isolated from 5-day-old seedlings according to the protocol of Doyle and 
Doyle (1987). Then AFLP analysis was performed as described by Vos et  al. (1995), with 
minor modifications. Genomic DNA (300 ng) was digested using EcoRI and MseI restriction 
endonucleases at 37 °C for 3 h. Pre-amplification was conducted with primers with a single 
selective nucleotide (EcoRI-A/MseI-C), and selective amplification was conducted with prim-
ers with three selective nucleotides (EcoRI-ACT/MseI-CCC and EcoRI-ACT/MseI-CTA). The 
products were separated on 6% denatured polyacrylamide gels and stained with silver nitrate 
as described by Benbouza et al. (2006).

Statistical data processing

The presence/absence of amplification products on the gels were recorded visually, and the 
results were recorded in a binary matrix. The level of genetic differences and Nei’s genetic 
distance were calculated using the GenAlEx 6.41 macro (Peakall and Smouse 2012). Princi-
pal coordinate analysis (PCoA) based on the Dice pairwise genetic similarity coefficient was 
performed using PAST 3.16. (Hammer et al. 2001). In addition, a population structure analy-
sis was performed using the Bayes algorithm in the Structure 2.3.4 program (Pritchard et al. 
2000). For the analysis, we used an admixture model, which involves mixing the genetic mate-
rial, as well as correlation model, which involves the inheritance of alleles from a common 
ancestor through gene drift. The analysis was performed in a tenfold repetition for the number 
of subpopulations from k = 1 to  15, with a repetition rate of 700,000 and burn-in of 300,000. 
The number of true clusters in the data was estimated using the program STRU CTU RE HAR-
VESTER (Earl and von Holdt 2012).

Fig. 1  Sampling locations of T. aethiopicum in Ethiopia. Symbols: blue circle accessions from the Hararge 
provinces; green circle accessions from the Amhara provinces; yellow circle accessions from the Tigrey 
provinces; red circle accessions from the Oromia provinces; white accessions from other provinces



333Biodiversity and Conservation (2021) 30:329–342 

1 3

Results

The AFLP analysis of 140 T. aethiopicum accessions enabled the identification of 217 
fragments, and 159 (73.27%) of the detected fragments were polymorphic (see Online 
Resource 2). Primers EcoRI-ACT/MseI-CCC generated 65 polymorphic fragments and 
primers EcoRI-ACT/MseI-CTA produced 94 polymorphic fragments. Each of the ana-
lyzed accessions was characterized by a unique set of fragments. Of the 217 detected 
fragments 182 were common for JERBE and VIR accessions, while 25 fragments were 
detected only in VIR accessions (their frequency varied from 0.012 to 0.547) and 10 
fragments were detected only in accessions collected by JERBE (their frequency did not 
exceed 0.093).

Shannon’s index (I) and expected heterozygosity (He) were 0.265 and 0.169, respec-
tively. The indices of genetic diversity were also determined for accessions from differ-
ent collections (Table 1). The polymorphism of accessions from the VIR collection was 
66.02%, He was 0.159, and I was 0.247. For accessions of Ethiopian wheat collected in 
2012, these indicator values were 60.42%, 0.133 and 0.208, respectively.

The maximum Dice genetic similarity coefficient between all sampled T. aethiopi-
cum accessions was between accessions K-19286/1 and K-19296/2, and the minimum 
value was between 19708 and K-19628 (see Table 1), and the maximum similarity coef-
ficient value between the recently sampled accessions was between pairs of accessions 
19686–19688 and 19693–19694, and the minimum value was between accessions 19681 
and 19710. For the VIR accessions, the lowest coefficient value was between K-18993 
and K-19569 and the highest value was the same as for the overall highest value.

The level of genetic differences between the accessions of the 1927 and 2012 collec-
tions was 17% (PhiPT = 0.169; p < 0.010), and Nei’s genetic distance between the two 
collections was 0.04.

Two groups of accessions were formed in the PCoA (Fig. 2). The first group included 
mainly JERBE T. aethiopicum accessions and accessions of the 1927 collections formed 
the second group. The Bayesian clustering approach also showed a division into two 
groups corresponding to the two collection periods (Fig. 3).

The PCoA of the accessions from the two collections showed no clear division of 
accessions according to Ethiopian provinces (Fig. 4). The 1927 T. aethiopicum acces-
sions were more evenly distributed than the 2012 accessions (Fig. 4).

Table 1  Genetic diversity parameters of the T. aethiopicum accessions obtained using amplified fragment 
length polymorphism analysis

Parameters of polymorphism All collected accessions Accessions from the 
JERBE in 2012

Accessions from 
the Vavilov expedi-
tion

Number of accessions 140 54 86
Percentage of polymorphism 73.27 60.42 66.02
Dice genetic similarity index 

(min–max/average)
0.756–0.996/0.866 0.772–0.989/0.903 0.779–0.996/0.869

Expected heterozygosity (He) 0.169 0.133 0.159
Shannon’s information index (I) 0.265 0.208 0.247
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Fig. 2  Principal coordinates analysis of 140 T. aethiopicum accessions, based on the Dice similarity coeffi-
cient. Symbols: filled square accessions collected by Vavilov in 1927; red circle accessions collected by the 
Joint Ethiopian-Russian Biological Expedition in 2012. The numbers of accessions are given in accordance 
with Online Resource 1

Fig. 3  a Estimation of the most likely number of genetic clusters (k) by the deltaK statistic, inferred with 
the Structure Harvester program; b Probability of assignment of T. aethiopicum accessions to groups, iden-
tified by the Structure 2.3.4 program, with the number of subpopulations k = 2. Accessions on the graph are 
placed in order according to their numbers in Online Resource 1
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Discussion

On-farm management is an important component of the general strategy for in situ plant 
biodiversity conservation (Maxted et  al. 2002; Hammer et  al. 2003). However, on-farm 
populations are dynamic systems, and genetic shifts can occur over time (Thomas et  al. 
2012). Currently, limited data exist on the temporal changes in genetic diversity that occur 
in farmer’s fields (Thormann et al. 2018). Therefore, it is uncertain whether there is stabil-
ity or loss in the genetic diversity of cultivated plants (Khlestkina et al. 2004) and whether 
qualitative changes in allelic composition occur over time (Thormann et al. 2017,2018).

This is difficult to study because it is hard to reassemble landraces from areas of their 
origin and where they were collected for the first time to conduct comparative analysis. In 
addition, improved varieties are often cultivated in these places, which in some cases are 
difficult to distinguish from local ones using morphological features.

Fig. 4  Principal coordinates analysis of T. aethiopicum accessions from different Ethiopian provinces. a 
accessions collected by the Joint Ethiopian-Russian Biological Expedition in 2012; b accessions collected 
by Vavilov in 1927. Symbols: blue circle accessions from the Hararge provinces; green circle accessions 
from the Amhara provinces; yellow circle accessions from the Tigrey provinces; red circle accessions from 
the Oromia provinces; white circle accessions from other provinces. The accession numbers are given in 
accordance with Online Resource 1
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Ethiopian wheat is an almost ideal object for studying temporal changes in the genetic 
structure of a crop. It has a very characteristic morphological appearance, which assists 
researchers in avoiding technical errors during in situ accession collecting as well as during 
ex situ reproduction. In addition, this wheat is only still cultivated in the Abyssinian high-
lands in Ethiopia, which guarantees that the population has not been changed by gene flow 
from other geographic regions.

It is well known that in 1927, the famous Russian scientist N.I. Vavilov conducted an 
expedition in Ethiopia (former Abyssinia) where he discovered and collected a huge diver-
sity of local wheat. The results of this trip and subsequent studies of the collected acces-
sions were described in his diaries and the books "Five continents" (Vavilov 1997) and 
"Abyssinian wheats" (Vavilov et al. 1931).

Archival data concerning the details of the expedition of N.I. Vavilov, which are stored 
in N.I. Vavilov’s museum at the VIR in St. Petersburg and the Vavilov Institute of General 
Genetics in Moscow, allowed us to meticulously reconstruct the route of the Vavilov expe-
dition (Fig. 5) and determine the geographical collection points of local wheat accessions 
(Fig. 1).

In 2012, the joint expedition of three Russian research institutes (Vavilov Institute of 
General Genetics RAS, N.I. Vavilov All-Russian Institute of Plant Genetic Resources 
(VIR) and Institute of Cytology and Genetics SB RAS) together with the Institute of Biodi-
versity of Ethiopia and under the umbrella of the JERBE followed this path and attempted 
to collect accessions in the same sites (Fig. 1).

The results of the JERBE showed that most of Vavilov’s collection points still contain 
local tetraploid wheat, which is often in admixture with modern breeding cultivars. Local 
tetraploid wheat was mostly represented in farmer’s fields that were far away from the main 
roads. Often, these fields could only be reached on foot. The highest diversity of Ethiopian 

Fig. 5  Archival map with the route of the Vavilov expedition in Ethiopia
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wheat was found near the cities of Gondor, Ankober and Debre Zeit. Local Ethiopian wheat 
appeared in fields at an altitude of 2400–2600 m above sea level (unpublished). Below this 
height, maize, sorghum, teff and improved varieties of common wheat prevail, and barley 
grows at an altitude of 2800–3000 m.

It is worth noting that T. aethiopicum accessions are mainly preserved by elderly farm-
ers or in the parishes of churches, as Ethiopian wheat flour is intended for baking bread in 
the Eucharist sacrament, at some distance from the capital and major cities, which indi-
cates a tendency for diversity reduction associated with changes in Ethiopian culture. It can 
be argued that we managed to collect enough representative material, at least in most of 
Vavilov’s collecting sites.

According to the terms of the agreement between the JERBE and the Institute of Biodi-
versity of Ethiopia, all the collected material was transferred to the genebank of this Insti-
tute, where it was catalogued and deposited. It could not be deposited in other genebanks, 
but it could be used for scientific research in Russian laboratories. Since the accessions col-
lected by N.I. Vavilov in 1927 and preserved in the VIR genebank were available, we were 
able to conduct comparative studies using genetic markers.

The first study performed, using cytogenetic markers (chromosomal C-banding), 
showed that there was no system change for 85 years in the polymorphism of the hetero-
chromatic chromosomal zones or spectra of chromosomal rearrangements, as these struc-
tures remained typical for Ethiopian wheat, but the frequency of the marker chromosome 
variants changed and the proportion of translocations increased (Badaeva et al. 2018).

In this paper, for the first time, we present data obtained using random molecular mark-
ers (AFLP). The genetic diversity level of accessions from the VIR and 2012 collections 
showed comparable levels of polymorphism (60.6%) to a study of 79 Triticum durum 
accessions from Azerbaijan using AFLP analysis (Sadigov et al. 2017). The level of genetic 
differentiation between the two collections was not high. However, the PCoA and Bayesian 
clustering approach showed that the studied accessions could be divided into two groups 
mainly due to sampling time, which is similar to data obtained earlier by Badaeva et al. 
(2018) during cytogenetic analysis of tetraploid Ethiopian wheat accessions.

Badaeva et  al. (2018) also showed the unevenness of the geographical distribution of 
the marker rearrangements. In our study, accession differentiation, according to geographi-
cal location, was not revealed. Alamerew et  al. (2004) investigated the genetic diversity 
of 69 T. aestivum, 54 T. aethiopicum and 12 T. durum accessions from the Ethiopian gen-
ebank by applying 22 wheat microsatellites. They showed that the studied accessions were 
clustered with respect to the ploidy level, and did not group according to their geographic 
origins (Alamerew et al. 2004).

Thus, our results indicate two main points:
1. The level of genetic diversity in the collections that were collected by Vavilov in 1927 

and our expedition in 2012 did not differ significantly (66.02% and 60.42%, respectively), 
as in the case of the cytogenetic analysis (Badaeva et al. 2018).

2. Our study shows that there has been a significant qualitative shift in allelic diversity 
in the material collected at different times at the same locations in Ethiopia. The accessions 
were evidently divided into two groups (Figs. 2, 3) according to collection time rather than 
geographical location.

Currently, it is hard to establish what evolutionary pressure caused this shift. Over 
the past hundred years, the climatic conditions in Ethiopia have not changed signifi-
cantly, although, in the absence of reliable climate observations, this cannot be stated 
definitely. However, the huge variety of agro-environmental niches caused by the moun-
tainous terrain in Ethiopia makes tracking changes in climate conditions extremely 
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difficult. The nature of the farming system has not changed either. Local farmers use the 
same farming techniques as their ancestors centuries ago: the plough-spear (Fig. 6) and 
a pair of oxen. In this regard, it is difficult to find differences between the photographs 
taken by Vavilov and those taken during the JERBE.

We believe that the genetic shift that we observed could be the result of artificial 
selection, which is on going during the reproduction of local landraces on traditional 
farms. An alternative explanation is that there was a change in material from the VIR 
collection, which was reproduced at VIR experimental stations under atypical for Ethio-
pian wheat climatic conditions. However, it should be noted that the accessions from 
the VIR collection were reproduced no more than 10 times over the past 85 years, while 
accessions from Ethiopia went through about 170 generations if we consider that there 
are two harvests per year.

The question of the influence of the internal heterogeneity of the landraces on the 
analysis results remains open. It is well known that almost all landraces are genetically 
heterogeneous (Brown 1999; Melnikova et  al. 2010). However, the AFLP analysis we 
performed only included the genotyping of one grain from each of the collected acces-
sion, which significantly reduces the representativeness of the accession and leaves 
many biotypes outside the scope of this analysis. This problem could be solved by using 
new genotyping technologies, such as genotyping by sequencing technology together 
with DNA bulk analysis, and although such an approach is unlikely to lead to a fun-
damental change in the picture we received, it could still give results that are more 
accurate.

Fig. 6  Local farmers with a plough-spear. Photo by N. P. Goncharov
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The clarification of all these issues requires additional research, but several conclu-
sions can already be drawn. Firstly, we confirmed that ex situ and on-farm biodiversity 
conservation is different and they are exposed to different evolutionary pressures. Sec-
ond, our findings suggest that the replenishment of ex situ collections through repeated 
expeditions to the previous collection sites would be beneficial. Finally, the so-called 
native breeding of landraces, which over the millennia of civilisation development has 
generated a considerable spectrum of plant cultivars and forms, which modern breeding 
used throughout the twentieth century and continues to use now, is still used on tradi-
tional farms. Unfortunately, the direction of this breeding is difficult to determine.

Conclusion. The level of genetic diversity in the collections of T. aethiopicum acces-
sions collected by N. I. Vavilov in 1927 and the JERBE in 2012 did not differ signifi-
cantly. However, it was shown that the studied accessions could be divided into two 
genetically distinct groups according to sampling time: accessions from Vavilov’s col-
lection, which were conserved and reproduced in the VIR, and our accessions collected 
85 years later. This is possibly the result of artificial selection, which occurs on farms 
due to local landraces reproduction during cultivation. The second reason is a change 
in the material from the VIR collection, which could have occurred through reproduc-
tion under atypical growing conditions, such as through natural selection against certain 
alleles in heterogeneous populations. We cannot determine which of these possible fac-
tors have contributed, but this study has demonstrated that the two strategies of genetic 
diversity conservation, ex situ (genebank) and in  situ (on-farm), have different influ-
ences on the evolution and divergence of genetic material.
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