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Abstract Yam bean [Pachyrhizus DC.] is a legume

genus of the subtribe Glycininae with three root crop

species [P. erosus (L.) Urban, P. tuberosus (Lam.)

Spreng., and P. ahipa (Wedd.) Parodi]. Two of the

four cultivar groups found in P. tuberosus were

studied: the roots of ‘Ashipa’ cultivars with low root

dry matter (DM) content similar to P. erosus and P.
ahipa are traditionally consumed raw as fruits,

whereas ‘Chuin’ cultivars with high root DM content

are cooked and consumed like manioc roots. Inter-

specific hybrids between yam bean species are

generally completely fertile. This study examines

the genetic diversity of the three crop species, their

potentials for breeding and the identification of useful

traits to differentiate among yam bean genotypes and

accessions. In total, 34 entries (genotypes and

accessions) were grown during 2000–2001 at two

locations in Benin, West Africa, and 75 morpholog-

ical and agronomical traits, encompassing 50

quantitative and 25 qualitative characters were mea-

sured. Diversity between entries was analyzed using

principal component analysis, cluster analysis, mul-

tivariate analysis of variance and discriminant

function analysis. Furthermore, phenotypic variation

within and among species was investigated. Intra-

and interspecific phenotypic diversity was quantified

using the Shannon–Weaver diversity index. A char-

acter discard was tested by variance component

estimations and multiple regression analysis. Quan-

titative trait variation ranged from 0.81 (for total

harvest index) to 49.35% (for no. of storage roots per

plant). Interspecific phenotypic variation was higher

than intraspecific for quantitative traits in contrast to

qualitative characters. Phenotypic variation was

higher in overall for quantitative than qualitative

traits. In general, intraspecific phenotypic variation

ranged from 0.00 to 82.61%, and from 0.00 to

80.03% for quantitative and qualitative traits, respec-

tively. Interspecific phenotypic variation ranged from
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0.00 to 95.02%, and 0.00–81.58% for the two trait

types, respectively. The Shannon–Weaver diversity

index (H′) was in general high and over 0.80 for most

of the trait. Diversity within P. tuberosus was higher
than within P. erosus and P. ahipa. Across the 50

quantitative and 25 qualitative traits, the Shannon–

Weaver diversity index of intra- and interspecific

variation was around 0.83 and 0.51, respectively and

was lower for qualitative than for quantitative traits.

Monomorphism was observed in eight qualitative

traits and one quantitative character. The first, second

and third principal components explained, respec-

tively, 39.1, 21.3 and 8.3% of the total variation in all

traits. Pachyrhizus erosus, P. ahipa, and P. tuberosus
(‘Chuin’ and ‘Ashipa’) were clearly separated from

each other by these analyses. Multivariate analysis of

variance indicates significant differences between

Pachyrhizus species for all individual or grouped

traits. Discriminant function analysis revealed that

the first two discriminant functions were almost

significant. Biases due to unbalanced sample size

used per species were small. Within each species a

similar amount of diversity was observed and was

determinable to 70% by only ten traits. We conclude

that the cultivated yam bean species represent distinct

genepools and each exhibits similarly large amounts

of genetic diversity.

Keywords Agronomic traits · Genetic diversity ·

Yam bean · West Africa

Abbreviations
BIOM Total biomass

DFA Discriminant function analysis

MVA Multivariate analysis

MANOVA Multivariate analysis of variance

PV Phenotypic variation

SEEY Seed yield

SRDY Storage root dry matter yield

Introduction

Many thousands of plant species can be used by

humanity, and around a hundred have been developed

into crops. However, as only a few crops are widely

grown today research interest into the so-called

underutilized crops is rapidly growing—among them

the yam beans (Pachyrhizus spp.). The nearest

relative of economic importance is the soybean

(Glycine max (L.) Merr.) and the levels of oil and

protein of yam bean seeds resemble those typical of

soybean (Grüneberg et al. 1999). Formerly, the genus

Pachyrhizus was placed in the subtribe Diocleinae in

close relationship to the subtribe Glycininae and

Phaseolinae (Lackey 1977; Ingham 1990), but based

on chloroplast DNA restriction site mapping, it was

transferred to the subtribe Glycininae (Bruneau et al.

1994; Polhill 1994). Within the Glycininae, the yam

bean shows a close relationship to tropical kudzu

(Pueraria phaseoloides (Roxb.) Benth.) and other

genera with a chromosome base number of x = 11

(Lee and Hymowitz 2001; Kumar and Hymowitz

1987). The yam bean species are diploid (2n = 22),

self-pollinating (up to 8% cross pollination) and

native to South and Central America (Sørensen

1990). The genus is defined as a homogeneous entity

due to the stigma structure having a median to

subterminal globular process on the adaxial side, the

short hairs on the adaxial side of the ovary extending

almost to the stigma, and the formation of storage

roots (Sørensen 1988). Unlike its close relative, the

soybean, the yam bean is exclusively used for its

storage roots (Ramos-de-la-Peña et al. 2013). The use

of yam bean seeds as source of biodegradable

insecticide is also of potential economic interest due

to their high rotenone contents (Lautié et al. 2012).

The crop is the most important storage-root-forming

legume, as its productivity is high and it has also high

protein content in the storage roots (NRC 1979). In

the cultivated species, due to the roots’ high moisture

content, and their traditional raw consumption, they

have been considered exclusively as fruity

vegetables.

The genus Pachyrhizus encompasses two wild (P.
ferrugineus, P. panamensis) and three cultivated

species: Amazonian yam bean (P. tuberosus), Mex-

ican yam bean (P. erosus), and Andean yam bean (P.
ahipa). The cultivated species are separated taxo-

nomically on morphological and physiological traits

using univariate statistics (Sørensen 1988; Sørensen

et al. 1997a, b): (1) P. ahipa—in contrast to P.
tuberosus and P. erosus‒ is bushy or semi-erect with

generally entire leaflets and with short racemes,

which are only basally dibotryoid; it is day length

insensitive and only found cultivated in cool tropical

and subtropical Andean valleys within 1800–2900 m

a.s.l. (2) P. tuberosus—in contrast to P. erosus—has

wing and keel petals that are ciliolate and rarely
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glabrous; the legume at maturity is 13–14 cm long

and the seeds are plump and reniform with the

exception of the square seeds of the ‘Chuin’ cultivar

group (Sørensen et al. 1997a); usually plants are

larger than P. erosus and P. ahipa, i.e. the stem can

reach up to 10 m in length, but semi-erect types can

be found that exhibit growth type similar to those of

semi-erect P. ahipa; the habitat is wet tropical

lowlands of Central and South America and the

slopes of the Andean mountain range within an

altitude range from sea level to 2000 m a.s.l.

(Sørensen et al. 1997b) (3) P. erosus has wing and

keel petals that are glabrous; the pod is glabrous to

strigose at maturity and 6–13 cm long; the seeds are

flat and square to round; it is widely distributed

throughout many tropical and subtropical regions in

South and Central America, South and East Asia and

the Pacific from sea level to 2200 m a.s.l. (Sørensen

1988).

Interspecific crosses among all three cultivated

yam bean species result in fertile and vigorous

hybrids with one exception, i.e. P. ahipa 9 P.
tuberosus ‘Ashipa’ yielded non-functional seeds

(Grum 1990; Sørensen 1991; Grüneberg et al. 2003;

Agaba et al. 2017). From the breeder’s perspective,

the species form one primary genepool. In a valida-

tion of the taxonomic separation of Sørensen (1988),

no clear overall separation between the three culti-

vated species was found by Døygaard and Sørensen

(1998), based on 18 morphological characteristics as

characteristics of the tuberous roots is not included in

the herbarium material analysed by principal com-

ponent analysis. The authors concluded that flower

and inflorescence characters appeared to be the major

differences, followed by leaf, legume and seed

characteristics among accessions of the yam bean

genepool. Using molecular characterization [random

amplified polymorphic DNA (RAPD) markers],

Estrella et al. (1998) observed a clear genepool

separation between P. tuberosus and P. erosus.
However, that study did not consider P. ahipa.

Pachyrhizus erosus and P. ahipa are not subdivided
into cultivar groups, but for P. tuberosus four cultivar
groups are distinguished: ‘Chuin’, ‘Ashipa’, ‘Yushpe’

and ‘Jı́quima’ (Sørensen et al. 1997a, b; Tapia and

Sørensen 2003; Oré-Balbin et al. 2007). Both

‘Jı́quima’ and ‘Ashipa’ have low storage-root dry

matter content similar to that of P. erosus and P.
ahipa, whereas ‘Chuin’ and ‘Yushpe’ cultivars

exhibit a high storage root dry matter content

(Grüneberg et al. 1998; Oré-Balbin et al. 2007).

The Peruvian ‘Chuin’ type of P. tuberosus was first

reported by Tessmann (Tessmann 1930; Sørensen

et al. 1997a, b) and is cooked and consumed like

cassava from the root of the manioc plant (Sørensen

et al. 1997a, b; Grüneberg et al. 2003). Its existence

has caused researchers to conclude that the yam bean

could be used and developed as a protein-rich starchy

staple also outside its current area of cultivation along

the Rı́o Ucayali, Peru. Due to the later discovery, the

‘Yushpe’ cultivar group was not included in the study

presented here. Studies of the genetic diversity within

the cultivated species have been performed in P.
erosus (Heredia-Zepada and Heredia-Garcia 1994;

Estrella et al. 1998) and in P. tuberosus (Sørensen

et al. 1997a, b; Estrella et al. 1998; Tapia and

Sørensen 2003). There is no study on the genetic

diversity in P. ahipa, except those which had involved
univariate descriptive statistics (Ørting et al. 1996)

and no investigation of the genetic diversity com-

prising all the three species (P. erosus, P. tuberosus
and P. ahipa), except the study by Santayana et al.

(2014). This is of interest because breeding is aiming

to combine the wide adaptation of P. erosus, the

storage root quality of the ‘Chuin’ type in P.
tuberosus and the bushy-erect growth type and day-

length insensitivity of P. ahipa.
A good description of the plant materials is

necessary for the effective use of germplasm

resources and for crop improvement. Therefore,

curators of genebanks characterize their materials,

recording selected traits of an accession. Tradition-

ally, these data are limited to highly

heritable morphological and agronomic traits (Ac-

quaah 2007). With increases in germplasm sizes and

data on molecular, biochemical, morphological, and

agronomic traits, multivariate statistical analysis

(MVA) methods are receiving increasing interest.

Some MVAs (e.g. multivariate analysis of variance,

MANOVA, discriminant function analysis, DFA, and

partial least square, PLS) are extensions of uni- and

bivariate statistical methods appropriate for signifi-

cance tests of statistical hypotheses. MVA methods

classify and order large numbers of breeding material

and, trait combinations. Unfortunately, handling data

with multi-collinearity can be unwieldy and variables

are best considered together since they may be

interdependent (Becker 2011; Acquaah 2007; Hill
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et al. 1998; Falconer 1989; Wricke and Weber 1986;

Wricke 1962). Multivariate statistical analyses

(MVA) will be advantageous in analyzing genetic

diversity and classifying germplasm collections (Ac-

quaah 2007; Mohammadi and Prasanna 2003).

Recently, several studies have been conducted to

assess the genetic diversity based on morphological

traits and using multivariate procedures including

principal component analysis (PCA) (Badu-Apraku

et al. 2011; Zeba and Isbat 2011; Hailu et al. 2006),

discriminant function analysis (DFA) (Francisco

et al. 2011; Safari et al. 2008), multivariate analysis

of variance (MANOVA) (Arms et al. 2016; Ukalska

et al. 2006), and partial least squares (PLS) (Jaradat

and Weyers 2011). MANOVA analyses differences

among populations for a given trait, and the distinc-

tiveness is studied with a number of vector variables

combined (Acquaah 2007; Zhu 1990). Population or

genotype discrimination can be achieved by discrim-

inant function analysis (DFA). DFA as a post-cluster

analysis method was able to recognize the accuracy

of clustering when used by several researchers (Safari

et al. 2008). The magnitude of each trait in the

genetic diversity of tall fescue (Festuca arundinacea
Schreb.) (Vaylay and Van Santen 2002), hairy vetch

(Vicia villosa Roth) (Yeater et al. 2004) and ground-

nut (Arachis hypogaea L.) (Safari et al. 2008) was

identified using discriminant functions.

Understanding the level of genetic diversity is

helpful for the selection of parental genotypes and

important in widening the genetic base of crops

(Molosiwa et al. 2016). Assessment of crop diversity

also allows efficient sampling and proper manage-

ment of the germplasm (Van Hintum et al. 2000).

Reports on application of MVA in yam bean research

are still limited. Da Silva et al. (2016) characterized

64 yam bean accessions maintained in genebank in

Brazilian Amazon in a location using PCA and

cluster analysis. Tapia and Sørensen (2003) studied

the morphological variation in a germplasm collec-

tion of P. tuberosus grown at CATIE (Costa Rica) by

canonical statistics. Similar reports were highlighted

on recent performance investigations in yam beans

using descriptive statistics and PCA in Rwanda and

Uganda, respectively (Ndirigwe et al. 2017; Agaba

et al. 2016).

This study had three objectives: (1) to investigate

the genetic variation comprising all species and

cultivar groups currently of interest for breeding

using morphological as well as agronomic traits

measured under field conditions by different assess-

ment procedure; (2) to determine and compare the

amount of diversity present between and within the

three species by diverse multivariate analysis (MVA)

methods; and (3) to determine the morpho-agronomic

quantitative and qualitative traits that contribute most

to the differentiation between and within species.

Materials and methods

Plant material

In total, 34 entries were studied: 14 P. ahipa entries

[13 seed sample accessions; one genotype from each

seed sample accession, except for sample AC214

from which two genotypes (AC214-109 and AC214-

110) that differed in flower colour were selected], 14

P. erosus entries, and 6 P. tuberosus entries, including
five ‘Chuin’ and one ‘Ashipa’ seed sample accession

(Table 1).

Study sites and experimental design

The field experiments were carried out between June

2001 and January 2002 at two locations in Benin: the

Centre Songhai in Porto-Novo (02°37′E, 06°29′N)
and at the experimental station of INRAB (Institut

National des Recherches Agricoles du Bénin) in

Niaouli (02°18′E, 06°66′N). The soils at both loca-

tions were well-drained sandy red loams. Each

species was grown in one of three separate but

adjacent experiments in the same field, and each

experiment was laid out as a randomized block

design with two plot replications for each entry. The

experimental plots consisted of four rows, each

containing 24 plants; the distance between plots

was 1 m. In the experimental plots, the planting

distance was 0.75 m between rows and 0.25 m within

rows. Two seeds were sown per planting station at a

depth of approx. 2 cm. Five weeks after sowing

surplus plants were removed leaving only one per

planting station. In the case of P. tuberosus and P.
erosus, two stakes were used as trellises. Weeds were

manually removed every 2 weeks, and no fertilisers

or pesticides were applied. The rainfall during the

crop growth period was 460 mm and 393 mm at

Songhai and Niaouli, respectively. The trials at Porto-
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Novo were irrigated during August and September

(approx. 800 mm irrigation), whereas at Niaouli no

irrigation was applied. The average annual temper-

ature at the experimental sites ranges from 23 °C in

August to 28 °C in May. The average temperatures

during this study were 28.1 °C (Songhai) and 27.2 °C
(Niaouli).

Table 1 List of tested entries and their passport data; AC = Andean yam bean (Pachyrhizus ahipa)

Entry code CIPa code Collector(s) Country Region Longitude Latitude

AC102-153 209006 Sørensen Bolivia Tarija 64°43′W 21°31′S

AC201-19 n.a. Ørting and Grüneberg Bolivia Luribay 67°38′W 17°00′S

AC202-27 n.a. Ørting and Grüneberg Bolivia Luribay 67°38′W 17°00′S

AC203-43 209001 Ørting and Grüneberg Bolivia Luribay 67°36′W 17°00′S

AC205-68 n.a. Ørting and Grüneberg Bolivia Machaca 66°53′W 17°8′S

AC208-72 209002 Ørting and Grüneberg Bolivia Machaca 66°53′W 17°6′S

AC209-73 n.a. Grum and Grüneberg Bolivia Tirata 67°46′W 16°46′S

AC213-92 n.a. Ørting Bolivia Irupana 67°27′W 16°34′S

AC214-109 n.a. Grüneberg Bolivia Arce 67°35′W 16°49′S

AC214-110 n.a. Grüneberg Bolivia Arce 67°35′W 16°49′S

AC215-129 n.a. Grüneberg Bolivia Arce 67°34′W 16°44′S

AC216-139 n.a. Grüneberg Bolivia Arce 67°34′W 16°44′S

AC524 209004 Meisend Unknown Unknown Unknown Unknown

AC525 209007 Valio Bolivia Ayopaya 66°10′W 17°23′S

EC006 n.a. Sørensen Mexico Oaxaca 96°42′W 17°03′N

EC032 n.a. Unknown Mexico Yucatan 89°01′W 20°48′N

EC033 n.a. Unknown Mexico Yucatan 88°49′W 20°42′N

EC040 n.a. Sørensen Guatemala Jutiapa 90°01′W 14°12′N

EC041 209016 Sørensen Guatemala Jutiapa 90°01′W 14°12′N

EC042 n.a. Sørensen Guatemala Jutiapa 90°02′W 14°03′N

EC104 n.a. CATIE no 17137 Mexico Yucatan 88°58′W 20°13′N

EC114 209017 Unknown Brazil Para 51°51′W 3°23′S

EC204 n.a. Sørensen Mexico Vera Crux 96°57′W 19°25′N

EC253 n.a. Hue Anh. Vietnam Tan An 106°39′E 10°59′N

EC533 209018 CheangKeong Macao Macao 113°54′E 22°2′N

EC550 n.a. CAEB Mexico Guanajuato 100°53′W 20°31′S

EC557 n.a. INIFAP/CIFAP Mexico Guanajuato 100°53′W 20°31′N

ECKEW 209019 Kew Botan. Garden Mexico Unknown Unknown Unknown

TC118c n.a. Hyvert Haiti Nord Este 72°19′W 19°50′N

TC353b 209008 Jensen and Thirup Peru Requena 73°53′W 5°05′S

TC354b 209013 Jensen and Thirup Peru Requena 73°59′W 4°59′S

TC355b 209014 Jensen and Thirup Peru Requena 73°50′W 5°07′S

TC361b 209015 Huanta Peru Requena 73°53′W 5°05′S

TC362b 209020 Huanta Peru Rio-Ucayali 73°12′W 3°42′S

EC = Mexican yam bean (P. erosus). TC = Amazonian yam bean (P. tuberosus)
a CIP International Potato Center; b ‘Chuin’ type; c ‘Ashipa’ type; n.a. not available; d Jardin Botanique. Meisen. Belgium. no. 0494

of unknown origin (growth type similar to AC102)
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Traits recorded

In total, 75 morpho-agronomic characters were

measured (Tables 2, 3). The descriptors developed

for Phaseolus spp., Vigna spp. and Ipomoea batatas
(L.) Lam. were used with small modifications

(IBPGR 1985, 1987, 1991). Data were recorded on

a plot basis, six individual plants selected randomly

from the two central rows of each plot and six plant

parts of six individual plants selected randomly from

the two central rows of each plot. Measurement unit

and measurement/sampling procedure of each trait

are given in Tables 2 and 3. A calliper was used to

measure most of the morphological characters. Stor-

age root crude protein content was determined by

measuring the N content according to the Dumas

method (Sweeney and Rexroad 1987) and multiply-

ing the N content by 6.25; starch content was

determined using the polarimetric standard analysis

No. 123/1 (ICC 1999), while sucrose, glucose and

fructose contents were analysed enzymatically as

described by Boehringer (1983).

Quantitative traits

Fifty (50) quantitative traits were surveyed in each

accession or line. Traits were recorded on variable

sets represented by the following plant organs:

storage root, seed, pod, flower, stem, leaf, and

composite characters evolving more than a single

plant organ in their magnitude. The quantitative traits

encompassed 26 morphological and 24 agronomic

and quality attributes. All the traits evaluated are

listed in Table 2.

Qualitative traits

Twenty-five (25) qualitative traits were studied

(Table 3). They were treated as quantitative since

they showed continuous variation within and among

species. All qualitative characters were morpholog-

ical (Table 3) and scaled diversely according to the

visual observation on frequency among genotypes

(Table 3).

To sum up, investigated traits encompassed 50

quantitative (Table 2) and 25 qualitative characters

(Table 3). Qualitative characters were described as

exhibiting continuous or quantitative variation.

Statistical analyses

Phenotypic variation estimates

Statistical analyses were conducted using SAS6.12

(SAS 1997). Initially data were classified relative to

the experimental factors: species (S), entries (A), and

location (L). For each trait xi the variance compo-

nents were estimated relative to: species (r2S), entries
within species (r2AðSÞ), locations (r2L), and the error

term (r2e ) comprising the genotype-location interac-

tions and the plot error. Variance component

estimations were performed using the SAS procedure

REML (SAS 1997) and the statistical model:

Yijkl ¼ li þ sij þ aðsÞikðjÞ þ lil þ eijkl, where Yijkl is

the observed value of the ith trait of the jth species,

for the kth entry and lth location, li is the trial mean

of the ith trait; sij, aðsÞikðjÞ, and lil are, respectively,

the effects of species, entries within species, and

locations; eijkl is the error, comprising effects of

genotype-location interactions and the plot error.

We estimated the phenotypic variation within

(PVA(S)) and between species (PVS) as:

PVA Sð Þ ¼ r2AðSÞ
.
VP

and PVS ¼ r2S
�
VP

where r2AðSÞ is the sum of variances represented by

within and between genotypes in a given species, r2S
the sum of variances within and between species in

the genus, r2e is the experimental error term including

G 9 E interactions to take into account the inter-

annual variation in the expression of a trait due to

environmental different effects on genotypes.

The phenotypic and average genetic diversity (H

′) at species and genus levels for all traits were

further assessed using the Shannon–Weaver (1949)

index of diversity as applied by Al Khanjari et al.

(2008) and were calculated based on phenotypic

frequency of alleles controlling each trait category

of descriptors. The differences among the groups

for the levels of diversity were tested using the

Wilcoxon non-parametric test implemented in JMP

7.0 software (SAS Institute, Inc. 2007). Each

character was categorized into specific class states.

The 25 qualitative and 50 quantitative characters

were assigned to classes ranging from 1 to 22, and

analyzed using the Shannon–Weaver diversity index

(H′; Shannon and Weaver 1949) as defined by Jain
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Table 2 Variable sets and 50 observed yam bean quantitative characters, codes, measurement units and measurement procedures

Variable set

(Plant organ)

Character Code Measurement unit and measurement/

sampling procedure

Storage root Storage root fresh yield SRFY Fresh weight in t ha−1—measured at

physiological maturity, for 24 plants from

4 rows

Storage root dry matter content SRDMc Weight of sun-dried samples expressed as a

% of SRFY

Storage root dry matter yield SRDYc SRDY = SRFY 9 SRDM

Harvest index for storage root

yield

HIR HIR = (SRDY/BIOM) 9 100

Length of storage roots LSa,c cm—measured at harvest; 6 plants within

plot centre

Width of storage roots WSa,c cm—measured at harvest; 6 plants within

plot centre

Length to maximum width of

storage roots

MWSa,c cm—measured at harvest; 6 plants within

plot centre

Number of storage roots per

plant

NSP Counted at harvest, for 6 plants within plot

centre

Protein content of storage roots PROc Protein content calculated as N content

(Dumas method) 9 6.25, then expressed as

a % of SRDM

Starch content of storage roots STAc % of SRDM—polarimetric analysis (ICC

Standard No. 123/1)

Sucrose content of storage

roots

SUCa,c % of SRDM—enzymatic analysis

Glucose content of storage

roots

GLUCc % of SRDM—enzymatic analysis

Fructose content of storage

roots

FRUC % of SRDM—enzymatic analysis

Seed Seed yield SEEYb t ha−1—measured at physiological maturity,

for 24 plants from 4 rows

Thousand-seed weight TSWa g—measured at physiological maturity, on

two samples of 100 seeds

Harvest index for seed yield HISa HIS = (SEEY/BIOM) 9 100

Seed number per pod SNP Counted at harvest, for 6 pods per plant from

6 plants within plot centre

Seed length, width and height SLa, SWa, SH mm—measured after 6 days sun drying, post-

harvest, 6 plants within plot centre (5 pods

per plant and 3 seed per pod)

Pod Pod yield PODY t ha−1 –measured at physiological maturity,

for 24 plants from 4 rows

Shell weight SHELa t ha−1 –measured at physiological maturity,

for 24 plants from 4 rows

Time of maturity TM No. of days from sowing to physiological

maturity (80% of pods dry within the 2

centre rows)

Pod length (including beak),

width, and height

PLa, PW, POH mm—measured after 6 days sun drying, post-

harvest, 6 plants within plot centre (6 pods

per plant)
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Table 2 continued

Variable set

(Plant organ)

Character Code Measurement unit and measurement/

sampling procedure

Number of pods per plant PN Counted at harvest, for 6 plants within plot

centre

Pod degree and shape of

curvature

PDSa Angle—measured after 6 days’ sun drying,

post-harvest; 6 plants within plot centre (6

pods per plant)

Pod beak length and curvature PBL, PBC mm and angle—measured after 6 days’ sun

drying, post-harvest; 6 plants within plot

centre

Flower Start of flowering BFa,b No. of days from sowing to start of flowering

Time of flowering TFa No. of days from sowing to the time that 50%

of plants within the centre rows were

flowering

Period of flowering PFc No. of days from start of flowering to end of

flowering; 6 plants within plot centre

Inflorescence length IL cm—measured at full flowering; 6 plants

within plot centre (6 inflorescences per

plant)

Stem Time of emergence TE No. of days from sowing to the time that

plant emergence was 50% within the centre

rows

Early vigour (width of first

leaf)

EV mm—at time of development of third leaf;

two measurements per plant for 6 plants

within plot centre

Start of climbing SCa No. of days from sowing to begin of

climbing; 6 plants within plot centre

Plant height PHa cm—measured at time of full flowering, for 6

plants within plot centre

Leaf Terminal leaflet length, width,

and ratio of length to

maximum width

TLLb,c, TLWc,

TLMW

cm—assessed at full flowering, on 6 plants

within plot centre (6 leaves per plant)

Lateral leaflet length, width,

and ratio of length to

maximum width

LLLb,c, LLWc,

LLMWa
cm—assessed at full flowering, on 6 plants

within plot centre (6 leaves per plant)

Number of leaves LN Counted at full flowering; 6 plants within plot

centre

Terminal leaflet lobe number TLLN Counted at full flowering, on 6 plants within

plot centre (6 leaflets per plant)

Lateral leaflet lobe number LLLNa Counted at full flowering, on 6 plants within

plot centre and 6 leaflets per plant

Composite

agronomic traits

(Root + Stem + Leaf + Pod)

Total biomass BIOMa,b,c BIOM = SRDY + VLW + PODY

Weight of vines and leaves VLW Sun-dried weight in t ha−1 measured at

physiological maturity for 24 plants from 4

rows

Total harvest index HITOTa HITOT = ((SRDY + SEEY)/BIOM) 9 100

a Differences between Pachyrhizus accessions among species relied mainly upon those traits in MANOVA
b These traits were sufficient in MANOVA to analyze the variability existing within P. ahipa
c Traits that were necessary in analyzing the variability within P. erosus and P. tuberosus in MANOVA
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Table 3 Variable sets and 25 observed yam bean qualitative characters; codes; measurement units and measurement procedures

Variable set

(Plant organ)

Character Code Measurement unit and measurement/

sampling procedure

Storage root Damage to storage roots by nematodes DSNa Scores from 0 to 6; 0 = no damage, 6 = high level

of damage

Damage to storage roots by insects DSI Scores from 0 to 6; 0 = no damage, 6 = high level

of damage

Shape of storage roots SS 9 scores from 1 to 9: 1 = round, 2 = round elliptic,

3 = elliptic, 4 = ovate, 5 = obovate, 6 = oblong,

7 = long oblong, 8 = long elliptic, 9 = long

irregular or curved—assessed at harvest; 6 plants

within plot centre

Colour of storage roots CSRa 5 scores from 1 to 5: 1 = white, 2 = yellow,

3 = brown, 4 = purple-red, 5 = dark purple—

assessed at harvest; 6 plants within plot centre

Surface defects of storage roots SDSa 9 scores from 0 to 8: 0 = absent, 1 = alligator-like

skin, 2 = veins, 3 = shallow horizontal

constrictions, 4 = deep horizontal constrictions,

5 = shallow longitudinal grooves, 6 = deep

longitudinal grooves, 7 = deep constrictions and

deep grooves—assessed at harvest; 6 plants

within plot centre

Secondary flesh colour of storage roots SFCa 10 scores from 0 to 9: 0 = absent, 1 = white,

2 = cream, 3 = yellow, 4 = orange, 5 = pink,

6 = red, 7 = purple-red, 8 = purple, 9 = dark

purple—assessed at harvest; 6 plants within plot

centre

Distribution of secondary flesh colour

of storage roots

DSFCa 10 scores from 0 to 9: 0 = absent, 1 = narrow ring

in cortex, 2 = broad ring in cortex, 3 = scattered

spots in flesh, 4 = narrow ring in flesh,

5 = broad ring in flesh, 6 = ring and other areas

of flesh, 7 = in longitudinal

sections, 8 = covering most of the flesh,

9 = covering all flesh—assessed at harvest; 6

plants within plot centre

Stalk of storage roots SSR 6 scores from 0 to 9: 0 = sessile or absent, 1 = very

short (\ 2 cm), 3 = short (2–5 cm),

5 = intermediate (6–8 cm), 7 = long (9–12 cm),

9 = very long ([ 12 cm)—measured at harvest;

6 plants within plot centre

Cracking of storage roots SCR 4 scores from 0 to 7: 0 = absent, 3 = few cracks,

5 = medium number of cracks, 7 = many cracks

—assessed at harvest; 6 plants within plot centre

Seed Colour of seeds CSE 9 scores from 1 to 9: 1 = olive, 2 = brown,

3 = orange-red, 4 = dark red, 5 = pink,

6 = purple, 7 = purple or black with white

mottled, 8 = black, 9 = other—assessed at

harvest

Pod Pod green colour PC Very light to very dark (5 scores)—assessed after

7 weeks of full flowering, on 6 plants within plot

centre

Dehiscence of pods DP 3 scores from 3 to 7: 3 = absent, 5 = a little

dehiscent, 7 = dehiscent—assessed at harvest; 6

plants within plot centre

Colour of mature pods CMP 3 scores from 1 to 3: 1 = yellow, 2 = brown,

3 = dark brown—assessed at harvest; 6 plants

within plot centre

Flower Flower colour of sepals CS Green, a little purple, purple; 6 plants within plot

centre (12 flowers per plant)

Flower colour of standard and wing FCS, FCWb,c White, pink, violet—6 plants within plot centre (12

flowers per plant)
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et al. (1975) to calculate phenotypic variation of

each accession:

H ¼ �
Xn
i¼1

PilnPi

where n is the number of phenotypic classes for a

character and Pi is the genotype frequency or the

proportion of the total number of entries in the ith class.

H was standardized by converting it to a relative

phenotypic diversity index (H΄) after dividing it

byHmax ¼ log nð Þ
e

H0 ¼ �
Pn

i¼1 Pi ln Pi

Hmax

Principal component and cluster analyses

Principal component analysis was performed using

SAS procedure PRINCOM (SAS 1997). The spatial

relationships among entries (accessions and geno-

types, respectively) were presented by plotting the

scores of the first, second and third principal com-

ponents in a three-dimensional space. Correlations of

all traits with the first five principal components were

calculated using the SAS procedure CORR, (SAS

1997) using the Pearson correlation coefficient. A

cluster analysis was carried out using the SAS

procedure CLUSTER (SAS 1997). All traits were

standardized by their mean value and standard

deviation [z = (x − �x)/s] using the STD option of

Table 3 continued

Variable set

(Plant organ)

Character Code Measurement unit and measurement/

sampling procedure

Stem Plant type PTa,b,c Scores from 3 to 9; 3 = erect, 5 = semi-erect,

7 = spreading, 9 = pronounced spreading

Stem colour SCO 9 scores from 1 to 9: 1 = green, 3 = green with few

purple spots, 4 = green with many purple spots,

5 = green with many dark purple spots,

6 = mostly purple, 7 = mostly dark purple,

8 = totally purple, 9 = totally dark purple—

assessed at full flowering on 6 plants within plot

centre

Leaf Leaf green colour LC Very light to very dark (5 scores)—assessed at full

flowering on 6 plants within plot centre

Shape of central terminal leaflet lobe SCTLLa Absent to linear (narrow) (10 scores from 0 to 9)—

assessed at full flowering on 6 plants within plot

centre (6 leaflets per plant)

Shape of central lateral leaflet lobe SCLLLa Absent to linear (narrow) (10 scores from 0 to 9)—

assessed at full flowering, on 6 plants within plot

centre (6 leaflets per plant)

Terminal leaflet lobe type TLLTa Entire to very deep (6 scores from 0 to 9:

0 = entire, 1 = very slight lobes, 3 = slight,

5 = moderate, 7 = deep, 9 = very deep)—

assessed at full flowering, on 6 plants within plot

centre (6 leaflets per plant)

Lateral leaflet lobe type LLLTa Entire to very deep (6 scores from 0 to 9:

0 = entire, 1 = very slight lobes, 3 = slight,

5 = moderate, 7 = deep, 9 = very deep)—

assessed at full flowering, on 6 plants within plot

centre (6 leaflets per plant)

Composite agronomic traits

(Root + Stem + Leaf + Pod)

Damage to stem and leaves by insects DSLIa Scores from 0 to 6; 0 = no damage, 6 = high

damage

Damage to stem and leaves by fungi DSLF Scores from 0 to 6; 0 = no damage, 6 = high level

of damage

a Differences between Pachyrhizus accessions among species relied mainly upon those traits in MANOVA
b Those traits were sufficient in MANOVA to analyze the variability existing within P. ahipa
c Traits that were necessary in analyzing the variability within P. erosus and P. tuberosus in MANOVA
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the CLUSTER procedure. Euclidian distances were

calculated and a cluster analysis, involving the

unweighted group average linkage method

(UPGMA), was conducted using the AVE option of

the CLUSTER procedure. Cluster summaries were

plotted using the SAS Macro DENDRO (Nicholson

1995). All traits with estimated ratios of r2AðSÞ/r
2
e [ 2

and significant correlation with at least one of the first

five principal components were analysed by a mul-

tiple regression analysis to select useful traits to

differentiate among entries. The multiple regression

analysis was performed by SAS procedure REG with

the selection option STEPWISE (SAS 1997). The

dependent variables in the multiple regression model

were the first five principal components, whereas the

regressor variables were those traits with estimated

variance component ratios of r2AðSÞ/r
2
e [ 2 (traits with

considerable genetic variation between entries and

low genotype-location interactions and plot errors).

In a final analysis, an environment search was carried

out to identify—on the basis of temperature and

rainfall range (including irrigation) at the experimen-

tal sites—some relevant target set of yam bean

production environments in the regions of the world.

The environment search was carried out with ArcGIS

software and the options: (1) temperature range of

23–28 °C, (2) a rainfall range of 400–1200 mm and

(3) at least six consecutive months of the temperature

and rainfall parameters.

Multivariate analysis of variance and discriminant
function analysis

Further multivariate analyses including multivariate

analysis of variance (MANOVA) and discriminant

function analysis (DFA) methods were applied to

distinguish within- and between-species variations on

the 34 accessions and lines of Pachyrhizus studied.

Analyses were based on four different data sets

consisting of all the P. ahipa, P. erosus, P. tuberosus
accessions, as well as the 34 genotypes taken

together. MANOVA and DFA were fulfilled sepa-

rately in P. ahipa, P. erosus, P. tuberosus, and on the

other hand in all genotypes taken together with the

raw data from all observed variables. A comparison

of the outputs has led to conclude on the conse-

quences of unbalanced entry number size upon the

accuracy of the results. To test the power of

discrimination across locations, the within- and

among-diversity were estimated considering G 9 L

and S 9 L interactions, where G and S represent

Genotype and Species, respectively. MANOVA and

DFA were performed by partitioning the raw data

into variable sets according to the plant organ they

are inferred to Tables 2 and 3.

To determine the number of groups repre-senting

the optimal partition in the hierarchical tree, a

multivariate analysis of variance (MANOVA) was

performed. MANOVAs using the Wilks’ lambda

statistic and Hotelling test as well as Pillai’s trace and

Roys’ Max root were performed using the raw data

for all 75 variables with the MANOVA statement in

JMP 7.0 (SAS Institute, Inc. 2007). In the MANOVA,

sources of variation are as described by Lázaro-Nogal

et al. (2015) and Ukalska (2006), and the followed

model was used:

Y ¼ 1Nmþ XGþ ZRþ E

where Y is the (N9 k)-dimensional observation matrix

with k, the number of response traits; 1Nis the (N9 1)-

dimensional unit vector; N, the total number of not

empty subclasses in the two-way data set; m is the k-
dimensional vector of the general means; X is the

(N 9 a)-dimensional design matrix for genotypes; G is

the (a 9 k)-dimensional matrix of the random

genotypic effects; Z is the (N 9 b)-dimensional design

matrix for locations; R is the (b 9 k)-dimensional

matrix of the random location effects; and E is the

(N 9 k)-dimensional matrix of the residuals. These

estimates were calculated using the MANOVA option

of JMP 7.0 (SAS Institute, Inc. 2007). A significant

effect of genotype indicates genetically based pheno-

typic differences. This model was repeated with mixed

models using restricted maximum likelihood (REML),

testing for the fixed effects of location and the random

effects of genotype and interaction.

A discriminant function analysis (DFA) was

carried out in JMP 7.0 (SAS Institute Inc. 2007) to

identify which vari-ables best differentiate the groups

identified in the hi-erarchical classification. The

correlation of each variable with each discriminant

function based on the structure matrix was used to

create the discriminant function. These Pearson

coefficients are structure coefficients or discriminant

loadings and function like factor loadings in factor

analysis. By determining the larg-est loadings for

each discriminant function, insights were gained into

how to name each function.
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To avoid biases, which might occur due to

heterogeneity of variance from difference in geno-

type size between the three species surveyed (e.g.

among P. tuberosus represented by 6 accessions, and

P. ahipa and P. erosus with 14 genotypes within each

species), response variables were log transformed

before the multivariate analyses, which as suggested

by Hughes et al. (2009) are necessary to meet

assumptions of normality and homogeneity of vari-

ance. Linear relationships among the variables

investigated were not improved by logarithmic

transformation and therefore untransformed data

was used afterwards in the following analysis.

To analyze possible sampling error bias—that may

due to unbalanced data or unequal genotype size

among species analyzed here– three effect size

estimators (η2, Ɛ2, ω2) were generated from the

ANOVA, to take into account a possible lack in

accuracy of our results, which relied upon an hetero-

geneity of variances. This analysis was performed

following the procedure and the software elaborated

by Skidmore and Thompson (2013). The total sample

or entry size of 34 in the present study falls between

the smaller (24) and the larger (48) sample sizes

studied by Skidmore and Thompson (2013) with a

number k of groups equal to 3, corresponding here to

the three species involved in the study.

Results

Phenotypic variation

Variance component estimations (Tables 4, 5) show

that for a large number of traits r2S or r
2
AðSÞ are larger

than r2e . For many traits, r2S is larger than r2e , and
r2AðSÞ is smaller than r2e , i.e. comprising most

agronomical traits, but also several morphological

traits; this includes situations with zero estimates for

r2AðSÞ and genetic variation within species, respec-

tively. For 40 traits, estimates of r2AðSÞ are larger than
r2e . Among these are 33 traits for which the estimated

ratios of r2AðSÞ/r
2
e were [ 2 and nearly all these are

morphological traits.

Yam bean accessions and lines used appeared to

be well differentiated from one another for all the 75

characters investigated, except for some qualitative

traits. Table 6 reports the trait variation for each

quantitative attribute. Significant differences were

observed among species as well as inside them for

each variable, particularly for quantitative character;

trait variation ranged from 0.81 (for total harvest

index) to 49.35% (for number of storage roots per

plant). Lower trait variation inferior to 10% was

noted in 16 characters. High differences were,

however, observed in many other traits such as

beginning of flowering with a phenological trait

variation of 20.93% (Table 6). Agronomic and

quality characters were also highly varied (Table 6).

The trait pod number per plant showed further a high

variation (46.39%) within and among species of the

germplasm collection under evaluation.

Phenotypic variation estimates among genotypes

within species (PVA(S)) in quantitative characters

ranged from 0.00 to 82.61% (Table 7). PVA(S) was

high and above 10% for most traits (Table 7). Among

species, phenotypic variation (PVS) ranged from 0.00

(for storage root sucrose content) to 95.02% (for ratio

of lateral leaflet length to maximum width) indicating

that interspecific variability is higher. Furthermore,

that variability was clearly above 10% in all characters

with the exception of storage root dry matter yield,

ratio of storage root length to maximum width, vine

start of climbing, and leaf number per plant (Table 7).

For qualitative characters, PVA(S) was in general

higher than PVS for most of the traits. It ranged from

0.00 (for damage of storage root by insects and

nematodes) to 80.03% (for shape of storage root). For

most of the qualitative traits, PVA(S) presented values

above 50%, except for damage of stem and leaves by

fungi, leaf green colour, and damage of stem and

leaves by insects (Table 8). Among species variation

(PVS) for qualitative characters was rather smaller

than at the intraspecific level (Table 8). The highest

value for PVS was scored in leaf green colour

(81.58%), and the lowest in shape of storage root

(16.12%). Most of the qualitative traits showed PVS

values between 25 and 50%; thus lower than PVA(S),

where values are often clearly above 50% (Table 8).

Over all fourteen P. ahipa accessions and lines—

with regard to quantitative characters—(Table 9), the

mean Shannon–Weaver diversity index (H′) value

was highest for pod yield (1.00) followed by period

of flowering (0.99), seed width (0.99), seed yield

(0.99), time of maturity (0.96), and seed height

(0.95). In all traits, H′ is higher than 0.50, except for

pod degree and shape of curvature (0.37) and

pod beak degree curvature, which presented
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monomorphism (H′ = 0.00) (Table 9). The average

diversity index value within P. ahipa was 0.83

comparable to the observed mean in P. erosus
(0.87) and P. tuberosus (0.86), where the highest

values for Shannon–Weaver index (H′ = 1.00) were

noted in characters inflorescence length, pod length

and storage root glucose content; and the lowest

values were observed for pod beak degree and shape

of curvature (0.47) in P. erosus, while in P. tuberosus
the highest H′ appeared for harvest index of storage

root yield (H′ = 1) and the lowest for storage glucose

content (H′ = 0.61) (Table 9). The Shannon–Weaver

diversity index was in general high and over 0.80 for

most of the traits evaluated. At the generic level,

monomorphism in P. ahipa scored similarly for the

trait pod beak curvature. Except character pod degree

and shape of curvature (H′ = 0.09), the diversity

index was equal to or higher than 0.65. Across the 50

quantitative traits, Shannon–Weaver diversity index

in the yam bean germplasm is quite similar and

around 0.83 both within and among the three species

studied (Table 9).

Diversity index estimates with the 25 qualitative

characters indicated generally lower values compared

to quantitative attributes (H′ = 0.51; 0.61; 0.46 and

0.51 within P. ahipa, P. erosus, P. tuberosus and the

genus Pachyrhizus, respectively) (Table 10).

Monomorphism (H′ = 0.00) was observed for the

traits: colour of storage root, surface defect of storage

root, cracking of storage root, dehiscence of pod,

mature pod colour, shape of central terminal leaflet

lobe and shape of central lateral leaflet lobe inside P.
ahipa. In P. erosus, only the trait mature pod colour

exhibited the monomorphism. Within P. tuberosus,
the characters: surface defect of storage root, crack-

ing of storage root, mature pod colour, storage root

colour, flower colour of petal, flower colour of wing

and plant type were monomorphic (H′ = 0.00)

(Table 10), whereas among the three species,

monomorphism was observed in seven traits. Diver-

sity index ranged from 0.00 to 1.00 in P. ahipa; from
0.00–0.83 in P. erosus, and 0.00–0.93 in P. tuberosus.
Amount of diversity within and between yam bean

species using qualitative traits was lower than with

quantitative characters (Tables 9, 10). However, P.
tuberosus yielded higher H′ values for most of the

qualitative traits than P. erosus and P. ahipa,
respectively.

Table 5 Variance component estimations of species (r2S), entries within species (r
2
AðSÞ) and the error term [(r2e ) comprising genotype-

location interactions and plot errors] for 25 morphological qualitative traits measured in 34 Pachyrhizus entries

Variable set Trait Variance component estimates Variable set Trait Variance component estimates

r2S r2AðSÞ r2e r2S r2AðSÞ r2e

Storage root DSN 1.810 0.000 1.520 Storage root DSI 1.750 0.000 1.500

SS 0.508 2.521 0.121 SDS 0.598 0.960 \ 0.001

SFC 1.424 2.091 \ 0.001 DSFC 2.667 4.100 \ 0.001

SSR 0.176 0.292 \ 0.001 SCR 0.945 1.550 \ 0.001

CSR 0.072 0.110 \ 0.001 – – – – –

Seed CSE 0.872 1.274 \ 0.001 – – – – –

Pod PC 0.056 0.094 \ 0.001 Pod DP 0.379 0.570 \ 0.001

CMP 0.065 0.082 \ 0.001 – – – – –

Flower CS 0.119 0.181 \ 0.001 Flower FCS 0.124 0.190 \ 0.001

FCW 0.124 0.190 \ 0.001 – – – –

Stem PT 0.360 0.500 \ 0.001 Stem SCO 0.123 0.169 \ 0.001

Leaf LC 0.802 0.174 0.007 Leaf SCTLL 0.605 0.918 \ 0.001

SCLLL 0.388 0.568 \ 0.001 TLLT 1.280 1.870 \ 0.001

LLLT 0.304 0.504 \ 0.001 – – – – –

Composite traits

(Root + Stem +

Pod + Leaf)

DSLI 0.130 0.150 0.060 Composite traits

(Root + Stem

+ Pod + Leaf)

DSLF 0.580 0.190 0.400

824 Genet Resour Crop Evol (2018) 65:811–843

123



T
ab

le
6

P
er
ce
n
ta
g
e
(%

)
o
f
tr
ai
t
v
ar
ia
ti
o
n
an
d
si
g
n
ifi
ca
n
ce

le
v
el
s
fo
r
ea
ch

q
u
an
ti
ta
ti
v
e
m
o
rp
h
o
lo
g
ic
al

an
d
ag
ro
n
o
m
ic

tr
ai
t

co
n
si
d
er
ed

in
P
ac
hy
rh
iz
us

V
ar
ia
b
le

se
t

T
ra
it

P
er
ce
n
ta
g
e

o
f
v
ar
ia
ti
o
n

V
ar
ia
b
le

se
t

T
ra
it

P
er
ce
n
ta
g
e

o
f
v
ar
ia
ti
o
n

V
ar
ia
b
le

se
t

T
ra
it

P
er
ce
n
ta
g
e
o
f

v
ar
ia
ti
o
n

S
to
ra
g
e
ro
o
t

S
R
F
Y

1
2
.4
6
*
*
*

S
to
ra
g
e
ro
o
t

S
R
D
M

1
0
.8
8
*
*
*

S
to
ra
g
e
ro
o
t

S
R
D
Y

2
6
.0
7
*
*

H
IR

1
4
.1
2
*
*

L
S

1
1
.8
4
*
*
*

W
S

2
4
.1
2
*
*
*

M
W
S

2
3
.1
4
*
*
*

N
S
P

4
9
.3
5
*
*

P
R
O

2
3
.8
2
*
*
*

S
T
A

9
.4
5
*
*
*

S
U
C

3
3
.7
5
*

G
L
U
C

3
0
.4
5
*
*

F
R
U
C

2
3
.6
8
*
*

–
–

–
–

–

S
ee
d

S
E
E
Y

2
6
.1
7
*
*
*

S
ee
d

T
S
W

2
.7
7
*
*

S
ee
d

H
IS

1
2
.4
6
*

S
N
P

1
2
.7
9
*
*
*

S
L

1
2
.8
8
*
*

S
W

1
0
.0
3
*

S
H

8
.9
1
*
*
*

–
–

–
–

–

P
o
d

P
O
D
Y

1
9
.4
5
*
*

P
o
d

S
H
E
L

1
7
.5
1
*
*

P
o
d

T
M

2
4
.1
9
*
*

P
N

2
.8
1
*
*
*

P
L

2
.7
5
*
*

P
W

8
.7
*
*
*

P
O
H

1
5
.4
9
*
*
*

P
D
S

1
1
.1
9
*

P
B
L

4
6
.3
9
*

P
B
C

1
8
.9
1
*
*

–
–

–
–

–

F
lo
w
er

B
F

2
0
.9
3
*
*
*

F
lo
w
er

T
F

4
.8
*
*

F
lo
w
er

P
F

4
.9
6
*
*

IL
6
.5
7
*
*
*

–
–

–
–

–

S
te
m

T
E

1
8
.2
9
*
*

S
te
m

E
V

1
4
.7
6
*

S
te
m

S
C

8
.5
7

P
H

6
.9
5
*
*
*

–
–

–
–

–

L
ea
f

T
L
L

5
.5
7
*
*
*

L
ea
f

T
L
W

1
2
.4
6
*
*
*

L
ea
f

T
L
M
W

2
6
.7
5
*
*
*

L
L
L

1
4
.1
*
*
*

L
L
W

1
2
.7
3
*
*
*

L
L
M
W

2
9
.1
9
*
*
*

L
N

5
.1
1
*
*

T
L
L
N

3
1
.0
3
*
*

L
L
L
N

3
9
.4
*
*

C
o
m
p
o
si
te

tr
ai
ts

(R
o
o
t
+

S
te
m

+
S
ee
d
+

P
o
d

+
L
ea
f)

B
IO

M
0
.8
3
*

C
o
m
p
o
si
te

tr
ai
ts

(R
o
o
t
+

S
te
m

+
S
ee
d
+

P
o
d
+

L
ea
f)

V
L
W

0
.9
9
*
*

C
o
m
p
o
si
te

tr
ai
ts

(R
o
o
t
+

S
te
m

+
S
ee
d
+

P
o
d

+
L
ea
f)

H
IT
O
T

0
.8
1

A
v
er
ag
e
o
v
er

al
l

tr
ai
ts

–
0
.8
7
*
*
*

–
–

–
–

–
–

Genet Resour Crop Evol (2018) 65:811–843 825

123



Principal component analysis

The first ten principal components of the analysis

explained 90% of the total variation. The first,

second, third, fourth and fifth principal component

accounted for 39.3, 21.3, 8.3, 5.7 and 3.8% of the

total variance, respectively. The first component was

highly correlated with eight agronomic traits and

more than eleven morphological characters

(Tables 11, 12). The second component was mainly

related to variation in three agronomic and seven

morphological traits (Tables 11, 12). The third

component was highly correlated with five agronomic

traits and only one morphological attribute, while the

fifth principal component was significantly correlated

only with two morphological traits (Tables 11, 12).

The plot of the scores of the first three principal

components (Fig. 1) derived from the principal

component analysis showed that the three species

are clearly separated, and that within P. tuberosus, the
‘Chuin’ and ‘Ashipa’ cultivar groups can be distin-

guished on the basis of the third principal component.

All P. ahipa entries had negative scores for the first

and second principal components. Entries of P.
tuberosus from all cultivar groups sensu lato had

positive scores for the first and second principal

Table 7 Phenotypic variation within (PVA(S)) and among (PVS) the three cultivated yam bean species evaluated at two locations in

West Africa for 50 morphological and agronomic quantitative traits measured in 34 Pachyrhizus entries

Variable set Trait PVAS

(%)a
PVS

(%)a
Variable set Trait PVAS

(%)a
PVS

(%)a

Storage root SRFY 41.78 21.76 Storage root SRDM 0.00 60.32

SRDY 35.75 9.55 HIR 58.24 12.10

LS 3.09 51.36 WS 43.52 38.75

MWS 33.80 0.016 NSP 34.14 21.13

PRO 17.73 53.74 STA 14.48 51.02

SUC 33.58 0.00 GLUC 25.60 36.98

FRUC 23.25 50.52 – – –

Seed SEEY 11.16 70.00 Seed TSW 12.97 86.90

HIS 2.341 32.97 SNP 7.97 65.88

SL 10.98 77.73 SW 10.86 55.53

SH 4.465 90.31 – – –

Pod PODY 4.60 73.37 Pod SHEL 0.00 72.78

TM 7.93 86.82 PL 9.90 78.59

PW 17.62 68.09 POH 8.77 80.02

PN 17.00 64.85 PDS 15 80.00

PBL 8.25 84.16 PBC 78.57 14.28

Flower BF 13.94 79.42 Flower PF 80.19 19.57

TF 13.88 82.27 IL 8.61 88.24

Stem TE 0 23.25 Stem EV 57.94 16.78

SC 82.61 4.62 PH 5.002 86.28

Leaf TLL 1.208 92.82 Leaf TLW 6.69 79.92

TLMW 0 90.78 LLL 0.22 93.27

LLW 10.85 74.95 LLMW 0.00 95.02

LN 22.20 7.56 TLLN 59.75 40.23

LLLN 59.72 40.25 – – –

Composite traits

(Root + Stem + Pod + Leaf)

BIOM 10.64 59.95 Composite traits

(Root + Stem + Pod + Leaf)

VLW 12.72 35.21

HITOT 49.85 20.38 – – – –

a Phenotypic variation among genotypes across locations was calculated within (PVA(S)) and between (PVS) species for all traits in

the interannual environmental changes
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components, whereas P. erosus entries showed pos-

itive scores for the first principal component, but

negative scores for the second principal component.

The ‘Ashipa’ entry of P. tuberosus was the only entry

with a large negative score for the third principal

component.

Cluster analysis

In general, the results of the cluster analysis (Fig. 2)

were similar to those from the principal component

analysis. Each species entry was usually clustered at

the first fusion steps and the average Euclidian

distance between entries within species was large

([ 0.25). Pachyrhizus erosus, P. ahipa and the P.
tuberosus of the ‘Chuin’ cultivar group formed three

main groups. At the final fusion steps, the P.
tuberosus ‘Chuin’ group was aggregated with the P.
erosus group; this ‘P. tuberosus ‘Chuin’–P. erosus’
cluster was then merged with the P. ahipa group and,

following this, with the P. tuberosus ‘Ashipa’ cultivar
group. The P. tuberosus ‘Ashipa’ and ‘Chuin’ fell into
two distinct clusters, and the average Euclidian

distance between P. tuberosus ‘Chuin’ and P. erosus
was smaller than the average Euclidian distance

between the two P. tuberosus types. Within each of

the three species, a similar amount of diversity was

observed and several subgroups could be identified.

The cluster structure obtained for P. erosus only

partly reflects the geographic origins of the entries

(Table 1). Thus, some clusters were formed by entries

with the same origin (e.g. EC040, EC041 and EC042

from Guatemala), while other clusters combined

entries with different origins (e.g. ECKEW from

Mexico and EC533 from Macau in Asia).

Only a few traits remained in the final multiple

regression model among all agronomic and morpho-

logical traits with variance component estimations of

r2AðSÞ/r
2
e [ 2 that entered the stepwise multiple

regression analysis as regressor variables (principal

components as dependent variables) (Table 13).

Inflorescence length, pod degree and shape of curva-

ture, and pod green colour showed a coefficient of

determination (R2) of 0.976 for the first principal

component. Thousand seed weight, start of flowering,

shape of central terminal and lateral leaflet lobe had a

coefficient of determination (R2) of 0.972 for the

second principal component. The third, fourth and

fifth principal components were determined to 50.1%

by pod beak curvature, to 69.8% by pod beak

Table 8 Phenotypic variation within (PVA(S)) and among (PVS) the three cultivated yam bean species evaluated at two locations in

West Africa for 25 morphological qualitative traits measured in 34 Pachyrhizus entries

Variable set Trait PVAS

(%)a
PVS

(%)a
Variable set Trait PVAS

(%)a
PVS

(%)a

Storage root DSN 0.00 54.35 Storage root DSI 0.00 53.84

SS 80.03 16.12 SDS 61.57 38.35

SFC 59.47 40.50 DSFC 60.57 39.40

SSR 62.26 37.52 SCR 62.09 37.86

CSR 60.11 39.34 – – – –

Seed CSE 59.33 40.61 – – – –

Pod PC 62.25 37.08 Pod DP 60.00 39.89

CMP 55.40 43.91 – – –

Flower CS 60.13 39.53 Flower FCS 60.31 39.36

FCW 60.31 39.36 – – – –

Stem PT 58.07 41.81 Stem SCO 57.67 41.98

Leaf LC 17.70 81.58 Leaf SCTLL 60.23 39.70

SCLLL 59.35 40.54 TLLT 59.34 40.62

LLLT 62.30 37.57 – – – –

Composite traits

(Root + Stem + Pod + Leaf)

DSLI 44.11 38.23 Composite traits

(Root + Stem + Pod + Leaf)

DSLF 16.24 49.57

a Phenotypic variation among genotypes across locations was calculated within (PVA(S)) and between (PVS) species for all traits in

the interannual environmental changes
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Table 9 Estimation of the standardized Shannon–Weaver diversity index (H′) for 50 quantitative morphological and agronomic

characters of yam bean among and within 3 species in the genus Pachyrhizus

Variable set Trait Species Average for the genus

P. ahipa P. erosus P. tuberosus

Storage root SRFY 0.76 0.92 0.89 0.83

SRDM 0.96 0.85 0.87 0.87

SRDY 0.60 0.83 0.94 0.66

HIR 0.88 0.70 1.00 0.83

LS 0.86 0.94 0.96 0.87

WS 0.76 0.84 0.85 0.77

MWS 0.67 0.95 0.94 0.93

NSP 0.70 0.67 0.84 0.95

PRO 0.63 0.69 0.67 0.65

STA 0.72 0.86 0.83 0.89

SUC 0.93 0.8 0.79 0.86

GLUC 0.86 1.00 0.61 0.82

FRUC 0.77 0.8 0.88 0.74

Seed SEEY 0.99 0.99 0.84 0.97

TSW 0.91 0.87 0.88 0.89

HIS 0.87 0.85 0.96 0.87

SNP 0.82 0.84 0.88 0.94

SL 0.94 0.84 0.86 1.01

SW 0.99 0.93 0.89 0.93

SH 0.95 0.93 0.93 0.89

Pod PODY 1.00 0.95 0.89 0.84

SHEL 0.87 0.81 0.85 0.86

TM 0.96 0.91 0.84 0.99

PN 0.77 0.94 0.89 0.93

PL 0.90 1.00 0.86 0.84

PW 0.89 0.95 0.84 0.86

POH 0.91 0.91 0.90 0.95

PDS 0.37 0.48 0.82 0.09

PBL 0.82 0.86 0.83 0.88

PBC 0.00 0.47 0.64 0.00

Flower BF 0.82 0.98 0.90 0.82

TF 0.85 0.92 0.90 0.88

PF 0.99 0.75 0.81 1.00

IL 0.81 1.00 0.82 0.84

Stem TE 0.86 0.95 0.8 0.84

EV 0.91 0.91 0.82 0.94

SC 0.80 0.91 0.73 0.74

PH 0.66 0.87 0.93 0.77

Leaf TLL 0.84 0.85 0.92 0.8

TLW 0.78 0.97 0.83 0.78

TLMW 0.76 0.99 0.89 0.75

LLL 0.90 0.86 0.97 0.92
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curvature and width of storage roots, and to 37.1% by

terminal leaflet lobe type, respectively. In total only

10 traits were significant at the 0.01 level for the first

five principal components in the regression analysis.

These principal components explained 78.7% of total

variation observed in this study, and the 10 selected

traits (i.e. IF, PDS, PC, TSW, BF, SCTLL, PBC, WS

and TLLT) explained 69.6% of the total variation

observed.

The global search for environmental conditions

characterized by comparable temperature and rainfall

parameters of the experimental sites, i.e. average

annual temperature from 23 to 28 °C and precipita-

tion from 400–1200 mm (including both rainfall and

irrigation) for at least six consecutive months, i.e. the

crop duration at experimental sites, revealed that

similar conditions can be found in 85 countries

around the world (Fig. 3). The relevant target set of

yam bean production environments are mainly

located in Central and South America, West, Central,

and South East Africa, South East Asia and the

Pacific. Albeit, the environmental survey did fail to

identify the known yam bean production areas in

Central Mexico, South India and South China.

Multivariate analysis of variance

The behaviour of the genotypes and species was the

same regardless of the environment used, considering

all the 50 quantitative and 25 quantitative variables

simultaneously. The main effect of each factor (G or

L) was then investigated separately. For the factor G,

significant differences were noticed between all

genotypes or species. All entries react also in the

same way since P ≤ 0.0001.Furthermore, the other

multivariate contrasts were significant (Table 14).

The MANOVA against all 50 quantitative and 25

qualitative traits measured variables revealed then

significant Wilks’ Lambda (P ≤ 0.0001). They

yielded also significant results with similar statistics

(Pillai’s trace, Hotelling-Lawley trace, and Roys’

Max root) (Table 14). Wilks’ Lambda was trans-

formed as an F approximation. Strong significant

differences were detected among all genotypes within

as well as between species, which suggested the need

for discriminant analysis for centroid comparison

between groups. All parallel statistical tests resulted

from MANOVA (Hotelling-Lawley, Pillai’s trace and

Roys Max root) were treated in the way as Wilks’

Lambda for the F test. The tested morpho-agronomic

and quality traits can be efficiently utilized in further

breeding programs. MANOVAs were conducted for

sources of variation Location, Genotype (G), Species

(S), G 9 L, and S 9 L in the full MANOVA,

excepted for qualitative characters where little vari-

ability is exhibited within each species (Table 14). In

agreement with the PCA and cluster analysis,

MANOVA indicated that the main components of

the total phenotypic variance were due to almost 28

characters of the 75 evaluated across two environ-

ments. Comparison of the 50 quantitative and 25

qualitative traits using MANOVA showed a signif-

icant difference between accessions of Pachyrhizus
species at all taxonomic levels examined. The

difference is based mainly on 19 quantitative traits

and 9 qualitative characters which showed positive

Table 9 continued

Variable set Trait Species Average for the genus

P. ahipa P. erosus P. tuberosus

LLW 0.90 0.87 0.97 0.91

LLMW 0.89 0.98 0.82 0.88

LN 0.92 0.92 0.96 0.96

TLLN 0.94 0.88 0.65 0.98

LLLN 0.90 0.87 0.63 0.88

Composite traits (Root + Stem

+ Seed + Pod + Leaf)

BIOM 0.82 0.83 0.89 0.86

VLW 0.77 0.99 0.79 0.88

HITOT 0.87 0.81 0.91 0.90

Average over all traits – 0.83 0.87 0.86 0.83
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Eigenvectors related to genotype and species distinc-

tiveness (Tables 2 and 3). The MANOVA applied to

the 34 accessions exhibited significant difference

between the 3 species pairwise (F = 3.90;

P ≤ 0.0001). This result relied mainly on the 19

aforementioned quantitative characters of the 75

measured. However, some differences appeared

among the three species. In Pachyrhizus ahipa, 8

traits were sufficient to analyze variation (Zanklan,

unpublished data), while 18 traits were necessary in
P. erosus and P. tuberosus (Zanklan, unpublished

data) as indicated in Tables 2 and 3. Differences

between accessions inside a given species are as large

as differences among species as described by

phenotypic variation estimates and Shannon–Weaver

diversity index analyses (Tables 9, 10).

Discriminant function analysis

Tables 15–23 are provided in Electronic Supplemen-

tary Material Table ESM1.

Tables 15–17 present the discriminant function

analysis (DFA) structure for the 75 morpho-agro-

nomic characters, the 50 quantitative and the 25

qualitative traits effects respectively, and related

statistics including eigenvalues, proportion of total

discriminant power accounted for by the first five

canonical functions as well as cumulative amount of

Table 10 Estimation of the standardized Shannon–Weaver diversity index (H′) for 25 qualitative morphological characters of yam

bean among and within 3 species in the genus Pachyrhizus

Variable set Trait Species Average for the genus

P. ahipa P. erosus P. tuberosus

Storage root DSN 0.75 0.67 0.59 0.79

DSI 0.89 0.80 0.81 0.80

SS 0.83 0.61 0.86 0.75

CSR 0.00 0.47 0.89 0.00

SDS 0.00 0.51 0.00 0.00

SFC 0.73 0.47 0.78 0.69

DSFC 0.72 0.47 0.63 0.76

SSR 0.68 0.47 0.93 0.59

SCR 0.00 0.82 0.00 0.00

Seed CSE 0.69 0.63 0.93 0.69

Pod PC 1.00 0.59 0.72 1.01

DP 0.00 0.43 0.81 0.00

CMP 0.00 0.00 0.00 0.00

Flower CS 0.73 0.64 0.00 0.74

FCS 0.36 0.73 0.00 0.47

FCW 0.38 0.74 0.00 0.46

Stem PT 0.75 0.83 0.00 0.71

SCO 0.74 0.47 0.77 0.75

Leaf LC 0.87 0.75 0.00 0.87

TLLT 0.61 0.73 0.00 0.61

LLLT 0.54 0.72 0.00 0.67

SCTLL 0.00 0.58 0.73 0.00

SCLLL 0.00 0.46 0.58 0.00

Composite traits (Root + Stem + Pod + Leaf) DSLI 0.60 0.75 0.69 0.50

DSLF 0.86 0.69 0.65 0.86

Average over all traits – 0.51 0.61 0.46 0.51
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Table 11 Pearson correlation coefficients for the relationship between each of the first five principal components (PC) and each of 50

quantitative morphological and agronomic traits measured in 34 Pachyrhizus entries

Variable set Trait PC1 PC2 PC3 PC4 PC5

Storage root SRFY − 0.464* − 0.201 − 0.506* − 0.630** − 0.172

SRDM − 0.086 − 0.826** − 0.232 − 0.223 − 0.157

SRDY − 0.368 − 0.135 − 0.615** − 0.603** − 0.128

HIR − 0.421 − 0.168 − 0.696** − 0.503* − 0.105

NSP − 0.488* − 0.077 − 0.063 − 0.292 − 0.429

PRO − 0.746** − 0.015 − 0.050 − 0.252 − 0.155

STA − 0.142 − 0.692** − 0.122 − 0.087 − 0.072

SUC − 0.219 − 0.164 − 0.200 − 0.165 − 0.135

GLUC − 0.397 − 0.516* − 0.287 − 0.023 − 0.065

FRUC − 0.014 − 0.704** − 0.267 − 0.082 − 0.094

LS − 0.807** − 0.037 − 0.249 − 0.319 − 0.098

WS − 0.451* − 0.382 − 0.461* − 0.579** − 0.118

MWS − 0.244 − 0.043 − 0.245 − 0.488* − 0.033

Seed SEEY − 0.795** − 0.413 − 0.078 − 0.119 − 0.041

TSW − 0.568** − 0.726** − 0.157 − 0.230 − 0.071

HIS − 0.084 − 0.672** − 0.071 − 0.488* − 0.302

SNP − 0.882** − 0.017 − 0.045 − 0.014 − 0.122

SL − 0.552** − 0.703** − 0.155 − 0.219 − 0.138

SW − 0.265 − 0.675** − 0.044 − 0.427 − 0.355

SH − 0.912** − 0.086 − 0.136 − 0.139 − 0.284

Pod PODY − 0.793** − 0.452* − 0.080 − 0.081 − 0.038

SHEL − 0.784** − 0.473* − 0.081 − 0.056 − 0.036

TM − 0.842** − 0.395 − 0.271 − 0.126 − 0.028

PL − 0.184 − 0.840** − 0.221 − 0.186 − 0.120

PW − 0.812** − 0.337 − 0.148 − 0.112 − 0.043

POH − 0.892** − 0.034 − 0.185 − 0.186 − 0.275

PN − 0.752** − 0.454* − 0.061 − 0.234 − 0.064

PDS − 0.939** − 0.256 − 0.045 − 0.042 − 0.128

PBL − 0.958** − 0.164 − 0.072 − 0.039 − 0.039

PBC − 0.053 − 0.223 − 0.686** − 0.464* − 0.027

Flower BF − 0.739** − 0.516** − 0.239 − 0.179 − 0.107

TF − 0.829** − 0.418 − 0.216 − 0.116 − 0.124

PF − 0.092 − 0.429* − 0.657** − 0.413 − 0.262

IL − 0.953** − 0.109 − 0.056 − 0.021 − 0.063

Stem TE − 0.646** − 0.054 − 0.124 − 0.082 − 0.256

EV − 0.318 − 0.255 − 0.669** − 0.329 − 0.056

SC − 0.331 − 0.055 − 0.033 − 0.026 − 0.207

PH − 0.919** − 0.300 − 0.169 − 0.013 − 0.008

Leaf TLL − 0.606** − 0.760** 0.130 − 0.063 − 0.012

TLW − 0.843** − 0.423 − 0.144 − 0.130 − 0.134

TLMW − 0.584** − 0.794** − 0.001 − 0.011 − 0.021

LLL − 0.488* − 0.842** − 0.111 − 0.059 − 0.026

LLW − 0.910** − 0.117 − 0.189 − 0.178 − 0.103
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Table 11 continued

Variable set Trait PC1 PC2 PC3 PC4 PC5

LLMW − 0.675** − 0.708** − 0.065 − 0.035 − 0.087

LN − 0.354 − 0.387 − 0.332 − 0.086 0.219

TLLN − 0.607** − 0.641** − 0.088 − 0.089 − 0.059

LLLN − 0.668** − 0.581** − 0.047 − 0.119 − 0.060

Composite traits (Root + Stem + Pod + Leaf) VLW − 0.623** − 0.337 − 0.587** − 0.109 − 0.218

BIOM − 0.883** − 0.010 − 0.226 − 0.160 − 0.134

HITOT − 0.510* − 0.137 − 0.740** − 0.324 − 0.029

*, ** Significant with P ≤ 0.01 and 0.001 respectively

Table 12 Pearson correlation coefficients for the relationship between each of the first five principal components (PC) and each of 25

qualitative morphological and agronomic traits measured in 34 Pachyrhizus entries

Variable set Trait PC1 PC2 PC3 PC4 PC5

Storage root DSN − 0.861** − 0.273 − 0.010 − 0.088 − 0.065

DSI − 0.862** − 0.254 − 0.109 − 0.111 − 0.071

SS − 0.049 − 0.400 − 0.283 − 0.332 − 0.151

CSR − 0.573** − 0.555** − 0.233 − 0.331 − 0.006

SDS − 0.601** − 0.180 − 0.307 − 0.235 − 0.131

SFC − 0.789** − 0.417 − 0.228 − 0.188 − 0.072

DSFC − 0.579** − 0.568** − 0.322 − 0.013 − 0.035

SSR − 0.033 − 0.533** − 0.536** − 0.125 − 0.024

SCR − 0.579** − 0.307 − 0.202 − 0.143 − 0.313

Seed CSE − 0.841** − 0.331 − 0.148 − 0.185 − 0.211

Pod PC − 0.635** − 0.063 − 0.344 − 0.030 − 0.186

DP − 0.688** − 0.212 − 0.298 − 0.287 − 0.393

CMP − 0.817** − 0.357 − 0.080 − 0.125 − 0.369

Flower CS − 0.304 − 0.722** − 0.088 − 0.271 − 0.286

FCS − 0.479* − 0.633** − 0.129 − 0.153 − 0.368

FCW − 0.479* − 0.633** − 0.129 − 0.153 − 0.368

Stem PT − 0.875** − 0.401 − 0.032 − 0.088 − 0.149

SCO − 0.301 − 0.828** − 0.057 − 0.063 − 0.011

Leaf LC − 0.763** − 0.416 − 0.092 − 0.110 − 0.040

TLLT − 0.505* − 0.428 − 0.132 − 0.101 − 0.616**

LLLT − 0.423 − 0.485* − 0.060 − 0.200 − 0.593**

SCTLL − 0.559** − 0.562** − 0.421 − 0.249 − 0.227

SCLLL − 0.514** − 0.683** − 0.431* − 0.200 − 0.070

Composite traits (Root + Stem + Pod + Leaf) DSLI − 0.365 − 0.457** − 0.467** − 0.165 − 0.183

DSLF − 0.678** − 0.224 − 0.095 − 0.228 − 0.063

*, ** Significant with P ≤ 0.01 and 0.001 respectively
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discrimination power of functions. Tables 18–20

show results on DFA performed to dissect differences

between entries at the interspecific scale.

Similarly, Tables 21–23 show standardized canon-

ical coefficients against the first three functions for

comparison of the performance of genotypes within

and among the three yam bean species studied, again

at both intra- and interspecific levels. Graphically, the

mean scores of the first two canonical variates were

scatter plotted to show visually differences between

genotypes within and among species across two

environments to indicate the original variables, which

easily explained the variability. These are showed in

Figs ESMs 1–5, respectively. Figs ESMs 6–8 show

discrimination variability between the two locations

used in the present study. Differences between

genotypes were examined within and among the

species.

Discriminant function analysis (DFA) carried out

on the entire 75 morpho-agronomic characters scored

with emphasis on traits recorded on different plant

organs (Table 15) showed that the cumulative

variance explained by the first five canonical variates

accounted for 98.90% of the total variance with

respect to both quantitative and qualitative storage

root traits. The first two functions accounted for

96.77%. The variables which most contributed to

those canonical variates were metrical as well as

visual descriptor traits as shown in Table 21 listing

the standardized canonical discriminant function

coefficients between the first three canonical scores

of discriminant ordinations and 75 morphological and

agronomic traits in Pachyrhizus spp. The first

discriminant function, which accounted for 94.96%

of the total variance, was negatively correlated with

27 characters. Positive association with CAN1 was

due to nine traits (Table 21). Examination of the

second function suggested it was mainly associated

with eight characters (with positive correlation) and

negatively linked to twenty further traits (Table 21).

The order in which the variables were included in the

discriminant analysis indicates their relative impor-

tance in classifying entries.

Canonical analysis to find divergent trends for root

related traits resulted in five main variates that

accounted together for 98.90% of the total variation

in Pachyrhizus (Table 15). The first and second

variates contributed for 94.96 and 1.80% of the

variation, respectively.

With regards to seed traits, the first five canonical

variates extracted from DFA were responsible for

Fig. 1 Plot of the scores for the first (PC1), second (PC2) and

third principal component (PC3) of the principal component

analysis of 34 entries of three Pachyrhizus species determined

from 75 morphological and agronomic traits; triangle = P.
ahipa, circle = P. erosus, diamond = P. tuberosus (‘Chuin’),

square = P. tuberosus (‘Ashipa’)

Fig. 2 Cluster analysis of 34 entries of three Pachyrhizus
species based on 75 agronomic and morphological traits;

TC = P. tuberosus, AC = P. ahipa and EC = P. erosus
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99.98% of total variation (Table 15). Canonical

loadings showed that CAN1 was determined and

dominated by traits presented in Tables 15 and 21.

The first variate represented 98.37% of the total

variation explained by DFA and was highly corre-

lated to most of the original variables aforementioned

(P\ 0.0001), but it was negatively correlated to SNP

and SW. The second variate explained 1.16% of the

seed parameter variation between genotypes and was

negatively correlated to most variables.

DFA performed with focus on pod characters

indicated that the first five variables demonstrated

99.79% of the total variation. CAN1 powered 90.93%

and CAN2 explained 5.25% of the total variance. The

original variables contributing to the variation

observed are stressed in Tables 15 and 21.

Canonical analysis to identify genotypic differ-

ences for flower traits resulted in five variates that

accounted together for 100% of the variability among

genotypes inside a given species. The first canonical

Table 13 Morphological and agronomic traits measured in 34 Pachyrhizus entries with variance component estimations of r2AðSÞ/
r2e [ 2 entered and left in multiple regression analysis for variable reduction in future Pachyrhizus classificatory studies

Dependent

variables

Regressor variables entered in the model Regressor variables

left in the modela
R2b

PC1 BF, TF, TSW, PT, LC, TLLT, SCTLL, SCLLL, TLLN, LLLN, IL, FCS, FCW, PC,

PDS, DP, CMPCSE, CSR, SDS, SFC, DSFC, WS, SCR

IL, PDS, PC 0.9756

PC2 BF, TSW, DSLI, PF, SCTLL, SCLLL, TLLN, LLLN, CS, FCS, FCW, SCO, CSR,

DSFC, SSR

TSW, SCLLL, BF,

SCTLL

0.9718

PC3 DSLI, EV, PF, PBC, WS, SSR PBC 0.5011

PC4 PBC, WS PBC, WS 0.6976

PC5 TLLT, LLLT TLLT 0.3711

a All variables left in the model are significant at the 0.01 level
b Coefficient of determination

Fig. 3 Target set of yam bean production areas in the tropics, which correspond to the average annual temperature range (23–28 °C)
and rainfall range [400–1200 mm (including irrigation)] at experimental sites for at least six consecutive months
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variate described 94.96% of the total variation

(Table 15). Distribution of genotypes through canon-

ical axes 1 and 2 showed a conspicuous divergence

between the groups formed by accessions within each

species with high correlation to traits beginning of

flowering and period of flowering (Tables 15, 21).

Stem traits showed big variation within as well

among species. Canonical outcomes indicated that

five variates explained 100% of the total variation

observed. Original variables with CAN1 contributed

jointly to 97.85% of the variation, while CAN2 was

demonstrated only 1.73% of the total variation

(Table 15). The first variate was negatively linked

with stem colour, early vigour and plant height.

CAN2 was caused mainly by time of emergence

(Table 21).

All original leaf variables associated with the five

first variates from DFA contributed to dissect 99.53%

of the amount existing in the germplasm studied. The

first two caused 66.16% of the total variability

observed, whereas the second explained 30.70%

showing among all other variable sets the higher

percentage for variation attributed to the second

canonical variate. Main traits causing the powers of

CAN1 and 2 are labelled in Table 21.

Traits related to many plant organs together,

considerable variation was also observed in the yam

bean collection. Thus, the first variate explained most

of the total amount of variation (99.57%). The

remaining variates were responsible for less than

1% (Table 15). The second variate and others

explaining only additional variability discriminated

accessions on the basis of weight of vines and leaves.

Using only the 50 quantitative or the 25 qualitative

traits (Tables 16 and 17) indicated generally the same

trends as previously described for the entire 75

characters investigated. As showed in Tables 22 and

23, all traits positively or negatively associated with

CAN1 and CAN2 were highly variable and disper-

sion of genotypes within and between species

differed significantly according to the plant organ

considered.

Canonical ordinations of variables and genotypes

along the first two significant axes presented also in

general similar trends, as mentioned above, and their

distribution was highly variable (Figs ESMs 1–3).

Among species, canonical analysis extracted five

variates that were responsible for nearly 100% of

total variation of the entire 75 quantitative and

qualitative traits data with attention on storage root,

seed, pod, flower, stem, leaf and composite characters

(Tables 18–23). Distribution of whole species

through canonical axes from DFA showed a conspic-

uous divergence between the groups formed by them.

Their ordinations on the significant axes were

attained by each assembling either all the 75

Table 14 Wilks’ λ, Hotelling-Lawley, Pillai’s trace and Roy’s Max root results from the MANOVA analysis of the 75 traits

investigated for the sources of variation (Location, Species, Genotype) and their interactions

Sources of

variation

Wilks’ λ-
test

F value Hotelling-

Lawley

F value Pillai’s

trace

F value Roy’s Max

root

F value

Location (L) 1.81E−33 5.94*** 4968.79 38.27*** 22.70 2.12*** 2159.77 1874.52***

Species (S) 9.86E−06 232.80*** 698.19 251.34*** 1.99 215.54*** 596.21 494.53***

Genotype (G) 6.17E−31 3.90*** 3758.95 33.50a ns 23.14 1.75*** 2652.16 1980.28***

G 9 L 7.07E−19 1.45*** 1282.79 9.88*** 16.49 0.92*** 1081.86 938.97***

G (in L1)b 0.019 37.73*** 50.53 37.73*** 0.98 37.73*** 50.53 37.73**

G (in L2)b 2.23E−20 4.32*** 790.67 23.98*** 17.62 1.92*** 432.58 726.74***

S 9 L 0.003 12.05*** 1.880 8.592*** 36.10 18.08*** 24.77 18.08***

S (in L1) 0.003 31.41*** 49.81 48.68*** 1.81 19.99*** 44.70 91.44***

S (in L2) 0.0001 134.10*** 167.02 136.02*** 1.97 131.28*** 104.82 176.10***

For each analysis, Wilks’ λ, Hotelling, Pillai’s trace and Roy’s Max root. F values and significance levels are included

*** Significant at the 0.001 probability level
a Non significant
b L1 = Songhai, L2 = Niaouli
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morpho-agronomic, or the 50 quantitative, or 25

qualitative characters; even by considering traits

related to each plant organ separately (Figs ESMs 4

and 5). Species showed unequivocally distinct char-

acteristics by appearing sometimes on both negative

values for CAN1, or on high mean values for CAN1

and 2, or showing differences for diverse other

combinations of variables along these first two

canonical axes (Figs ESMs 4 and 5).

Even though species were well discriminated by

DFA across both locations (Songhai and Niaouli),

differences appeared in the importance of original

variables and variable sets between environments as

described above with the MANOVA results. As

shown in Figs ESMs 6–8, DFA displayed diverse

results for CAN1 and CAN2 in location Songhai or

Niaouli. Moreover, these differences in the discrim-

inatory of the CANs were linked to the characters

related to varied plant organ of interest. Trait

variation was displayed most inversely according to

the location indicating high S 9 L interactions (Figs

ESMs 6–8).

Effect size estimators and bias due to unequal

sample size per species

In the study reported here, the total number of 34

entries was placed in three groups. The estimated bias

due to unbalanced data error was computed and three

effect size estimates were generated for all 50

quantitative and 25 qualitative traits evaluated, and

summarized in Tables 24 and 25. In our experiment,

it was noted that for forty-one traits, Ɛ2 and ω2

estimates were negative as indicated in Tables 24 and

25 provided in Table ESM1.

Discussion

Phenotypic variation

The coefficient of variation provides a measure of

diversity for quantitative traits (Ferguson and Robert-

son 1999). A part of the results on descriptive

statistics, including 33 traits, has been reported earlier

in Zanklan et al. (2007). Clear variability existed in

the yam bean germplasm studied for all quantitative

inherited traits with somewhat reduced variation in

characters related to biomass production, pod number

per plant—a trait well associated to other agronomic

traits—terminal leaflet length, inflorescence length,

thousand seed weight, pod length, time of flowering,

weight of vines and leaves, pod width, period of

flowering, vine start of climbing and total harvest

index. Trait variation ranged from 0.81 (for HITOT)

to 49.35% (for number of storage root per plant)

considering all traits and species evaluated. This

indicated that genotypes belonging to all three

cultivated yam bean species possess a high potential

for biomass yield production and its components such

as NSP, SEEY and SRDY. A remarkable diversity for

most morphological and agronomic characters is

shown at the intraspecific scale (Table 6), whereas

overall diversity at the interspecific level was some-

what lower. Understanding the mechanisms making

some sites confer more variability to the germplasm

would be desirable to plan collecting missions, and to

efficiently exploit the available genetic diversity in

genebanks (Pecetti and Piano 2002). Our current

results indicate that there is a wide differentiation

among accessions and lines within and between the

three cultivated yam bean species, both for quantita-

tive and qualitative traits that can be used to breed for

higher biomass, storage root dry matter content and

yield.

The grouping of similar genotypes relies on the

dissimilarity among them, which can be determined

by a phenotypic diversity index (Upadhyaya et al.

2002). The average diversity index was similar in the

three species, The Shannon–Weaver diversity index

was calculated to compare phenotypic diversity index

(H′) among traits and within- and between-groups. A

low H′ indicates extremely unbalanced frequency

classes for individual traits and a lack of diversity

(Upadhyaya et al. 2002). Diversity estimates were

performed for each trait and the three species as well

as in the entire genus. H′ was then pooled across

traits, species and the genus Pachyrhizus (Tables 9

and 10). The average H′ across traits was quite

similar for species and the genus for quantitative

characters. For qualitative traits, P. erosus, P. tubero-
sus and the genus presented the same trends, while in

P. ahipa, the diversity was lower. The three species

value of the H′ index for each trait or averaged across

all quantitative or qualitative characters was neither

correlated with the number of constituent accessions

and lines per species, nor with environmental differ-

ences. The significant variation at the interspecific as
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well as the intraspecific scales suggests a differenti-

ation of the species, likely related to the selective

pressures in the environments of origin. Mean

adjustment of adaptive traits takes place—in the long

term—according to the prevailing environmental

conditions of the location of origin (Pecetti and

Piano 2002; Piano et al. 1996). In the present study,

from the relative importance of among- and within-

species variation (Tables 7, 8), such adjustment to a

given environment may be realized. A relative high

level of intraspecific variation, which is a primary

factor of adaptation, can provide a buffering effect to

the population to cope with the unpredictable,

seasonal climatic fluctuations (Pecetti and Piano

2002).

Phenotypic variation estimated with Shannon–

Weaver diversity index seemed to be equal in

importance for quantitative as well as qualitative

characters (Tables 9, 10) even though some differ-

ences were recorded between the two types of

variables. This is indicating the equal usefulness of

both variable types in studying genetic diversity in

yam bean.

Døygaard and Sørensen (1998) observed no single

trait separation among the three species when

analysing 18 quantitative morphological traits in

herbarium material, i.e. excluding agro-ecological

traits, using principal component analysis. However,

our results, based on 75 morphological and agro-

nomic characters (50 quantitative and 25 qualitative)

and field trials, showed a clear separation between P.
erosus, P. ahipa, P. tuberosus ‘Chuin’ and P. tubero-
sus ‘Ashipa’ in both the principal component analysis

and the cluster analysis. A clear separation between P.
tuberosus and P. erosus had previously been observed

by Estrella et al. (1998), who used random amplified

polymorphic DNA (RAPD) markers; however, that

study did not consider P. ahipa. A clear separation

between P. tuberosus ‘Chuin’ and P. tuberosus
‘Ashipa’ was also observed by both Tapia and

Sørensen (2003) and Delêtre et al. (2017), the first

using a canonical analysis based on 70 morphological

and agronomic traits, and the second chloroplast

DNA and microsatellite markers. Tapia and Sørensen

(2003) found a large genetic distance in P. tuberosus
between ‘Chuin’ and ‘Ashipa’. The same was

observed in this study and additionally, that the

genetic distance between the ‘Chuin’ and ‘Ashipa’

group within P. tuberosus is as large as the genetic

distance between ‘Chuin’ and P. erosus as well as

between ‘Chuin’ and P. ahipa.
One limitation of the current study is the fact that

we were only able to use one accession of the P.
tuberosus of the cultivar group ‘Ashipa’ (TC118);

however, this entry can be considered representative

of the ‘Ashipa’ group (Tapia and Sørensen 2003).

With five ‘Chuin’ entries we gave emphasis to the

agronomically most important cultivar group within

P. tuberosus due to the quality characteristics of the

storage root. Together the P. tuberosus of the cultivar
group ‘Ashipa’, entry TC118 from Haiti, and the five

P. tuberosus of the cultivar group ‘Chuin’ from Peru,

the clear differences concerning growth type and

storage root nutrient content within P. tuberosus can
be assessed in this study. The domestication of the P.
tuberosus cultivar groups was studied by Delêtre

et al. (2017) and the cultivar groups are still found in

cultivation among many indigenous farmer commu-

nities in the Amazonas basin of Peru, Ecuador,

Colombia, Brazil, Bolivia, and Venezuela, so that the

existing ex situ germplasm collections of P. tuberosus
maybe improved through renewed collection efforts.

Such collection initiatives should be directly linked

with the maintenance of the material in professionally

managed genebanks. For this study it was only

possible to obtain five ‘Chuin’ and three ‘Ashipa’

accessions and two of these ‘Ashipa’ samples could

not be used because of lack of seed vigour. In contrast

to the samples of P. tuberosus, the P. ahipa samples

used in this study represent a very good coverage of

the current diversity of this species.

Pachyrhizus ahipa had been considered extinct,

because it had not been observed in the Andean fields

in Peru and Ecuador (Grüneberg, pers comm.).

However, in 1994/95 farmers in the remote valleys

of Bolivia and Northern Argentina were found to be

growing P. ahipa. This material was collected during

two field trips of several months duration in 1994 and

1996 (Ørting et al. 1996). All the P. ahipa material

used for this study—with the exception of AC102,

AC524 and AC525—trace back to these two collec-

tion trips (Ørting et al. 1996) and were selected to

cover the diversity between and within accessions.

Most of this material is today available from CIP’s

genebank (Table 1).

In contrast to P. tuberosus and P. ahipa, the species
P. erosus can be easily found in cultivation—often on

a commercial scale—in many tropical regions of the
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world. Nevertheless, like P. tuberosus there is no

professionally managed genebank with a mandate for

P. erosus and germplasm acquisition depends upon

research institutions and botanical gardens providing

seed samples, excepted of “INIFAP genebank Campo
Experimental Bajio” at Celaya, Guanajuato, Mexico.

The P. erosus material used for this study represents a

broad sample for this species from different regions

of the world. The sample of yam bean genotypes

were assessed in two field trials in Benin, West

Africa, and both experimental sites had the same soil

type (well-drained sandy red loam). Average annual

temperature at the experimental sites ranges from

23 °C in August to 28 °C in May and the sites are

characterized by usually dry conditions. However,

using irrigation we generated a wide range of water

supply in these field trials ranging from about

400 mm to 1200 mm during the crop growth period

of about six months. Using ArcGIS software to search

environments in the world with a temperature range

from 23 °C to 28 °C and a precipitation range from

400 to 1200 mm within at least six consecutive

months we found such conditions present in 85

countries worldwide, mainly in Central and South

America, West, Central, and South East Africa, South

East Asia and the Pacific (Fig. 3). This relevant target

set of yam bean production environments corre-

sponds well with the known yam bean distribution,

with the exception of the cultivation areas in Central

Mexico, South India and South China. However, it

was observed that in this environmental survey all

areas of origin of the three species were included in

the output. This might explain why all three yam

bean species were performing well at our experi-

mental sites, although they originate from different

eco-geographic regions. The two experimental sites

used in this study are representative of a very wide

range of yam bean production environments in West

Africa as well as in other tropical regions around the

world.

Principal component and cluster analyses

The average Euclidian distance observed between P.
tuberosus group ‘Chuin’ and P. tuberosus group

‘Ashipa’ was larger than the average Euclidian

distance between P. tuberosus group ‘Chuin’ and P.
erosus as well as that between P. tuberosus group

‘Chuin’ and P. ahipa. This is a clear indication that

the three species are very closely related. That the

relationships between the three cultivated yam bean

species are very close is further indicated by the fact

that the species are not, with one exception, separated

by crossing barriers (Grum 1990; Sørensen 1991;

Grüneberg et al. 2003). The diversity observed within

P. ahipa and the P. tuberosus of the cultivar group

‘Chuin’ type (Figs. 1, 2) was nearly as large as the

diversity observed within P. erosus. This was unex-

pected; because all P. tuberosus of the cultivar group

‘Chuin’ entries originate from Peru and all P. ahipa
entries from Bolivia, whereas the P. erosus entries

originated from several different countries in Central

and South America and Asia. Moreover, within P.
erosus, no clear subgroups related to geographic

origin was detected which agrees with the results of

Estrella et al. (1998). This suggests that in both Peru

and Bolivia an extremely large amount of diversity

can likely be found for cultivated yam beans. This

also suggests that the yam bean was introduced to

Asia from the Americas, which is in agreement with

historical reports that P. erosus was introduced into

Asia in the sixteenth century by the Spaniards via the

Acapulco—Manila trade route (Sørensen 1996).

The first three principal components explained

about 70% of the total variation in all traits (Tables 4,

5). This figure is high considering the large number of

variables recorded in this study. Principal component

analysis showed that, for the first principal compo-

nent, all P. erosus entries had positive scores and all

P. ahipa entries had negative scores (Fig. 1). This

reflects the fact that P. erosus matures later, has a

generally higher yield potential than P. ahipa and can

morphologically be clearly separated from P. ahipa,
because the first principal component was mainly

associated with yield-related traits. With regard to

yield potential and time to maturity, P. tuberosus, fell
between P. erosus and P. ahipa (Zanklan et al. 2007).

This was reflected by the positive scores obtained for

the first principal component in P. tuberosus, which
were always lower than those obtained for P. erosus
and higher than those obtained for P. ahipa. However,
P. tuberosus was mainly separated from P. erosus and
P. ahipa by the high positive values obtained for the

second principal component, which were associated

with leaf and seed morphological characteristics, high

storage-root dry matter and starch content and low

storage-root fructose and glucose content as well as

leaf length and shape.
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In total, 75 characters were used in the present

study. Recording such a large number of traits is both

labour-intensive and time-consuming. This study

shows that a character discard can be performed in

describing cultivated yam bean genotypes, because

many characters were highly correlated. The varia-

tion of the entire primary yam bean genepool

considered by 75 agronomic and morphological traits

can be determined by a few traits, which express low

genotype-environment interactions and plot errors

(Tables 4, 5, 13). Only seven highly heritable charac-

ters—namely inflorescence length, legume angle and

shape of curvature, pod green colour, thousand seed

weight, start of flowering, outline of terminal central

lobe and lateral leaflet lobe—explain a large part of

the total pattern of variation observed by the first two

principal components. With three further characters

—namely the curvature of the persistent style at the

tip of the legume, width of storage roots, and terminal

leaflet lobe type—nearly 70% of the genetic diversity

may be determined in yam beans. Our results will be

useful to identify characters that could be used as

descriptors for cultivated yam bean accessions,

genotypes and varieties. Nevertheless, the develop-

ment of a descriptor list would require a greater

number of accessions including new genotypes.

However, to obtain a large diversity of cultivated

yam beans for studies is difficult, because no

professionally managed genebank has the genus

Pachyrhizus as a mandate. Only for P. ahipa is there

a clear mandate at CIP within the frame of the

mandate for Andean Root and Tuber Crops. How-

ever, this collection has started to include a few P.
erosus and P. tuberosus accessions that might be of

interest for agronomy and breeding (Table 1).

Multivariate analysis of variance

Our results showed morpho-agronomic and quality

trait heterogeneity within the collection of Pachyrhi-
zus evaluated. With MANOVA, differences among

the three species were significant (Table 14). The

power of MANOVA declines with an increase in the

number of response variable (Scheiner 2001).

Unequal sample sizes are not a large problem for

MANOVA, but may bias the results for factorial or

nested designs (Chahouki 2011).

To take into account these observations, we

performed two sets of statistical analyses, either with

all 75 characters or the quantitative and qualitative

separately. Our results showed no significant differ-

ence with the methodology, and no weakness of

analysis was observed. Differences between single

genotypes and species are based mainly on 21 traits

(Tables 2, 3).

In all analyses involving the factor G (Genotype)

and S (Species) including their interactions with other

sources of variation, phenotypic variance was dis-

tributed across all eigenvectors. In the full

MANOVA, the primary root accounted for about

43.41%of the variance (source G). Across locations,

the primary root accounted for 43.50% (source G) (at

location Songhai) and 43.47% (at location Niaouli) of

variance associated with G. Applying MANOVA to

tomato trial, Lounsbery et al. (2016) reported minor

rank changes among genotypes across different

locations. These findings are consistent with the

results presented here in yam bean. Our results

indicate that genotypes of yam bean with favourable

phenotypic trait expression in terms of yield (storage

root, seed and fodder), and related other morpho-

agronomic characters exist and simple morphs char-

acterized by BIOM, SRDM, SRDY, HIR, HIS,

SEEY, TSW, BF, PF, TF, PH, PT, LS, WS, MWS,

PRO, STA, SUC, GLUC, FRUC and high tolerance

and resistance towards abiotic and biotic stresses

could be selected for further breeding activities.

Discriminant function analysis

To classify accessions, a discriminant function anal-

ysis (DFA) was conducted using the entire set of 75

morpho-agronomic traits including 50 quantitative

and 25 qualitative characters. Variables which have

relatively high positive regression weights on a

variate are positively inter-correlated as a group.

Similarly, those having high negative weights are

also positively inter-correlated, but negatively with

those showing positive weights. The magnitude of the

weights indicates the relative contribution of the

original variables to each canonical variate. The total

amount of variability were explained by two to five

canonical variates considering the factor levels

species, genotypes, location, and their interactions.

DFA revealed a clear separation between genotypes

within and among species. The discriminant function

analysis based on the entire 75 traits explored and

either on the 50 quantitative or 25 qualitative
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characters identified correctly nearly 100% of P.
ahipa, P. erosus, and P. tuberosus with an overall

average minor error (Tables 18–20, as presented in

Table ESM1).

The two dimensional plots (Figs ESMs 4 and 5)

obtained from the first two variates indicated the

formation of three distinct groups represented by each

of the species. We found no earlier morphometric

studies in yam beans conducted under field conditions

into that scale for comparison with the data analyzed

in this report. Floral traits exhibited clear differences

among species, but narrow variation within them.

Similar observations were made for leaf, stem and

pod characters. Among and within species floral

variability was confirmed by DFA completing

MANOVA results. Species were clearly separated

into distinct groups by first canonical variate with

almost all the variable sets investigated as shown in

all graphics presented. Tables 9, 10, 11, 12, 13 and 14

show the relative contribution of each morpho-

agronomic trait involved in the discriminant func-

tions for genetic dissimilarity. Results indicate that all

traits were with greater contribution to the genetic

diversity. DFA results demonstrates further that

genotypes varied in their phenotype dependent upon

the environment, and the magnitude of that variation

was very diverse relying on the trait, indicating the

need for further researches on stability analysis upon

the most important agronomic traits since the results

presented here are highlighting significant G 9 L

interactions.

Results from DFA in combination with those from

MANOVA were more useful and powerful statistical

tools than simple ANOVA, because considering

variables in combination. With the DFA following

the MANOVA, the complex interrelationships among

dependent traits could not only be revealed, but could

also be taken into account in statistical inference,

which is not done in a simple ANOVA.

General assessment and comparison

of multivariate analysis techniques

Investigation on intra- and interspecific variation in

yam bean for as many traits as in this study using

MVAs has not been undertaken to date. However,

Tapia and Sørensen (2003) reported a high level of

diversity in a germplasm collection of P. tuberosus
using hierarchical grouping (Mahalanobis distances)

and Duncan test. The present study indicates the

existence of genetic diversity with superior charac-

teristics that could be used in diverse breeding

programs. The results presented here demonstrate

clearly the congruity between the patterns of morpho-

agronomic and quality characters along with genetic

variation among the three Pachyrhizus species. All

MVAs (PCA, cluster and regression analyses,

MANOVA, and DFA) clearly separated the three

species from one another. Using 50 quantitative and

25 qualitative traits with application of MVAs are in

accordance with earlier findings indicating clear

divergence between all yam bean genotypes investi-

gated (Zanklan et al. 2007; Tapia and Sørensen

2003). Many genotypes possess high root and seed

yields with quality suitable for diverse nutritional

purposes. The information on diversity provides

breeders with the ability to develop desirable types

having high yield as well as better nutritional profiles.

The reduction in the number of variables makes it

easy to characterize and evaluate the performance of

Pachyrhizus genotypes. Surprisingly, only one canon-

ical variable accounted for about 90% of the total

variation in the interspecific level apart from the

results obtained on leaf traits (Tables 15, 17–20, as

shown in Table ESM1), in contrast to the intraspecific

scale, where more canonical variates were involved

to elucidate the total variation. A good visualization

of discrimination between species and accessions

within and among the taxa is presented in scatter

plots (Figs ESMs 1–5). The MANOVA and DFA

were important in the study of morpho-agronomic

and quality characteristics, allowing the simultaneous

analysis of the most important attributes. Moreover,

they facilitated the distinction of genotypes regard-

less of their taxonomic origin. Utilization of the

multivariate techniques is therefore recommended in

further studies in yam bean breeding.

Results from PCA, cluster and regression analyses,

MANOVA, and DFA indicated that all those tech-

niques have excellent predictive power for

distinguishing among yam bean genotypes whichever

taxa they are belonging to. However, we cannot

definitely conclude that one method is better than the

other since a judgment of these classification methods

depends on the completeness of the data and the

objectives of the study. With our results DFA was

slightly more powerful than the others methods in

classifying and discriminating Pachyrhizus genotypes
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on the basis of their morpho-agronomic and quality

traits. Results from DFA also showed a range of

possibilities to use diverse types of traits to discrim-

inate between genotypes.

Compared to PCA (76.4%), the discriminant

function analysis accounted for nearly 100% of the

within and among variance when considering five

axes. The discriminant analysis identified more

clearly a number of traits to be used in future studies.

A combination of all techniques would be most

appropriate for describing the variation in yam bean

germplasm and to design a collection strategy.

Conclusion

The study allows a better knowledge of the cultivated

yam bean germplasm collection. Morpho-agronomic

characterization using MVAs demonstrated signifi-

cant intra- and interspecific variation and indicates

significant differences between Pachyrhizus species

for all individual or grouped traits. The statistical

analysis was useful in identifying the most divergent

variables within yam bean species and can be helpful

in the future to advance progress in breeding

programs.

In conclusion, the study’s results demonstrate that

within each cultivated species a similar amount of

diversity may be found and that the genetic distance

between species is limited. Moreover, considerable

diversity may exist within P. ahipa and P. tuberosus
grown at both sides of the Andean mountain range.

Since interspecific hybridisation is possible (Grum

1990; Sørensen 1991; Grüneberg et al. 2003), all

three cultivated yam bean species may constitute an

important source for breeding. The close relationship

among species further supports the proposition that

only a few highly heritable characters are required to

describe the diversity within the yam bean genepool.

The list of these traits may serve breeders and

curators in germplasm management, acquisition and

distribution.
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Becker HC (2011) Pflanzenzüchtung. UTB Verlag, Stuttgart

Boehringer (1983) Methodenbuch der enzymatischen Lebens-

mittelanalytik. Comp. Boehringer, Mannheim

Bruneau A, Doyle JJ, Doyle JL (1994) Phylogenetic relation-

ships in Phaseoleae: evidence from chloroplast DNA

rearrangements in reconstructing plant phylogeny. In:

Crips M, Doyle JJ (eds) Advances in legume systematics.

Royal Botanic Gardens, Kew, pp 309–330

Chahouki MAZ (2011) Multivariate analysis techniques in

environmental science. In: Dar IA 2011, environmental

sciences—ISBN 978-953-307-468, p 630

da Silva ES, da Silva Filho DF, Ticona-Benavente CA (2016)

Diversity of yam bean (Pachyrhizus spp. Fabaceae) based
on morphoagronomic traits in the Brazilian Amazon. Acta

Amazon 46(3):233–240

Genet Resour Crop Evol (2018) 65:811–843 841

123



Delêtre M, Soengas B, Vidaurre PJ, Meneses RI, Delgado
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Oré-Balbin I, Sørensen M, Kvist LP, Delgado Vasquez O

(2007) Review of the Pachyrhizus tuberosus (Lam.)

Spreng. Cultivar groups in Peru. Plant Genet Resour

Newsl 151:1–13
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