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ABSTRACT

Genetic diversity is a crucial component of biodiversity, essential for preserving gene
banks and enriching plant genetic resources. One way to assess genetic diversity is using
band patterns (0 and 1) produced by PCR-based DNA markers (such as RAPD, SSR, ISSR,
AFLP, SCoT etc.). After achieving reproducibility, the bands are selected, scored, and
analyzed. The data is analyzed using multivariate statistical methods, including cluster and
principal coordinate analysis. Genetic similarity or dissimilarity coefficients are used based
on 0 and 1 data (for dominant and codominant markers), and allelic frequency coefficients
(for codominant markers). Some algorithms such as UPGMA and Ward are employed to
group the studied individuals and investigate their genetic relationships. Quantifying
polymorphism and assessing genetic diversity within and between populations will depend
on the type of marker (dominant and codominant) and reproduction mode. Parameters such
as polymorphic information content (PIC), resolving power (Rp), marker index (Ml),
polymorphic loci/marker ratio, heterozygosity (H)/gene diversity, allelic diversity (A), the
effective number of alleles (Ae), Shannon's index (I), Wright’s F statistic (Ft, Fst, Fis), Gyt
and analysis of molecular variance (AMOVA) are evaluated. Software tools (NTSYSpc, R,
DARwin, PAST, Excel, PowerMarker, Popgen, and GenAlEXx) can assist with grouping
and estimating genetic diversity.
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Dominant and Codominant markers, Gel scoring, Genetic diversity measurement,

Multivariate statistical methods, Polymorphism measurement.
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Table 1. Some of the PCR-based markers used in genetic diversity assessment
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Table 2. Some parameters used in the estimation of polymorphism and genetic diversity
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1. Polymorphic Information Content (PIC)
2. Gene diversity
3. Polymorphic loci/marker ratio
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He 5 Ho 45 ol in .l ol 58 diged o)l
2 W (il azsls o g LB i) Mt alie
Chesnokov and ) ceuwl dslas L a5 comes
O o o gl s e J(Artemyeva, 2015
Di o)) 2 48 33,5 o dcwle h=1—Ypi% o,
»Las (De Vicente et al., 2004) el pli YT Slgl5
35 0l & Gloj g Canl yuiite SG By Sl ey
(g A8l 453l gy (obunn” sl Sl >
dj9— (SmsNiope (ke oy o Sl 4y sl 550
2S5 GFUS J e Lo Sn pllas 3 sl
Ml )50 (sla Slghs (9,5 05 L oS Canl Cnor
Ja o a5 gm duloes V | e 4 3 ogSyigun
dileo L] Sl s 5 )-S5 oo a0 (41
a8 4, (De Vicente et al., 2004),5
T Slgly3 dle g 598 alasl, (2009) Laurentin
Gb 0L 2 (el (55 855 b iwsejos 9 ol
Seh—h=2n(1- Xx?)/2n—1) « L),
L) ol JT (gl pglaio alay ol 15 4570005 o0
105 S 9l Cawd 4y sl Dl slass N g (S5l
(oot a3 Jl) Cpmar S > (S5 55 ) (NS
el PIC |yl (ogie (35 £ Sumgjo

(Laurentin, 2009)

" Fge ol o oA AT g 955
PSS S5 £95 £ 503kl sl oy e yeales
s w1 Silse (A) T 95 sl 39390 cla P slaws
K55 95 humog (sl 9 Cul S j2 0 o )]
3,5 o5yl A= ni/ny b il g g5 e ool
N g Lao LS 5 59590 sla P JS sl ny o] j5 o
Govindaraj et al., 2015; ) cewl La LS slass
o=! .(Mukhopadhyay and Bhattacharjee, 2016

6. Frequencies

7. Genetic variability

8. Allelic diversity (A)

9. Effective number of alleles (Ae)

"5l as i | S Wb
odliiwl acwie) Hhe Golds asuis (> ,Slis HUle
bb)_?u_n Ml}u Rp = Zlb Uzﬂ) 4y DHLS_"
yobate cdlatly cpl > (Kumar and Agrawal, 2019)
b jao jl ol ovis oliee 45 ol Tl Lo T
Ip = 1= (210.5 = pl) ekl 51 Jols 5 et 5,
Chesnokov and Artemyeva, 2015; ) ccwl sl,-3

.(Govindaraj et al., 2015

AL 2D g sl olire 6L (a3 ls
Slacsy] o » JSblix (Lol plolid
aleMbl glyize G ys Jols 5l aS cwl e lises
S EMR) T g a5 0s coi 5 (PIC) JS_snis
Cad 33,5 o0 391y MI = EMR X PIC by, )b
EMR = np(np/n) alal) 3okl Yoo 4By
Lo Ko slaws 1 jslate o] (5 45 33,5 ol
Nagaraju et al.,) cul b )16 IS slass N S
.(2001; Kumar and Agrawal, 2019

(AR T E,en

&5 E9] (S sSQ g
S I g o9 glize Jloia (H) (iss o
Gl (Slods Gl Cures 31 Bolas jobay &S) 1S
M8l plwlid s an) il (sl ,S0lis )5 Lo o8
Mol ol odlatnl LB (o595 5l S jaan
Sl a8 gl ol L3 1) ) (e (5 £
9 ©9S0jgen A8l 10509y 0 )1 4 e sla St
A0S o ppleio puali e jolod 1y g 5595
e w 9d ) L weSy e, (Laurentin,  2009)
r—sSajs e o (He) Jlbasl 5)5 o (g jgpim
4 He )‘ \19_4:@ LY bb)fudc uu).u (Ho) 0l odalie
@ s 125 335 (o o3litsl (SUB) £95 oy jlate

1. Resolving Power (RP)

2. Marker Index (M)

3. Informative bands (Ib)

4. Effective Multiplex Ratio (EMR)
5. Heterozygosity (H)/Gene diversity
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sl e Lol sl b (M (glie & cons (5 i
alaly wlwl p el ool (Sherwin et al., 2017)
Pi daly cpl > &S 395 0 Clus I = — X pilog, pj
Sl 80 5 3 3l K jis pas b el gl
5 o l-8le 5 51 (Shannon and Weaver, 1949)
odlitwl Ladls cpl 6 uSoiluil sl oo o GENAIEX

Dgel

"Gst s caly F ojlel

3 oslizl cuses S5 Htsls adlas cclael, j S
sl 5T 86l & sl (Fir, Fst Fis) F glao ol
De ) 1S o ol 3 1y s JLs 3 slaCinen
o5 Lasls | el F oyl (Vicente et al., 2004
g oad ounlitio (ZwsSyjoia Cglis ygl pslate 4
Syeily o3yl ol oS (B Han 3)90 (g 59 i
» ples (Laurentin, 2009) 59, 0 )8 & Wb ,l,8 5
sloog)S o Fir = 1= (HIHY)) 5,5 IS zrdaws 4o
=% sloogyS 05 5 (Fst =1 (Ho/Hr)) (=58
Llgy opl 3 S 955 0 i)l (Fis = 1 — (Hi/Hs))
plos )3 odb odmliie (wsSy gy (Sle Hi I j5late
J5 5 UaTl 5)90 (wsSoje st (ke Hr daglSee
2 LB 300 (oS gy (nSilos Hs g 09,5
)KLt gl )5S de (sloolol .l 28 (slmog,S
g9 35l 2iajl 15 laslone BB 5 ben
Fst o Lal .(Laurentin, 2009) sl o oaib saalio
Olyss doly el Ll LB 50 e o, Solis 4l
(3eles pSla>) S L (S5 aled pas) so 1
odad s o=+ /o0 oL e ol )0 il o pusiio
3Ly o NO=+ /Y dawgio +[+0=+/N0 S (Suj ple
De Vicente et ) a_sb o 5Lsj jlows </Y0 3l 5YL 5
.al., 2004; Laurentin, 2009

4. Wright’s F-statistics

5. Interpopulation differentiation for several loci
6. Subdivided populations

7. Fixation index

it 1S 0 58T ] Comon 5500 o
[(Laurentin, 2009) b o Lil58! (,00)

Hartl and Luwg <8 (Ae) g0 sla P sluss oMol
;1 @)le (Laurentin, 2009) ui gz las (1997) Clark
Caz 5 ol Sl b bl s g pSojll
ol ) adle pY (5 £55 5l e o & ol
oS e 4 S atlite ol b M o b (tpme o
bz o8 SlA L T 99 Y Jlils b JT
A by s it Jomo Ac I o M5 500
1 sluss (Bagherieh Najjar et al., 2014) .l
Ae = 1/(1-h) = 1/%pf &b J s
5 e S pll I Gl Py oS 29300 Ao
ol S0 S5 5 (asSjosn (e h =1 -2 pf
4 ol cplpls (De Vicente et al., 2004)
S e & by e cadl e o
09 Py piliee dine cpl g A8l Vb (s jg
o ol e dusline ) &l o T don ol
.(De Vicente et al., 2004) 5,5 ;1,8 dg05 03181 36

' ogile e Lo
il polaw )3 g9 oLyl lp opld gg a3l
LnpnssS] 5 oisS don b 43,5 lacmos 5 lagsj
(ﬁ-‘ )'1 o3l u...smm )‘1 u’.')'f 4>/5| ol 04 .)Le{u.u.u
LS oo 3y |y (KBS 55 slame lgie 4y (2Ll
.(Hennink and Zeven, 1990; Konopinski, 2020)
2500 lacaimes g abl e Spte I aix
395 3] L I don Ly cilgiSy jobdy 'l s
I 5laws L) cumes oy lyuss paw awsuis Sl
O Cd Sl (g joyin L dlio )3 (il
T[S slal&s S 40 M) U slaclly
ledbl ol (adld ol cpiomed (ol i olus

1. Shannon’s index
2. Variation
3. Genetic bottlenecks
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» [(Kosman and Leonard, 2005) 55,5 .o el
$ipS (Suibf abol lin o L alacay) &y
35l s (Bhandari et al., 2017) x5l ,Xu5 L
ol e alp ) P (S5 alis pas
o gy bl ol Sl sl T
VA e g g (s kbl S alols) vy
.(Mohammadi, 2006) 545 o3l
alis )9l Cas odlatul 3590 colpd Kb diwd
9 o sodly p e ol Gl pae L (S5
Tl calys Joli byl e shie o8 canl K,
Poslo @l 5 (NL) " 5 5 b (D) T )
<l > (Mohammadi, 2006) .ib . (SM)
) Slis g9 4 (2009) Laurentin ¢y ke ol ps
oS ogbl) phess €95 & Owzenr 5 (hen b
STl o el 5 a5 (5,55 L (52835)
Glbi copd g Ngldagd e Sl cwyp )3 1) b g
s, Sl 5 eolatwl b aigliugs dly8l pwyy 5o 1y ool
Luly) ooy 3 gl opiomen Cusl 038 ety L
odos yobd jiled syl I edlinal b (S
WS (oo ey 5395 (lalS Gl Ty > o
039 > cups oS bl I (Laurentin, 2009)
58l oo ply 93 )8 90 oy Syide slanil Sl
Ml (39 ©ejgen D9 > gl w5 i
crl jeslil b bl (St camled 3yl ¢y 3590
Soge g Sl Sy (8 5 pub) cups g
5 oolital b x93 ol 0505 oyl (9 6505910
5 Ssieen Sl KSE @y & jybenr sla, Sl

. Genetic dissimilarity coefficients for allelic informative
marker data

. Euclidean

. Rogers

. Modified Rogers

. Reynolds et al., (1983)

. Nei, (1972)

. Nei's standard genetic distance

10. Nei et al., (1983)

11. Similarity coefficients for allelic noninformative marker

data

12. Jaccard (J)

13. Dice (D)

14. Nei and Li (NL)

15. Simple Matching (SM)

O©oOo~NO Ol w

Nei, ) wlos,S" 45,158 Fst Jolee Iy Gsr molio (54

WS oo xS0l 1y ures o (I £o5 &S (1973
Sygn ly Loy LS 5l (o0l alaws b ol 35915 (gl 14
sol)b oyl .(De Vicente et al., 2004) sl> |3 aslllas
o i e S (S5 5L el o
ooy b oo o 5 b Il slass (53,5 Jlai 5> 0
abaly b (Gsr) (7 ples -l 92)8 (JalSS
2Les Gt ] ) 45 93,8 e 39l Gt = Dgr/Hr
E95 (ko) (35 3ol Dt wpmar JS'L baSpe (55

Capmox 1555 (55 985 Hr g bumer pj (e (5
[(Laurentin, 2009) ¢l

Fog0 iyl Judoxi g 4 jxi
@ e F sloolel amle sl ly slagy,
o331 (AMOVA) JySlge il s Juloss 5 4035
Iy =l poalud Comon Hlidlo D939 Lislejl a5 58
JLscpl b (Excoffier et al., 1992) &S o ol
opodladis slo a5 ol o p e SuS5 )
s S ol ply sl o aslis [l cunes
Structure Jlis flo—e 4 (o vades Jdoi
odld g5y » cuwl Saw (Pritchard et al., 2000)
i 2l plgie 4 g ol @IS & @5l plox]
(Meirmans, 2012) >g s osliiwl AMOVA
9 o= owl)ly sl Wy o AMOVA (uioren
95 51 S pp mre g 1) eS|y bnog)S (9)
oasde JS g5 4 Cud |) Cumer 0 g 09

.(Excoffier et al., 1992) y,ls

alold) (S T alad pas o alid (g S0l

ool 8590 il pd g (Sl
o ple 3l g e 381 e (S5 by (b)) )
ols 3L (ime 45 3,8 oalizl (K5 alis pas

Cowror 3l Gyl o] 5l g dnolxe o3l Caas

1. Similarity
2. Dissimilarity (distance) matrix
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9 PAST DARwWIN NTSYSpC s iile b jlpy 50

)5 o i (Folite (slagi ol g culps ulwl R

09,5 sty ;951 Elgl
dhold (5 ySojlul ybgy elul p (oilpedbuds (g2iz0g)S
£ Solan (5 S ol ol s 51 ol 8l
oSiln L g g 0955 i (Saliad (3593
53,5 o ozl Ward g, 35 5 (UPGMA)” Ll
RSeS wiy A Uy e ol 2 S ojll e
3l i alols Slanye aome 9 (Slan i
De Vicente et al., 2004; Maulik et al., ) »_sb
Loy e S oy 5 Jglie 3l Ward ¢ UPGMA (2011
Mohammadi and Prasanna, ) siwa esliiwl 3y5»
A (o piwd Cghm 4 g5 o |y b Cuonl 4 (2003
by 51 Lol gl 5olel s qgylel slodaliy 5 bl
> s Jelod g 435 (6 36 3y90 Gloj 0092 obsS
ovsy » (Ebrahimi - &  Zienalabedini, 2013)
Sz 1y Lanodl yads ¢ (gloyizs il 3539 UPGMA
Srgme ol ok 0350 o ol colre 5 4SS o
Do oo 0400 Ciydids (lowssy SlWard g, p &S
& (559 gy (Mohammadi and Prasanna, 2003)
S Ll 48 305 399 5 (NI) ' (Soluwon Jlail
CLEl L g 9 g9, Al o)l (Telagi b s
L5 4l aolsl ol alold bl lnyguuST5 s Jlgio
(Yang and Rannala, 2012) 55,5 i ol <53
oas Ward ¢ NJ g, 3l edlitul & duogs wlio Sy

(Ebrahimi & Zienalabedini, 2013) ..l

Link et al., ) sg salgs cglite oyl 1) o595
w0lw Billay oy 45 .(1995; Mohammadi, 2006
Olye 4 dulie )00 3,3 93 a glp Al 22 pas
5 0,8 ulyps o5 Jbb > g 0 a3 )5 a0 alis
Al gy ol glyie @ 1 Gl b

.(Kosman and Leonard, 2005) .5 .3

ol laiso 4y 4 joxi g Gladgs & joxi
Ly pieled (sl (oot ol opite iz (o)l (sl b
Jols L e, o il 331 sibonsS 5 (a5
sl " ool Clate ay ay o | ladgs a8
asgs &35, (Mohammadi and Prasanna, 2003)
olbalsy 5 bl oS Ciyogs Ml ol 4 38
Ly e 03,5 S (39,9 3l g 2 555 0 (sisngS
lote ;505 (sloogy S al,8l 5l g 03 S0a S5 b laspe
Liog ) (pmr Cogldi 9095 Sy )3 Canled o o g o0
Tanetal, ) cwl yploio b yips (gauadsd il i
ol ol e sy oy, 5l (S {2006
S gy ol e oo attiio Alecs p Hlidle b oS
Ye) Yl & by 5 (levo8) ol & YL 3,509 92
I o s (S5 )3 3,8 8 (reod s > a3l
S L plidcald @ dog b bade juw g 485
oS 48 lagl) alie adgs o> dnl igd o ple]
ol dods ddes SO L ead pleal (W) 1) alols
Laddigs 1 S0 cudns S nw 9908 oSl 0l podlddio
031y Wgm il yeal s I 63V e o 4y g o plea
Only il Laads I (lyedluds o5 (o 41 9 2900
Onl 4 Vb 3Sug) 2 &S (Jhge ) 335 (e Sl YU 4
ToTA s 8,8 )y 8 adied G 50 08l des )
4 4 o (Sarstedt and Mooi, 2011) x5g4 o s
3 oo L 45 el 59, (PCOA) Lol clazscs
9 03 g9y 38l I glasgoome (yn 4liS pac b il

6. Single linkage

7. Complete linkage

8. Unweighted Pair Group Method with Arithmetic Mean
(UPGMA)

9. Chaining effect

1. Cluster analysis

2. Principal Coordinate Analysis (PCoA)
3. Hierarchical clustering

4. Divisive clustering

5. Agglomerative clustering
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.(De Vicente et al., 2004)

(S E9 o GRS Ple s el
e S o (5Lal il 0y s g 450
Aremu, ) La,lséle 5 5l alisee glgil 05,5 o laodls
(2012; Tanavar et al., 2014; Pagnotta, 2018
ST AS 3l 3929 (ST 58 IS g 4jo0 ol
u_l.cl S 0 yuxile S d)LoT Ja.l?b u»lwl 2 Lmu]
sailly sl g e G @0 4 balEle
, .(Bhandari et al., 2017) s cowlio pases
Joi > ylisle s oyl jl (S 4 adlbe ()l

Cawl 05 o)u:l Y

Py 2l o sty el il e

2 eslaligd i )3 ealiiwl )90 slapst ol
ol Bl jpltia & o unl (1) SeithsS | Siuusa
S s bl G yle 5 s> lawgy o ool L
9N 2hLS ot b g /A sgluee polie 139y 00
aS Cowl ;S5 A oY Lol s o ol 1) edlaul 3)50
@S pas g e (Stumed oy e (39 (b
HeSge slrodly d ladye Canl San g 6390 &)
Mohammadi, 2006; Darvish Zadeh ) 15l oieS
Wges pb s (6,505 g, owimen L(@nd Azizi, 2015
oy L yils flen Ly 355l L oo (gyla s
layline Bl dpwlons ISl 4315 392 V(0 ytus's)
s 4 alyd sl g S oo wal )3 1) bl )ly

Govindaraj et al., 2015; ) (S5 55 o 9 42525 sl 5)le s slasobiy il o ¥ Jgo
(Mukhopadhyay and Bhattacharjee, 2016; Bhandari et al., 2017

Table 3. Some of the most common software programs for analyzing genetic diversity (Govindaraj et al.,

2015; Mukhopadhyay and Bhattacharj

ee, 2016; Bhandari et al., 2017)

Qh d.:)bi

&

Mol gB TR i H

JBley

https://mww.appliedbiostat.com/ntsy
spc/ntsyspc.html

Rohlf, (2002)

(Sl 40 Wlis pas g lil colps p e
shol slrddge 4y &3 g ol Claizes 4 4 55

NTSYSpc
(Numerical Taxonomy System
for personal computer)

https://darwin.cirad.fr/product.php

Perrier and Jacquemoud-
Collet, (2006)

2359 9 b 450 Wi pac g Aol (pess
shol Claizes 4

DARwin
(Dissimilarity Analysis and
Representation for windows)

https:/imww.nhm.uio.no/english/rese
arch/resources/past/

Hammer et al., (2001)

& 40 g ol slaadse 4 o8 Sgen)l
ol Sl

PAST
(PAleontological STatistics
software for analysis and
education)

https://brcwebportal.cos.ncsu.edu/po
wermarker/

Liu and Muse, (2005)

Sl umas S35 )y 5 SSR (glaodly Cuwlio
wamer o ¢ LESDGE oy o5 45 da
M (glyione  gtwsSjoyin Jite (905l
Syl oo ol (T gl ¢ IS

PowerMarker
(A Powerful software for
Marker data analysis)

https://sites.ualberta.ca/~fyeh/popgen
tml

Yeh et al., (1999)

5 ol il 5 A (gl Sl (gl sl
‘VLS\M:» LSMQK‘ ‘)i'y dmulﬂ Dl ‘LmJJT i
&5 ol F ol (plis (sl (55 95

POPGENE
(Microsoft Window-based

eh Freeware for Population
b 425 9 (G p o) (S Aol Genetic Analysis)
(Neighbor Joining s UPGMA _yulus! )
Gl 5 A (gla Sl (gl sl
http://biology- L5 ozl s 15 oaaliie  aveSs e s
assets.anu.edu.au/GenAlEx/Welcom Peakallggggmouse, QR DS 90 98558 w;i)”'m Gengli Cg\enlAlEx_ Excel
ehtml (2006) 5 LS dhold st s sl o5, Silis (Genetic Analysis in Excel)

el clase 4 450 5 ogls el

https://cmpg.unibe.ch/software/arleq

uin35 Excoffier et al., (2010) F950 il lg Julos g 435 ¢ T Syl opess Arlequin
https:/Amww2.unil.ch/popgen/softwar ..
es/fstat.htm Goudet, (2002) sy (55 E9 FSTAT

1. Neighbor-joining (NJ)
2. Bootstrapping
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