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ABSTRACT

Knowledge about, within, and among
population genetic diversity is important for efficient
management of genetic resources of a target species.
Genetic diversity and differentiation of 17 accessions
of Indian neem and seven accessions of Thai neem
varieties were investigated covering South Asia,
Southeast Asia, and Africa by employing eight nuclear
microsatellites and three chloroplast genes. Genetic
differentiation among seventeen Indian and seven Thai
neem accessions measured by AMOVA was 27 % and
25 %, respectively. No significant correlation between
pairwise genetic and geographic distances was
observed for both varieties. Several unique alleles for
Indian and Thai neem varieties were detected.
Bayesian cluster analyses grouped the accessions from
Thai and Indian neem varieties in separated clusters.
To elucidate the phylogenetic relationship between the
two neem varieties, three genes from chloroplast DNA
were also investigated. Overall genetic diversity was
higher in Indian neem than in Thai neem variety. The
sequence divergence and the phylogenetic analysis
based on three cpDNA (matK, atpB-rbcl, and ycfl-b)
genes revealed strong differences between the two
varieties suggesting that the varieties possibly belong
to two different neem species. Implications of the data
presented in this study for the conservation and
management of genetic resources are discussed.
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INTRODUCTION
Neem (Azadirachta indica A. Juss) is one of
the most important tropical trees because of its multiple

use characteristics such as firewood, timber, traditional
medicines, and insecticides (Koul et al. 1990; Ketkar
and Ketkar 1995). Additionally, because of its ability
to grow in poor soils in arid and semi-arid areas, it is
also used for rehabilitation of poor agricultural land. It
is native to South and Southeast Asia and has been
introduced to other tropical parts of the world (National
Research Council 1992; Chamberlain 1999). Neem is
mainly pollinated by insects and has been characterized
as predominantly outcrossing species with the
multilocus outcrossing rate of 90-92 % (Kundu 1999a;
Singh et al. 1999).

There are two varieties of neem, i.e. Indian neem
(A. indica) and Thai neem (A. indica var. siamensis)
(Lauridsen et al. 1991). Indian neem occurs in most of the
South Asia and in some parts of Africa, while Thai neem
is mainly found in Thailand and Laos. The two varieties
can be distinguished by various characteristics such as
size, bitterness, color of leaves, shape of leaflets,
inflorescences and flowers, size and color of seeds, and
straightness of stem (Read 1993; Sombatsiri et al. 1995).
Studies based on pollen morphology and allozyme
patterns were also able to distinguish the two varieties
(Lauridsen et al. 1991; Changtragoon et al. 1996). Based
on these observations, earlier studies suggested to separate
these two varieties into two separate species. However, so
far, no data from the conserved region of the DNA such
as chloroplast DNA are available. Genes within
chloroplast DNA are widely used to study the systematics
of angiosperm because of their high nucleotide
substitution, non-synonymous mutations, and indels
events (Johnson and Soltis 1994; Hilu and Liang 1997;
Soltis and Soltis 1998; Cuenoud et al. 2002; Barthet and
Hilu 2007).

Earlier studies based on isozyme or dominant
DNA markers such as amplified fragment length
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polymorphism (AFLP) and random amplified DNA
polymorphisms (RAPD) reported medium to high
genetic diversity within and between populations of
neem (Changtragoon et al. 1996; Farooqui et al. 1998;
Kundu 1999b; Singh et al. 1999; Singh et al. 2002;
Deshwall et al. 2005; Dhillon et al. 2007; Da Silva et
al. 2013). So far, no genetic study in neem has been
reported using species specific highly polymorphic
codominant molecular genetic markers such as
microsatellites. Additionally, earlier studies covered
either only accessions from a single variety or very few
international accessions. Therefore, a population
genetic study of neem covering accessions from a
wider range and the employment of species specific
and highly variable codominant genetic markers, such
as microsatellites is needed for a better understanding
of the state of genetic diversity in the species.

The aims of the present study were; (1) to
characterize the genetic diversity and population
differentiation of neem accessions within and between
Indian and Thai neem varieties, and (2) to resolve the
taxonomic issue of the two neem varieties using
sequence information from the conserved region such
as cpDNA.

MATERIALS AND METHODS
Plant material and DNA extraction

Sampling was carried out in 24 neem
accessions from FAO International Neem Provenance
Trials established in Kanchanaburi, Thailand in August
1997. The trials were established from the seeds
collected from 24 locations across nine countries from
Asia and Africa (Figure 1; Table 1). Detailed
information about sampling locations and seed source
populations can be found in the International Neem
Network booklet (FAQ, 2000). Out of the 24 accessions,
seven are from Thai neem and seventeen are from
Indian neem varieties. Leaf samples were collected
randomly from 12 to 24 individuals (in total 435
individuals) from each accession, and the leaf samples
of each individual were packed in separate plastic bags
and stored at -80 °C until DNA was extracted.

DNA extraction, genotyping and sequencing

Approximately 500 mg of leaf tissue from each of the
individual plants was used to extract the DNA by
employing the CTAB method (Doyle and Doyle 1990).
Genotyping of individual trees was performed at eight
microsatellite markers using the method described in
Boontong et al. (2009). Aliquots of the amplification
products were separated on 30 % polyacrylamide gel
and were visualized by using Gel Scan 3000 (Corbett
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Robotics, Brisbane, Australia). Alleles were scored
manually against 50 bp commercial DNA ladder
(Invitrogen, Carlsbad, CA).

One to five samples from fourteen Indian and
six Thai neem accessions were used to amplify matK
(Cuenoud et al. 2002), atpB-rbcL (Small et al. 1998),
and ycfl-b (Dong et al. 2012) genes from chloroplast
DNA using the methods described in the respective
articles to investigate the phylogenetic relationship
between the two neem varieties. We selected these
three genes based on their successful application in
barcoding and species identification in plants including
tropical trees (Dong et al. 2015; Kang et al. 2017).
Sequencing of the amplified DNA fragments was
performed using Big Dye Terminator v3.1 Cycle
Sequencing Kit in ABI Prism 3100-Avant Genetic
Analyzer (Applied Biosystem, Foster City, CA). Each
sample was sequenced in both directions (forward and
reverse) to create a consensus sequence.

Data analysis

Population genetic diversity parameters: mean
number of alleles (Na), the effective number of alleles
(Ag), observed (Ho) and expected heterozygosity (Hg),
inbreeding coefficient (F) were estimated using the
program GENALEX (Peakall and Smouse 2006).
Standardized allelic richness (Agr) was estimated based
on the rarefaction method using the program HP-RARE
(Kalinowski 2005). The significance of differences in
mean genetic diversity parameters between accessions
of Indian and Thai neem varieties was tested using
analysis of variance (ANOVA) and Duncan’s multiple
range test (DMRT) based on linear model employing
SAS 9.1 software package (SAS Inc., Carry, North
Carolina). Overall genetic diversity measures for
Indian and Thai neem were estimated considering all
accessions of the same variety as one population.
MICROCHEKER 2.2.3 program (Van Oosterhout et
al. 2004) was used to check the presence of null alleles
in the microsatellites used in this study.

To assess the genetic diversity among the
accessions of the two neem varieties, genetic
differentiation among populations was examined by
Wright’s (1965) F-statistics, hierarchical analysis of
molecular variance (AMOVA,; Excoffier et al. 1992)
was performed using the GENALEX 6.5 program
(Peakall and Smouse 2006). The Mantel test was used
to perform an analysis of isolation by distance (IBD)
by regressing pairwise geographical distance with
pairwise Fst/1- Fst between accessions of neem within
each variety. The test was performed for Indian and
Thai neem varieties separately. A significance test of



Figure 1 A Google map showing approximate locations of 24 neem accessions of Indian and Thai neem varieties (see also Table 1).
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Table 1 Names and geographical coordinates of seed source populations of 24 accessions of Indian and Thai neem
varieties from the international provenance trial of neem established at Kanchanaburi and Kamphaengphet
provinces in 1997.

Variety Country Accession Accession  Accession  No. of Geographical position
ID code Samples
Latitude Longitude
Thai neem  Thailand Ban B(?, TB3 A 15 16017N  103°35°E
Kanlasin
Ban Nong qu, TN3 B 16 14°09°N 99°19°F
Kanchanaburi
Sai Ngram* Bl 1 16°45'N 99°52'E
:\DA(:i Tao, Chiang TD3 C 18 17957°N 98°41°E
Khao Laung, TK2 D 23 15932°N 99°57°F
Nakhon Sawan
Tung Lua_ng, TT3 E 12 09°09°'N 99°07°E
Suratthani
Ban Nong ang, TNN2 F 20 14°05°N 99°40°F
Kanchanaburi
Laos P.D.R  Vientiane LV1 G 23 18°00°N 102°45°E
Indian Myanmar Yezin MY?2 H 19 1951'N  96°16°E
neem
Myene MM2 | 24 22°03°’N 95°13’E
India Ra_rnannaguda, IR3 J 18 19°05°'N 83°49°F
Orissa
Sagar, Madhya 1S3 K 20 2195 1°N 78045°F
Pradesh
Balharshah, 1B2 L 20 et s
Maharashtra 195N 1925k
Ghaati 1G2 M 21
Subramanya, 13°22°N T7°34°E
Karnataka
Chitradurga, IC2 N 15 14°02°N 76904’
Karnataka
Mandore, IM2 0 12 218N T0I'E
Jodhpur
Annur, Tamil 1A2 P 19 11°17°N 77907E
Nadu
Allahabad Town, 1AI1 Q 13 om0 oc s
Uttar Pradesh 298N BISAE
Nepal Lamabhi NL2 R 22 27°52°N 82°31’E
Geta NG3 S 19 28°46’N  80°34’E
Pakistan lepl Laran, PT2 T 22 2804°N  70°18°E
Rahimyar Khan
Multan, PM2 U 12
Cantonment 30°11°’N 71°29°E
Area
Sri Lanka Kuliyapitiya SK1 \Y/ 13 07°08°’N  80°00’E
Ghana Sunyani GS2 W 17 07°21I’N  02°21’W
Senegal Bandia SB2 X 22 14°30°N 17°02°W

*Only one sample was collected from this accession and used only for cpDNA analysis.
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the analysis was performed with 9999 bootstraps. As
there is a large geographical gap between the African
and Asian accessions, the African accessions were
excluded from the Mantel test analysis. The
GENALEX 6.5 program (Peakall and Smouse 2006)
was used to perform afore-mentioned analyses.

To resolve inter population genetic
relationships, Bayesian approach-based cluster
analysis was performed using STRUCTURE program
(Pritchard et al. 2000). For this analysis, the number of
subpopulations (K) was set 1 to 24 and analysis for
each K was performed 20 times and burn-ins were set
to 50000 followed by 100000 iterations. The optimum
number of clusters was estimated based on AK
parameter described by Evanno et al. (2005) using the
program STRUCTURE HARVESTER (Earl 2009).

To construct phylogenetic trees, sequences of
each cpDNA marker were aligned separately using
Clustal W (Thompson et al. 1994) within MEGA X
(Kumar et al. 2018). The aligned sequences were used to
construct a phylogenetic tree using the same program.
Before constructing tree, a test was performed to select
the best model using find best model option in MEGA X.
The test revealed that Jukes-Cantor model (Jukes and
Cantor 1969) is the best model for all coDNA sequence
data and therefore the model was used to construct the
trees with 1000 bootstrap replicates. To construct the
trees the uniform rates among sites was applied.
Additionally, mean pairwise sequence distance (p;
Kimura 1980) within and between the two neem varieties
was estimated for the three chloroplast genes based on a
combined transition and transversion substitution model
using the program MEGA X (Kumar et al. 2018). The
distance was estimated using only the variable sequence
sites (Figure S1, Supplementary Material).

RESULTS

A total of 57 alleles at eight microsatellite loci
were detected in 453 individuals of 24 accessions of
Indian and Thai neem varieties. The number of alleles
per locus ranged from three to ten across 24 neem
accessions (Table 2). The average number of alleles per
locus in Indian and Thai neem varieties were 4.04 and
3.52, respectively. Observed heterozygosity (Ho) for
Indian and Thai neem varieties ranged from 0.25 to
0.62 and from 0.44 to 0.61, respectively. Similarly, the
expected heterozygosity (Ho) for Indian and Thai neem
varieties ranged from 0.44 to 0.69 and from 0.45 to
0.57, respectively. The mean expected heterozygosity
(He) was higher in Indian (average He = 0.58) than in
Thai neem (average He = 0.53). Although DMRT in
ANOVA did not show any significant differences in
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the mean observed (Ho) and expected heterozygosities
(He) between the two varieties, the mean values of
allelic diversity measures (Na, As and Agr) were
significantly higher in Indian than in Thai neem
varieties, respectively (Table 2). The average fixation
index was relatively higher in accessions of both Indian
(F = 0.17) and Thai (F = 0.12) neem varieties. Eight
and five unique alleles were found in Indian and Thai
neem varieties, respectively (Table 3). The frequency
of unique alleles in the Indian neem variety ranged
from 0.03 to 0.75 with six out of the eight alleles
showing a frequency >0.15, while in the Thai neem
variety, it ranged from 0.02 to 0.75 with only one out
of the five alleles showing a frequency below 0.07.
Additionally, several of the unique alleles found
between varieties were also found within the two
varieties (Table S1; Supplementary Material). Within
the Indian neem variety, five (accessions J, L, M, R and
T) of the 17 accessions possessed at least one unique
allele. In contrast three (accessions A, F and G) of the
seven accessions of Thai neem variety have at least one
unique allele. None of the eight microsatellites used in
this study showed null alleles in all accessions. Seven
microsatellites showed the presence of null alleles in
three to nine accessions while one microsatellite
(Npct_5) showed null alleles in 14 accessions.
Genetic differentiation (Fst) between the two
varieties was about 20 %, while it was 15 % and 12 %
among accessions within Indian and Thai neem
varieties, respectively. When the Fst was estimated
using the null alleles corrected genotype data, it was
19% between the two varieties, and 13 % and 12 %
among accessions within Indian and Thai neem
varieties, respectively. Hierarchical AMOVA showed
that 31 % of the genetic variation of Indian and Thai
neem was distributed among populations (®pr = 0.312,
P 0.010) and 69 % among individuals within
populations (Table 4). In Indian neem, 27 % genetic
variation was among populations (®pr = 0.271,
P =0.010) and 73 % of the genetic diversity was within
populations. Similarly, in Thai neem 25 % genetic
variation was among populations (®pr = 0.253,
P =0.010) and 75 % of the genetic variation was within
populations. AMOVA estimated based on null allele
corrected data showed that 38 % of the genetic
variation of Indian and Thai neem was distributed
among populations (®pr = 0.375, P = 0.000) and 62 %
among individuals within populations. In Indian neem,
it was 28 % variation among populations (®pr = 0.282,
P =0.000) and 72 % of the genetic diversity was within
populations. Similarly, 26 % genetic variation was
among populations (®pr = 0.260, P = 0.000) and 75 %
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Table 2 Estimates of population genetic diversity measures in 24 accessions of Indian and Thai neem varieties.

Variety Accession Na Ne AR Ho He F

Thai neem A 3.50 2.32 3.13 0.46 0.53 0.19*
B 3.13 2.14 2.87 0.44 0.49 0.12
C 3.63 2.45 2.89 0.45 0.55 0.18*
D 4.00 2.66 3.24 0.50 0.56 0.14
E 3.13 2.45 3.04 0.47 0.54 0.08*
F 3.63 2.55 3.04 0.61 0.57 -0.06*
G 3.63 2.27 4.23 0.34 0.45 0.16*
Indian neem H 400  3.00 3.64 0.43 0.59 0.30*
| 4.00 2.76 331 0.45 0.56 0.15
J 4.75 3.34 3.56 0.50 0.66 0.23*
K 4.25 3.02 3.84 0.49 0.65 0.28*
L 4.38 2.90 3.64 0.52 0.58 0.09*
M 5.00 3.68 4.33 0.54 0.69 0.16*
N 4.13 2.95 3.73 0.54 0.62 0.11*
(0] 3.63 2.14 3.33 0.36 0.51 0.29*
P 4.88 3.34 4.21 0.62 0.64 0.01
Q 3.63 2.51 3.45 0.57 0.57 -0.01*
R 4.25 2.59 3.50 0.54 0.54 0.08*
S 3.25 1.93 3.59 0.34 0.44 0.23*
T 4.00 2.74 2.78 0.58 0.59 0.01*
U 3.00 2.32 3.52 0.36 0.48 0.35*
Vv 4.25 3.04 2.89 0.57 0.64 0.09*
W 4.25 3.08 4.01 0.61 0.65 0.05*
X 3.00 2.40 3.77 0.25 0.50 0.45*
Mean Thai neem 3524 240~  321% 047~ 053~  0.12A
Mean Indian neem 404 2818 359% 049~ 058~ 0.17A
Mean total 3.89 2.69 3.48 0.48 0.57 0.16

Na, mean number of alleles per locus; Ne, effective number of alleles Ar, rarefied allelic richness; Ho, observed heterozygosity; He,
expected heterozygosity; F, fixation index. * indicates significant deviation (P < 0.05) from Hardy-Weinberg expectation. Means
followed by different letters are statistically different at P < 0.05 according to Duncan’s multiple range tests.

Table 3 Unique alleles and their frequency found only in Indian or Thai neem varieties.

Variety Locus Unique allele (bp) Highest Accession/s
frequency
Thai neem Ai 5 170 0.020 G
Ai 6 134 0.700 A BC,DEF
138 0.750 AB,CDEF
Ai_11 259 0.067 A B,D
Ai_48 101 0.306 A B,C,DEFG
Indian neem Ai 5 130 0.147 M, N, O, V, X
Ai_13 162 0.211 K,M,P,Q,R, X
194 0.294 1,LJ, M, N, V, W, X
232 0.029 J
Ai_14 236 0.025 M
Ai_48 119 0.750 H1LJLKLMNOPQRSTUV,W,X
121 0.520 H1LJLKLMNPQRSTUVWX
125 0.370 H 1,LJL,MNPQRSTUVX
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of the genetic variation was within populations.
Although the Mantel test performed according to the
varieties showed positive correlation between the
pairwise Fst/1-Fst and geographic distances (Indian
neem; R? = 0.006, P = 0.287, Thai neem; R? = 0.159,
P = 0.164), they were not statistically significant
(Figure S2, Supplementary Material). The cluster
analysis performed based on Bayesian approach using
STRUCTURE grouped the accessions according to
variety (Figure 2). The UPGMA dendrogram
constructed based on Nei’s (1978) genetic distance
showed a strong grouping of accessions according to
variety (Figure S3, Supplementary Material).

All maximum likelihood phylogenetic trees
estimated based on cpDNA markers clearly separated
the 24 accessions into two major clades according to
the two varieties (Figure 3-5). The trees from matK and
ycfl-b genes grouped all accessions from Indian neem
into a single clade while that of Thai neem were
grouped into three and four sub-clades, respectively.
Although the tree from atpB-rbcL gene grouped the
two accessions into two major separate clades, four
sub-clades were found in both accessions. The
maximum likelihood tree constructed based on the
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concatenated sequences of all three chloroplast genes
also grouped all accessions according to the varieties
(Figure 6).

The mean pairwise distance among sequences
of all three chloroplast genes were higher among the
individuals of Thai neem than in Indian neem (Table
S2, Supplementary Material). When the distance was
estimated between the varieties, a strong differentiation
between the two varieties was observed for all three
chloroplast genes (Table S2, Supplementary Material).

DISCUSSION

A major finding of this study is that the
genetic differentiation between Indian and Thai neem
varieties is strong at both nuclear and chloroplast DNA
levels. This is probably due to independent evolution
of these two varieties as a result of restricted gene flow.
To explain the variation in nuclear DNA, the
geographic isolation due to the distance barrier could
be one of the main reasons for the limited gene flow
between these varieties. Moreover, the two varieties
have non-overlapping flowering times. Indian neem
produces flowers in November/December, while Thai
neem flowers mainly in March (Sombatsiri et al. 1995).

1.0
0.8
Q 0.6
0.4
0.2
0.0
A B CDIEF GHI J K L MNOPQRS T UVWX
_ N g
Y N
Thai neem Indian neem

Figure 2 Summary bar plot of estimation of the membership coefficient (Q) of 24 neem accessions of Indian and
Thai neem varieties. Each individual is represented by a single vertical line of two-colored segments (K = 2). The
Figure shows two clusters of accessions: cluster one, Thai neem (A, B, C, D, E, F and G), cluster two, Indian
neem (H, I,J,K,L,M,N,O,P,Q,R, S, T, U, V, W and X).

Table 4 Estimated genetic variation among populations based on hierarchical AMOVA (®pr)

Variety/Combined ®pr before null  P-value ®pr  after null  P-value
allele correction allele correction

Thai neem 0.253 0.010 0.260 0.000

Indian neem 0.271 0.010 0.282 0.000

Two varieties combined  0.310 0.010 0.375 0.000
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Figure 3 Maximum likelihood trees constructed based on atpB-rbcL (chloroplast DNA sequences of Indian and
Thai neem accessions. The trees were constructed based on Jukes-Cantor model (Jukes and Cantor 1969). Values
on the sides of the branch nodes of the trees are the percentage of 1000 bootstrap.
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Figure 4 Maximum likelihood trees constructed based on matK chloroplast DNA sequences of Indian and Thai
neem accessions. The trees were constructed bassed on Jukes-Cantor model (Jukes and Cantor 1969). Values on
the sides of the branch nodes of the trees are the percentage of 1000 bootstrap.
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Figure 5 Maximum likelihood trees constructed based on ycfl-b chloroplast DNA sequences of Indian and Thai
neem accessions. The trees were constructed bassed on Jukes-Cantor model (Jukes and Cantor 1969). Values on
the sides of the branch nodes of the trees are the percentage of 1000 bootstrap.
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Figure 6 Maximum likelihood trees constructed based on concatenated chloroplast DNA sequences of Indian and
Thai neem accessions. The trees were constructed bassed on Jukes-Cantor model (Jukes and Cantor 1969). Values
on the sides of the branch nodes of the trees are the percentage of 1000 bootstrap.
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Together, the distance barrier as well as the difference
in flowering time may have prevented gene flow, thus
increasing the genetic differentiation between the
varieties. This is also evident from the results of cluster
analyses based on STRUCTURE, that showed distinct
groups for Indian and Thai neem accessions. Similar
results were also reported by Changtragoon et al.
(1996), Singh et al. (1999, 2002) using isozyme, and
AFLP and SAMPL markers, respectively.

Accessions from the Indian neem variety
possessed higher mean genetic diversity than those of
the Thai neem. This is fairly obvious as the
geographical distribution of the Indian neem variety is
wider than that of the Thai neem variety. In general, a
species that has a wide distribution range possesses
higher genetic diversity as compared to a species with
narrow distribution range to persist in a variety of
environmental conditions (Hamrick and Godt 1996).

As expected, mean genetic diversity of neem
observed in this study using eight microsatellite
markers (Na = 3.89, Ho = 0.48, He = 0.57) was
considerably higher than the genetic diversity reported
in earlier studies using isozyme markers (Na = 1.82,
Ho = 0.29, He = 0.23, Changtragoon et al. 1996;
Na =2.08, Ho = 0.25, He = 0.34, Kundu 1999b). When
the microsatellite genetic diversity of neem and other
multipurpose tropical agroforestry trees was compared,
it was higher in neem than in the shea tree (Vitellaria
paradoxa) (Na = 2.33, Ho = 0.31, Hg = 0.32, Sanou et
al. 2005). However, the genetic diversity in neem was
lower than that found in Acacia mellifera (Na = 9.09,
Ho = not reported, He = 0.67, Ruiz-Guajardo et al.
2007), A. senegal (Na = 6.85, Ho = 0.71, He = 0.69,
Omondi et al. 2010) and Eucalyptus globulus
(Na =17.08, Ho = 0.66, He = 0.85, Steane et al. 2001).

In addition to the nuclear microsatellite
markers, the analysis of cpDNA genes clearly
separated the accessions of the two varieties into two
groups suggesting their long-term independent
evolutionary history. The genetic distinctness of the
two neem varieties found in this and previous studies
(e.g., Changtragoon et al. 1996, Singh et al. 999; 2002)
are concurrent with their phenological and
morphological characteristics (Lauridson et al. 1991;
Boontawee et al. 1993). Consistent with our findings,
earlier studies using cpDNA markers had shown a
strong genetic divergence between plant species within
a family (e.g., Ge et al. 2002; Yang et al. 2004; Liu et
al. 2013). These results indicate that these two neem
varieties can be designated as two separate species i.e.
A. indica and A. siamensis for Indian neem and Thai
neem, respectively. However, to confirm the species
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status, further investigation about number of
chromosomes, karyotype, and occurrence of hybrid are
recommended.

Conservation and management implications

Unique or diagnostic alleles were observed in
both Indian (8 unique alleles) and Thai (5 unique
alleles) neem varieties at six of the eight microsatellite
loci. These microsatellites can be used for seed or
planting material identification of both varieties. The
unique alleles found in both Indian and Thai neem
varieties can be used to check the source of planting
material such as seeds or clones. As the microsatellites
used in this study showed medium to high levels of
allelic diversity, they could also be used to decide to
select certain seed collection populations by
investigating the genetic variation of the populations
under consideration. Out of the seven accessions of
Thai neem variety, Ban Nong Hoi from Kanchanaburi
(B) was the most representative accession because it
showed no significant genetic differentiation with the
other five of the six accessions. Vientiane (G) from
Laos was the genetically most distinct accession as it
shows significant differentiation with all other
accessions of the Thai neem variety, and the same
accession possesses a unique allele that was not found
in any of the studied accessions (Table 3). Three
accessions from Thailand (C, D and F) as well as seven
(J, K, M, N, P, V and W) out of the 17 accessions of
the Indian neem variety showed higher than mean
genetic diversity in both the varieties. Therefore, the
afore-mentioned accessions should get priority for
conservation of genetic resources (Table 2). As
accessions J, M and X possess unique alleles (Table 3),
they can also be prioritized for conserving the
resources. Further studies about fine-scale spatial
genetic structure and paternity analysis in natural
populations of neem would provide more insight about
gene flow, conservation, and management of genetic
resources of the species.
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SUPPLEMENTARY MATERIAL

Genomics and Genetics 2022, 15(1)

Table S1. Unique alleles and their frequency within accessions of Indian or Thai neem varieties. A, Ban Bo; F, Bang
Nong Rong; G, Vientiane; J, Ramannaguda; L, Balharshah; M, Ghatti Subramanya; R, Lamahi; T, Tibbi Laran.

Unique alleles within Indian neem variety

Unique alleles within Thai neem variety

Locus Allele Highest Locus Allele Highest Accession
(bp) frequency (bp) frequency
Ai_11 247 0.024 R Ai_4 210 0.132 F
Ai_13 158 0.095 T Ai_5 170 0.022 G
232 0.022 J Ai_6 122 0.065 G
Ai_14 236 0.025 M 124 0.630 G
Ai_48 105 0.025 L Ai_11 191 0.111 G
Ai_13 158 0.107 A

Table S2. Mean pairwise sequence distances (p; Kimura 1980) of variable sites, estimated based on combined
transitions and transversions substitution model, within Indian and Thai neem, and between the two varieties.
Values in parentheses are standard errors (+ SE) obtained after 1000 bootstraps.

Locus Number

of

variable sites

Sequence distance (p)

Indian neem Thai neem

Between Indian and
Thai neem

atpB- 10
rbcL

matK 15
ycfl-b 17

0.064 (0.048)  0.138 (0.080)

0.000 (0.00) 0.332 (0.145)

0.000 (0.000) 0.218 (0.110)

1.050 (0.454)

1.480 (0.570)

2.120 (0.763)
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atpB-rbcL matK ycfl-b

Species/Abbry

1. H Yezin Myanmar 1

2. J Ramannaguda India 1

3. R Lamahi Nepal 1

4. T Tibbi Laran Pakistan 1

Indian neem
5. W Sunyani Ghana 1

6.V Kuliyapitiya ri Lanka 1

7. X Bandia Senegal 1

8. A Ban Bo Thailand 1

9. B1 Sai Noarm Thailand 1

10. € Doi Tao Thailand 1 Thai neem

11. E Tung Luang Thailand 1

12. G Vientiane Laos PDR 2

Figure S1 Variable sites of selected cpDNA segeuences (atpB-rbcL, matK, and ycfl-b) of Indian and Thai neem
varieties.
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Figure S2 Pairwise Fst /1- Fst regressed on geographic distances of the accessions of Thai (a) and Indian neem
(b) varieties.
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Figure S3. UPGMA tree constructed based on Nei’s standard genetic distances of 24 accessions of Indian and
Thai neem varieties using the eight nuclear microsatellites. Values at the left of the branch or brances nodes are
the percentage of 1000 bootstraps support.



