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Abstract

Amorphophallus konjac, also known as the devil’s tongue arum, is the most widely utilised Amorphophallus species in
China. To evaluate its genetic diversity and population structure, genetic variation in 18 wild A.konjac populations (182
individuals) from south-western China was assessed with 13 expressed sequence tag-derived simple sequence repeats (EST-
SSRs). In total, 107 alleles were obtained from 13 loci in 18 populations. A moderate to high genetic diversity was detected
(Na varied from 1.308 to 3.846, Ho ranged between 0.256 and 0.615, He ranged between 0.145 and 0.516, | ranged between
0.205 and 0.947). The pair wise genetic distance was significantly correlated with geographic distance in the mantel test,
suggesting that isolation by distance was one of the reasons for the genetic variation in A. konjac populations. Genetic
structure analysis divided the 18 populations into three groups, which were significantly related to their geographic origins.
When developing conservation strategies, these genetic groups should be treated as distinct evolutionarily significant units.
The results of our study suggest that the devil’s tongue arum in south-western China contains a high level of genetic
variation. There is much potential in these materials for the genetic improvement.
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Introduction

Amorphophallus (Araceae) is a genus of perennial
herbs. About 200 Amorphophallus species are found in the
tropic and sub-tropic areas of continental south-east Asia,
Auwustralia, Pacific islands and Africa (Li et al., 2010).
Indochina Peninsula as well as south-western China is
recognised as one centre of origin of Amorphophallus (Liu,
2004). Sixteen species (seven endemic) are distributed in
China (Li et al., 2010). Amorphophallus species have been
historically used as a food source and traditional medicine
in China. Of these, A. konjac, which is known as the devil’s
tongue arum, is the most widely utilised species and is a
diet food because of its high fibre content (Li et al., 2010).
However, the A. konjac industry faces some serious
problems, such as genetic decline and bacterial soft rot
disease (Wu et al., 2012).

One of the foundations for breeding improvement is
the genetic diversity of crops (Vellve, 1993). Wild
populations are precious gene pools for crop improvement
(Oyama et al., 2006). But human activities have led to a
decline in wild populations of A. konjac (Wang & Xie,
2009). Molecular markers are powerful and reliable tools
for genetic diversity studies (Chae et al., 2014). Genetic
diversity in Amorphophallus has been assessed using
different markers, such as the DNA random amplified
polymorphisms (Zhang et al., 2001), amplified fragment
length polymorphisms (AFLPs) (Pan et al., 2015) and
inter-simple sequence repeats (Ren & Pan, 2013).

Simple sequence repeats (SSRs) are short sequences
with tandemly repeated motifs (1-6 bp), which exist
extensively in the genome (Ekué et al., 2009). A handful
of studies have identified/characterised microsatellites
and have developed markers for Amorphophallus
species. Santosa et al., (2007) isolated 19 polymorphic
SSR markers from A. paeoniifolius through probe
hybridisation and sequencing, and Pan et al., (2012)
obtained 13 SSR markers from A. konjac using the same

method. Mandal et al.,, (2016) conducted genetic
diversity analyses of A. paeoniifolius populations using
SSR primers developed from A. konjac and found 11
cross-genus transferable markers. Zheng et al., (2013)
sequenced transcriptomes of A. konjac as well as A.
bulbifer, and identified expressed sequence tag-derived
simple sequence repeats (EST-SSRs) based on these
transcriptome sequences.

The genetic information of Amorphophallus species
in south-western China has not been comprehensively
illustrated. Toevaluate the molecular resources, EST-
SSR markers were used to unveil the genetic variations
in the wild A. konjac populations across south-western
China in this study.

Materials and Methods

In total, 18 wild populations (3-20 individuals per
population, 182 individuals total) of A. konjac were
sampled throughout south-western China (Fig. 1, Table
1). Leaves of each sample were collected, and dried in
silica gels. DNA was extracted with genomic DNA
extraction kits of the plant (Tiangen, Beijing, China), and
its quality was visualised with 0.8% (w/v) agarose gels.

In all, 13 polymorphic EST-SSRs reported by Zheng
et al., (2013) were employed in the molecular analysis.
The forward primers were fluorescently labelled with 5°-
HEX, 5’-6-FAM and 5’-ROX, respectively (Table 2).
Polymerase chain reactions (PCRs) with a volume of
15uL were conducted with 1 x Buffer (Mg?* plus) (Takara
Biotechnology (Dalian) Co. Ltd, China), 0.1 mMdNTP
(Takara), 0.1 pM forward/reverse primer, 0.8 U Taq
polymerase (rTaq, Takara) and 1uL genomic DNA. Initial
denaturation took place at 94°C for 6 min, 30 cycles of
94°C for 35 s, 55°C for 40 s, and 72°C for 45 s, with the
final extension (72°C) for 7 min. Capillary electrophoresis
of amplified products was conducted using ABI 3730 and
genotyped by software GENEMAPPER version 2.3
(Applied Biosystems).
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Fig. 1. Sampling locations and results of model-based
structure analysis of the Amorphophallus konjac populations.
The pie charts indicate the membership proportions of each
population of K = 3.
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Genetic diversity indices (total allele number, Na;
allelic richness, Agr; expected heterozygosity, He;
observed heterozygosity, Ho; Shannon’s information
index, I; fixation index, Fis) were computed using
GENALEX 6.5 (Peakall & Smouse, 2012). To infer
genetic differentiation among populations, population
differentiation (Fst) was calculated with 1000
permutations by Arlequin 3.5.1 (Excoffier & Lischer,
2010). Geographic distances were calculated and isolation
by distance (IBD) was tested with a mantel test in
GENALEX 6.5 (Peakall & Smouse, 2012).

Population structure was detected by STRUCTURE
2.3.4 (Pritchard et al., 2000) with an admixture model.
Simulations were run with the cluster number (K) ranging
from 1 to 15, and 10 repeats for each cluster. Each run
included 100,000 repetitions as burn-in and 500,000
Markov Chain Monte Carlo chains. The most probably
genetic clusters were determined by AK (Evanno et al.,
2005). Assignment coefficients (q) were treated with
CLUMPP (Jakobsson and Rosenberg, 2007), and the
result was visualised by DISTRUCT 2.1 (Rosenberg,
2004). Discriminant analysis of the principal component
(DAPC) was accessed with ‘ADEGENET’ package in R
(Jombart, 2008). A neighbour-joining (NJ) tree produced
with Da distance was drawn using the POPTREE 2
software (Nei et al., 1983; Takezaki et al., 2010), and
1000 bootstraps were computed.

Genetic variation among different hierarchical levels
of populations was quantified using the analysis of
molecular variance (AMOVA) within ARLEQUIN 3.5.1.2
(Excoffier & Lischer, 2010) with 1023 permutations.

Table 2. Characteristics of 13 microsatellites.

Annealin
Locus Primer sequence Repe.at temperatuge Allele Na Hr Ho He Fluorescent
motif (°C) range (bp) dye

AK-EST-SSR50 F: CCGCTTCCTCAAAACCTGTA (GA)6 54 123-129 5 0.119 0.062 0.110 5-6-FAM
R: AGAGGAAAGGAGAGCTTGGG

AK-EST-SSR61 F: TCGATCTATGCAATCCACCA (TC)8 54 192-204 5 0.106 0.064 0.077 5'-6-FAM
R: TTCCCGCTCTCTGTTCTTGT

AK-EST-SSR108 F: CGCCAATATATAACGGCCAA (AGA)6 54 268-289 8 0.677 0.824 0.503 5-6-FAM
R: CTCCGCTCTTCCAGACATTC

AK-EST-SSR8 F: GGTCGATTCTTGAGCGAACT (ACA)5 54 109-124 10 0.788 0.859 0.555 5-HEX
R: ATTGGGCGTGGCATTAGTAG

AK-EST-SSR98 F: CTTCAGTGTCGGAGGGAGAG (GAG)5 54 234-259 8 0521 0.292 0.287 5-HEX
R: GAGGAGATGCCCAGAGTCAG

AK-EST-SSR273 F: CTCCATGGTCTTGTCCAGGT (CGC)5 54 264-267 2 0.479 0507 0.397 5-HEX
R: CTCGACAAACTCTTCTCCCC

AK-EST-SSR26 F: CCATCTCTAGCTGAGGCGAG (AC)6 52 184-190 9 0.406 0.219 0.252 5-ROX
R: AATTGGCAGAGGATGAGTCG

AK-EST-SSR68 F: AAAACCCCATCAAAACCCAT (ACCGCT)4 54 116-122 9 0.680 0.759 0.537 5-6-FAM
R: GAGAAGTCGAGCGGAAGATG

AK-EST-SSR253 F: CACACGGAATTATAAGCGCA (CT)8 54 205-207 12 0.654 0.902 0.517 5'-6-FAM
R: GATCCACACACGAAAACACG

AK-EST-SSR27 F: AAATAGGGCACCGAATTGTG (TTCA)5 54 262-289 8 0.689 0.748 0.480 5-6-FAM
R: CCATTGTCAAGCAGAGACGA

AK-EST-SSR114 F: TCACCAAATCTATCCCCAGC (AT)6 54 150-158 15 0.514 0.395 0.408 5-HEX
R: TATTATGAAGTCTACCTGATCTGGAC

AK-EST-SSR95 F: CTGAGGAGGGTTGGAGGAG (TGC)5 54 198-216 7 0.488 0.151 0.186  5-HEX
R: CTCCCGCCTCTCGGATTAC

AK-EST-SSR190 F: GGGAAAGAGAAGGGAGCAAG (GAA)5 52 273-276 9 0.630 0.554 0.418 5-ROX

R: CGGCATGGAAAGAAATAGGA

Na, Number of alleles; Hr: Total Expected Heterozygosity; Ho: Observed heterozygosity; He: Expected heterozygosity
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Fig. 2. The structure analysis of 18 Amorphophallus konjac
populations. (a) AK estimates of the posterior probability
distribution.  (b)  Estimated population  structure  of
Amorphophallus konjac populations with K =3.
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Fig. 3. Discriminant analysis of principal component (DAPC) of
18 Amorphophallus konjac populations. (a) Plot of the first two
dimensions of DAPC. (b) Bar plot of the three clusters identified
with R adegenet package.
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Results

Genetic diversity: The mean allele numbers (Na) for
each population varied from 1.308 (MHYZ) to 3.846
(JDHYC), and the allelic richness (Ar) ranged between
1.277 (MHYZ) and 2.602 (PEJX). Besides, the private
alleles were found in 10 populations. The highest
frequency of private alleles was detected in population JC
(Ap = 0.769) and the lowest was found in SZ2, LLSMK,
and FYDH (Ar=0.077). The mean value of Ho of all
populations was 0.487, ranging from 0.256 (MHYZ) to
0.615 (EW, JZS, and WFSY). The average He was 0.363
and the highest value was 0.516 (JDHYC), while the
lowest was 0.145 (MHYZ). Thefixation index (Fis) per
population ranged from -1.000 (EW and JZS) to 0.250
(PEJX), and the average value was -0.296 (Table 1).

Genetic structure: Based on STRUCUTRE analysis,
three genetic clusters was detected (Fig. 2). The first
group mainly consisted of two populations (JC and
MHY2Z) from the southern regions (Xishuangbanna Dai
Autonomous Prefecture). The second group contained
LLTGQ, SZ1, SZ2, QL, EW, SDL, JZS, LLSMK, HHML,
YYLXZ, and LY X, which were from east of the Wumeng
Mountains. Group 3 included populations PEJX, YXSBQ,
JDHYC, WFSY, and FYDH from west of the Wumeng
Mountains (Fig. 1). In addition, DAPC analysis (Fig. 3)
and the unrooted NJ tree constructed using Da distance
(Fig. 4) divided populations into three genetic clusters.
The population structure was confirmed with AMOVA.
When assigning the populations into three clusters,
28.045% of the variation was found among clusters, with
5.82% of the variation being among populations and
66.135% being within populations (p<0.001) (Table 3).

Genetic differentiations: Pair wise Fst values of each
population pair ranged from 0 (between population GZS and
EW) to 0.452 with most population pairs (306 out of 360
pairs) detected with significant values (p<0.05) (Table 4).
The mantel test showed that there was a significant
correlation between the pair wise genetic distance and
geographic distance (r>=0.218, P = 0.001) (Fig. 5).

Discussion

Genetic diversity of A. konjac populations: In this study,
moderate to high genetic diversity was detected (Ho ranged
between 0.256 and 0.615, He ranged between 0.145 and
0.516, | ranged between 0.205 and 0.947), higher than that
reported in a previous study on A. konjac populations in
central China (H varied from 0.066 to 0.202, | varied from
0.113 to 0.313) (Pan et al., 2015). The differences in
genetic diversity were caused by the using of different
DNA markers (SSR vs. AFLP). The co-dominant nature of
microsatellites led to the relatively higher genetic diversity
(Ridout & Donini, 1999; Varshney et al., 2007). Besides, A.
konjac in China was believed to have spread from the
south-western region into the northern parts of its range.
The lower genetic diversity in central China was consistent
with the ‘abundant centre’ model in which populations of
the edge had lower densities and less genetic diversity
compared with core populations (Inbar et al., 2010). The
genetic diversity in our study was also relatively higher
than several genetic researches of Amorphophallus species
from other countries, such as Indonesia and India
(Kurniawan et al., 2011; Anil et al., 2014).
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Table 4. Results of the analyses of molecular variance (AMOVA). All fixation indexes are significant (p<0.001).
Source of variation df. Sum of squares  Variance components Percentage of variation F-statistics
Among groups 2 183.727 1.108 28.045 Fcr=0.280
Among populations within groups 15 95.526 0.23 5.82 Fsc=0.081
Within populations 297 774.922 2.614 66.135 Fs1=0.339
Group 1 40
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Fig. 4. Neighbour-joining tree of the 18 populations of
Amorphophallus konjac. Bootstraps that were higher than 50%
are shown.

Population structure: The 18 populations were divided into
three groups by all the three tests. The structure patterns were
strongly related to their geographical regions. Group 1
contained two populations (MHYZ and JC) from
Xishuangbanna. This region had a subtropical climate that
differed greatly from other areas in this study. Populations
MHYZ and JC had a long period of local adaption and were
differentiated from other north populations long ago
according to the molecular evidence that the highest
proportion of private alleles was found in population JC
(Table 1). In addition, the genetic barrier between groups 2
and 3 was correlated with the natural geographic barrier of
the Wumeng Mountains, which ran from northeast to
southwest, hindering genetic exchange between these
geographic regions. Similar geographic barriers had been
observed in other plants, such as Paeonia rockii (Yuan et al.,
2012) and Castanea mollissima (Liu et al., 2013). The
genetic structure was further confirmed by AMOVA
(p<0.001) (Table 3). Many introgressions were observed
between populations in proximity to each other, indicating
that hybridisation occurred among these populations.

Genetic differentiation: Low to moderate levels of
genetic differentiation (Fsr) (average 0.162) was reported
in this research. Mantel test also suggested that the pattern
of genetic variation between populations for A. konjac
was driven by isolation due to distance. In addition, A.
konjac could reproduce clonally via the vegetative organ,
and sexually via seeds pollinated by insects (Li et al.,
2010). This reproducing system might have imposed
constraints on long-distance dispersal.

Geographic distance

Fig. 5. The mantel test between pair wise genetic and
geographic distances (km) of 18 Amorphophallus konjac
populations.

Conservation strategies: There was a moderate to high
genetic diversity in A. konjac. Population structure
analyses showed that three significant genetic groups
were observed and geographically adjacent populations
tended to group together. These genetic groups should be
treated as distinct evolutionarily significant units when
making conservation strategies. Specifically, two
populations from the Xishuangbanna region were isolated
from the other populations and harboured most of the rare
alleles. Relatively low genetic diversity was also observed
in these populations. The highest conservation priority
was needed for these two populations. Despite widely
distributed groups maintaining comparatively high
genetic variability, most of the populations in these
regions were suffering from habitat fragmentation due to
human activity (Li et al., 2010). Thus, in situ conservation
should be applied to preserve genetic diversity.

Conclusions

In this study, 182 individuals from 18 wild
populations were collected from south-western China, and
the molecular variation and genetic structure were
identified with 13 EST-SSRs. The results showed that the
A. konjac materials in southern-western China contained a
high level of genetic diversity. Population structure
analyses revealed three major genetic groups, which were
separated mainly by geographic barriers and different
climates. Finally, evolutionarily significant units were
identified and conservation strategies were suggested for
these wild populations. These genetic materials could be
used to improve the Amorphophallus crop, particularly in
the control of bacterial soft rot disease.
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