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1 Introduction
During the last decades the analysis of small and large scale genetic structures of herbs and

trees have become an important issue (Epperson, 1992). An increasing number of
experimental studies on spatial genetic structure of plant populations has been published. The
first ones were made on the small scale using allozymes (Geburek, 1993; Merzeau et al., 1994;
Leonardi et al., 1996; Chung et al., 1998). Then lots of studies using microsatellites, RAPDs,
AFLPs and recently SNPs followed (Streiff et al., 1998; Degen et al., 2001; Hardy et al., 2006).
Studies using uniparentally inherited molecular markers were manly concentrated on large
scale genetic pattern. For example, maternally inherited chloroplast polymorphism has been
utilised to reconstruct the postglacial remigration pathways of European oak species (Petit et
al., 1997; Ferris et al., 1998). As an example for an investigation on animals, mitochondrial
DNA variation has been used to study the spatial genetic autocorrelation between European

otter (Lutra lutra) populations (Cassens et al., 2000).

Different statistics are used to describe and quantify the spatial genetic structure. Moran's
Index and Geary's index are among the most frequent used measures (Cliff and Ord, 1973;
Sokal and Oden, 1978). Other approaches used the "number of alleles in common" or kinship-
coefficients as a measure of spatial genetic structure (Boshier et al., 1995; Hardy and
Vekemans, 2002). Also Fst and Gsr statistics have been used to quantify small and large scale
genetic structures (Streiff et al., 1998). Further multilocus measures of spatial autocorrelation
based on genetic distances were introduced (Degen and Scholz, 1998; Smouse and Peakall,
1999; Vendramin et al., 1999; Cassens et al., 2000).

The program Spatial Genetic Software (SGS) provides a user-friendly WINDOWS tool to
analyse small and large scale genetic and phenotypic structures. The program can deal with
nearly all types of genetic data such as co-dominant marker (nuclear SNPs, nuclear
microsatellites, allozymes), dominant marker (ISSRs, RAPDs, AFLPs) and uniparentally
inherited markers (cp- and mt-haplotypes). Most of those data can be analysed on both scales,
as individual genotypes of one population (local scale) and as frequencies of alleles or
haplotypes for different populations (broad scale). Furthermore, a simple approach to analyse
the spatial structure of continuous quantitative traits is integrated. The program offers various
statistics to analyse the spatial genetic and phenotypic structure: Morans's index, Geary's
index, number of alleles in common and approaches using genetic distances and Fsr-values.
The statistical significance of all measures is verified by use of permutation test. The results

can be stored as csv- or text-files.
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2 Obtaining the program and manual
SGS is written in Visual Basic V. 6.0 (Professional Edition) and has been compiled as 32 bit

versions for the operating system Microsoft Windows (Windows 10 and earlier versions). The
program and the User's Manual are available on our internet homepage:

https://www.thuenen.de/en/fg/software.html

3 Installation
Download the file "SGS_2021_setup.exe". You start the setup procedure with double mouse

click on the file " SGS_2021_setup.exe ". After successful setup the program "Spatial Genetic
Software" will be added to your program list.

Data sets
After installation you will find in the program directory files with examples for each category of
analysable data:
allele frequencies of different populations: "Test_Allele_Frequencies.txt"
multilocus-genotypes of different individuals: "Test_Multilocus_Genotypes.txt"
quantitative traits of different individuals: "Test_Quantitative_Trait.txt"
RAPDs of different individuals: "Test RAPDs.txt"

4  Structure of the program
The program has four different menus (see figure 1):

¢ "File" =>to open the input files and to exit the program

e "Analysis" => to specify the general settings and to select the calculated measure

¢ "Results" => to view the number of pairs in the distance classes and to create output files
of the results

o "Help" =>to be informed about the program and to get examples for the format of the input

files

The structure represents the order of user's activities. First, he has to load an input file ("File").
Then he defines the general settings and selects the calculated measures ("Analysis").
Thereafter, he views the results ("Results"). The program follows these steps by activating

(black colour of letters) or deactivating its functions (grey colour of letters).
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Figure 1: Structure of the program SGS

5 Input data files
The path "File/Load/" leads to the selection of four different types of input data (figure 2). The

data can be multilocus genotypes or haplotypes of different individuals from one or several
populations ("Multilocus Genotypes/ Haplotypes of Individuals"), relative frequencies of alleles
or haplotypes of different populations ("Allele/ Haplotype Frequencies of Populations"), one
ore more continuous quantitative traits of individuals or populations ("Quantitative Traits of
Individuals or Populations") and RAPD or AFLP data of different individuals of one population
("RAPD/AFLP Data of Individuals"). All input files are simple ASCII files. They can be created
with any editor e.g. WinWord, WRITE. The format of each type of input files is explained in
figure 3 to figure 6.
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% Spatial Genetic Software — O X
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Figure 2: Path to open the input files

Oaks Steinhorst <= name of the population

8 = number of individuals

2 <= number of loci

AAP-B <= name of the first locus

PGI-B
3 154.69 148.55 2 4 6 6 <= number of the individual

7 161.04 134.95 34 66 <= x-position (or longitude)

14 164.34 106.15 23 26 <= y-position (or latitude)
20 155.84 117.76 4 4 6 6 <= 1. allele of the 1. locus
25 144.86 146.15 24 66 <= 2. allele of the 2. locus
28 141.35 138.13 2 3 6 6
45 113.3 156.73 44 26
47 116.31 148.77 24 66

Figure 3: Format "Multilocus Genotypes/ Haplotypes of Individuals"

Note: The different alleles must be coded by numerical values. There is no restriction in terms
of number of alleles. Haplotypes must be coded as homozygotes. Don't mix biparentally and

uniparentally inherited marker in one file.
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Beech

2

3

PGDH A, 3
GOT_B, 3
LAP A, 3
6 6.310
6 6.310
6 6.310
7 6.655
7 6.655
7 6.655

= title
= number of populations

= number of loci
= name of the first locus
= number of alleles at the

51.685
51.685
51.685
51.541
51.541

51.541

0.965
0.450
0.435

0.900

0.315
0.440

.035
.550
.350
.100
.685
.265

(el NoNeNe)

[oNeNoNeNoNe)

first locus

.000
.000
.215
.000
.000
.295

<= number of the population
<= x-position (or longitude)
<= y-position (or latitude)
<= frequency of the 1. allele
at the 1. locus of the 2 population
<= frequency of the 2. allele
at the 3. locus

Figure 4. Format "Allele/ Haplotype Frequencies of Populations”

Note: The allele frequencies of each locus are stored in one line. Hence, the data of a

population are stored in three lines if you have frequencies for three loci. The humber of the

population and the x- y-position is repeated in each of those lines.

Diversity Beech

10
2
Diversity
Eveness

6 6.310
7 6.655
8 7.170
9 7.452
10 7.494
11 8.716
12 7.532
13 7.628
14 8.926
15 8.860

51.
51.
il o

.006
.006
51.
50.
50.
51.
51.

52
52

685
541
626

433
661
971
825
556

1.760
1.800
1.674
1.700
.776
.913
.398
.719
.858
.761

RRRRRR

OCOO0OO0OO0OO0OO0OOOOO

.52
.68
.74
.45
.88
.45
.36
.89
.58
.91

= title

number of data sets
number of traits

= name of the 1. trait

= number of 1. data set

x-position (or longitude)
y-position (or latitude)
value of the trait

Figure 5: Format "Quantitative Traits of Individuals or Populations”

Note: The data of quantitative traits can be given for individuals or for populations. The values

represent means if they are given for populations. Any data on a continuous trait can be used.

Degen, B. (2021) SGS: Spatial Genetic Software 2021. Computer program and user's manual.
https://www.thuenen.de/en/fg/software.html




RAPD Data Set <= title

10 <= number of individuals

5 = number of bands

1 12.2 5.02 1 0 1 0 1 = No. of the 1st individual
2 19.2 7.6 0 0 1 0 1 <= x-position (or longitude)
3 44.1 22.1 1 1 1 0 1 <= y-position (or latitude)
4 35 10 1 0 1 0 1 = presence of first band

5 41 99 1 1 1 0 1 <= absence of forth band

6 33 22 1 0 1 1 1

7 10 54 1 0 1 0 1

8 40 40 1 1 1 1 1

9 10 70 1 0 1 0 1

10 24 22 1 1 1 1 1

Figure 6: Format "RAPD/AFLP Data of Individuals"

Note: The data on RAPDs and AFLPs are given as a matrix of "0" and "1". The value "1"

indicates presence of a given fragment and "0" indicates absence of the fragment.

6 Menu "Analysis"

6.1 Window "General Settings"
After reading the input data you select the path "Analysis/General/" (figure 7) and reach the

window "General Settings" (figure 8). The window "General Settings" contains four different

frames.

Spatial distances between samples

The frame "Spatial distance between samples" shows results of an analysis of the distances
between data points of your input file. The information "Minimum of distance" and "Maximum
of distance" are thought as a help for the definition of the parameters in the next frame "Spatial
distance classes". Please note that the values will be re-calculated if you switch among the

options “Type of co-ordinates” (see below).

Spatial distance classes

All calculated statistics are computed for pairs of data points belonging to a series of spatial
distance classes. The Euclidean distance (x- and y-co-ordinates) and the distance at the
sphere surface (longitude, latitude) are used as a measure of spatial distance between two
data points. The user defines the number of spatial distance classes ("No. of distance classes")

and the size = dimension of each spatial distance class ("Size of distance classes"). The
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dimension of all distance classes is equal. To check the influence of definition of distance
classes on the results, it is wise to repeat the calculations with different scales of distance

classes.

Note: For statistical reasons you should choose the number and dimension of spatial distance
classes so that each class includes at least 30 pairs of data points (Doligez and Joly, 1997).
You can verify this number by viewing the window "Pairs of data per distance class" (Path:
"Results/Pairs of data per distance class/").

1% Spatial Genetic Software - O X
File ~Analysis Results Help

General

Multilocus Genotypes/ Haplotypes

Allele/ Haplotype Frequencies

enetic Software
(SGS)

Version 2

2021

Last changed: 2570472021

Figure 7: Path to select the analysis options

Permutation test

A permutation procedure using Monte-Carlo simulations is applied to test significant deviation
from spatial random distribution of each calculated measure (Manly, 1997). Each permutation
consists of a random redistribution of genetic or phenotypic data over the spatial co-ordinates
of the sampled points. For each of the spatial distance classes, observed values were
compared with the distribution obtained after N permutations. Then a X % confidence interval
for the parameters is constructed as the interval from the CI 1. to the CI 2. ordered permutation
estimates (Streiff et al., 1998).
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N: number of permutations => you should make at least 500 permutations, better 1000
X%: definition of the confidence interval => the 95% confidence interval is often used
ClI 1: lower limit of the confidence interval

Cl 2: upper limit of the confidence interval

For example: for N = 1000 permutations and X% = 95: Cl 1 and CI 2 = 27" and 975" ordered
permutation estimates.

Moreover, the user can select the option "No permutation test" in order to compute just
the measures without test.

3 General Settings e O X

- Spatial distances between samples

Minimum of distance 0.00 Selected loci / traits Not selected loci { traits

Maximum of distance 3719.26

iq°

-Spatial distance classes 7 n:SNP:S
No. of distance classes 10 8 n_SNP_9

w
=
[N
w
=z
IEI

BiE

10 n_SNP_12
Size of distance classes 500 11 n_SNP_13
12 n_SNP_14
13 n_SNP_15
Permutation test 14 n_SNP_16
No. of permutations 1000 15 n_SNP_17
16 n_SNP_22 v

9

hik

Confidence interval [%]

[~ No permutation test!!

Type of co-ordinates

[~ X- and Y position in m or km

v Longitude and Latitude (decimal
degrees)

EE

Figure 8: Window "General settings"

Selected loci / traits — Not selected loci /traits
The user can run the calculation for all loci or traits or he can restrict it for a selected part of

them. Use the two arrows to select or unselect loci /traits.

Degen, B. (2021) SGS: Spatial Genetic Software 2021. Computer program and user's manual.
https://www.thuenen.de/en/fg/software.html




11

Type of co-ordinates

The standard setting is that co-ordinates represent x- and y-values (m, km, miles). The spatial
distance among points is then calculated as Euclidian distance. The use can change this and
select “Longitude and Latitude (decimal degrees)”. The spatial distance (dist) between two
geographic co-ordinates [(lonl, latl), (lon2, lat2)] is then computed in km using the formula for

the distance calculation on the sphere surface:

dist = 6378.388 * acos(sin(latl) * sin(lat2) + cos(latl) * cos(lat2) * cos(lon2 - lon1))

6.2 Window "Analysis Spatial Structure of Allele/Haplotype Frequencies”

For data sets with allele or haplotype frequencies, the user can choose among three different
options (figure 9), selecting a genetic distance measure, either Dy (Nei, 1972) or D (Gregorius,
1984), for calculation of genetic distograms (Degen and Scholz, 1998; Vendramin et al., 1999);
or selecting a measure based on pair-wise Fst measures (Wright, 1984). Genetic distograms
represent graphs where mean genetic distances between all pairs of individuals belonging to
a spatial distance class (sq) are plotted against the spatial distance classes.

The user can calculate genetic distograms, where the dissimilarity of each pair of
populations is calculated as (Degen and Scholz 1998):

1 Nq—l N
d(s,)= N Z _Zdij :
q i=l j=i+l
where d; represents the genetic distance between the allele or haplotype frequencies of the i-

th and j-th populations. The estimate d(s,) represents the average genetic distance of all pairs

of populations belonging to the spatial distance interval sq. The construction of genetic
distograms has two advantages. First, they describe spatial patterns for multiple variables
simultaneously (not only the frequency of one allele). Second, they apply established concepts
of genetic distance to measure dissimilarities. The user can compute the genetic distance dj

using either Dy and Deg:
Z ( Pix - pjk )
k=1

\/ 2 P 2 Pl
k=1 k=1

where i and j represent two populations, n is the number of alleles or haplotypes, pi is the

R
D, (i, j) =—In Do (i, 1) =5 2| Puc = P,
k=1

relative frequency of the k-th allele or haplotype.
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B3 Analysis Spatial Structure Allele/ Haplotype Frequencies = O X

Calculation of distograms

(¢ Genetic Distance [GREGORIUS 1978]
(" Genetic Distance [NEI 1972)

" Fst (WRIGHT 1969)

Calculate Cancel

Figure 9: Window "Analysis Spatial Structure Allele/ Haplotyp Frequencies"

The distograms can also be computed from Fst measures. For simplicity, the program is based
on allele frequencies, rather than on direct counts of alleles, so that no correction for low
sample sizes within populations can be made. Bias should be minimal, however, except when
samples sizes per population are very low (<10 individuals). An Fst estimate is obtained for
each distance class, as described below (Pons and Petit, 1995). A positive spatial structure is
indicated by Fst values that are significantly smaller than the overall Fsr value (Dumolin-

Lapegue et al., 1997). The calculation consists of the following steps:

For all pairs i, j of populations: The first step is to compute the diversity (expected
heterozygosity) H, based on allele frequencies for each population, separately (Hi and Hj),
followed by

e Calculation of the average heterozygosity within a population, i and j, Hs;j

e Computation of the total divergence of the two populations, Hrjj = 1 — >k (axi ® ax ), where

k indexes the alleles.

For each distance class sq: The second step is to compute Hsq and Hq, the means, over all

population pairs (i, j), of Hsj and Hrj, respectfully. In addition, compute
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H
Forg =1- —
Tq

The next step is to get the mean Fst over different loci (indexed by m), for each distance class
Sq:
2 Hsn

Forg =1-%

2 Hr,

m

Reference value: Third, we compute the overall Fsr —value, as follows:
1 n
=—>» H, and H. = a.a.,,
where n is the number of populations studied. Finally,

FST zl_ﬁ

6.3 Window "Analysis Spatial Structure of Multilocus Genotypes and
Haplotypes"

The user has the choice of either calculating distograms or correlograms (see figure 10). The
genetic distance Dg and the number of alleles/haplotypes in common (Hamrick et al., 1993)
are available as measures for the distograms. The correlograms are computed using the
MORAN's index or GEARY's index (Sokal and Wartenberg, 1983). Please note that for large
data sets with many individuals and many gene markers (e.g. SNPs) the calculation of

distograms is much faster than the calculation of the correlograms!

Calculation of distograms using genetic distance Dg

Mean genetic distance D¢ between all pairs k, | of multilocus genotypes (haplotypes) belonging
to a given spatial distance class sq serves as measure for spatial genetic structure. The mean
value, over all pairs, constitutes a reference value, against which spatial genetic structure is
measured. Distances below the reference value indicate positive spatial structure, where
proximal individuals are genetically more similar than expected for a spatially random
distribution of genotypes (positive structure), and distances above the reference indicate
negative structure, where proximal individuals show greater genetic divergence than expected
for a spatially random distribution of genotypes. The multilocus distance measure Dem between

the genotypes i, j is defined as:
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M
0<Dg, =02 De(i, i) <1
i=1

where M represents the number of loci. It is the arithmetic average of the single locus values
of De. For a the calculation of Dg between two individuals, the frequencies of alleles at a certain
locus are either 1 (homozygote for that allele), 0.5 (heterozygote with one copy of the allele)
or O if the allele it is absent.

A
Calculation of distograms Ploidy
{+ Genetic Distance [GREGORIUS 1978) " haploid
" Number of &lleles/Haplotypes in Common @ diploid

Calculation of correlograms

" MORAN's index Calculate
" GE&RY's index
Minimurn allele frequency (0-1) 0.05 Cancel
Maximum MNo. of alleles per locus 20
Progress

10.7 %
iy

Figure 10: Window "Analysis Spatial Structure of Multilocus Genotype

Calculation of distograms using the number of alleles/haplotypes in common

This measure is adopted from an approach of Surles et al. (1990) and Hamrick et al. (1993).
It is simply the mean number of alleles (haplotypes) in common, over all loci, between pairs of
individuals belonging to a given spatial distance class. It's value ranges between 0 and 2 for
the diploid case. The mean over all pairs of individuals serves as reference value. Values
higher than the reference indicate positive spatial genetic structure, and values below the

reference are obtained in case of negative spatial structure.
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Calculation of correlograms using MORAN's index
Moran's Index lq can be computed for both diploid multilocus genotype data and haplotypes
(Sokal and Oden, 1978; Sokal and Wartenberg, 1983). The index is calculated for a given
distance class sq. For each allele or haplotype having higher frequency than some arbitrary
threshold (X%) in all samples, Iq is calculated as follows:

nzn:iwij (3 —E)(aj -a)

| =i W :iiwﬂ

! : i jei
WY (a —a) -
i=1

n is the total number of samples and w; = 1 if the individuals i and j belong both to the spatial
interval sq, otherwise w; = 0. For diploid data, a; is 1 if the i-th individual is homozygous for that
allele, 0.5 if heterozygous, and 0 if the individual has no copy of the allele. For haplotypes, a;
is 1 if the i-th individual presents the haplotype and O otherwise. The value a corresponds to
the mean value of a; over all n individuals. Following Streiff et al. (1998), autocorrelation is
calculated over all selected loci summing the numerator and denominator of the first equation
over the total number of alleles. The expected values for the case of no autocorrelation are —
1/(n-1) (Sokal and Wartenberg, 1983). Higher values indicate positive spatial autocorrelation
and smaller values indicate negative spatial autocorrelation.

The user can define the "Minimum allele frequency (0-1)" (see figure 10). This value
determines the alleles which are included in the calculations. Usually, values not lower than
0.05 are recommended. The value "Maximum No. of alleles per locus" helps to reduce the

computing time.

Calculation of correlograms using GEARY's index

The formula for the Geary's index [c] is:

Zwij(zi_zj)z
c=(n-1)————

WYz

i
i=1

with z, =a,—a

Geary's index is computed over all loci, summing the numerator and denominator of the
first equation over the total number of alleles. The index ranges from 0, for perfect positive
autocorrelation, to an unbounded positive value for negative autocorrelation. The expected

value, in the absence of autocorrelation, is 1.
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6.4 Window "Analysis Spatial Structure of Quantitative Traits"
The spatial structure of continuous quantitative traits can be analysed in analogous fashion,

by using a distance measure (figure 11). Again, the mean distance between all pairs of
individuals belonging to a given distance class serves as a measure of the spatial structure,
with the mean over all pairs providing the reference value. A simple city-block distance

measure [D] is applied (Deichsel and Trampisch, 1985):

n

_ bt

L o et
st N n

Here aim is the value of individual i for trait m, a, represents the mean value for trait m, Stm is

the standard deviation of trait m, tm gives the value of individual i for trait m after z-
transformation and n is the number of traits. The program computes transformed values of
each trait, using the z-transformation, necessary to avoid problems with variable scales among
traits (Deichsel and Trampisch 1985, page 22).

B3 Analysis Spatial Structure of Quantitative Traits - O X

Calculation of distograms

¢ Block Distance

Calculate Cancel

Figure 11: Window "Analysis Spatial Structure of Quantitative Traits"

6.5 Window "Analysis Spatial Structure of RAPD/AFLP data”
RAPD or AFLP data for each individual are transformed into a matrix of 1’s and 0’s, with 1

indicating presence of a certain fragment and 0 indicating its absence. The genetic dissimilarity
[Di] between the binary vectors of two individuals, i and j, is computed (figure 12), using the

Tanimoto distance (Deichsel and Trampisch 1985, page 24):
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0< D, =1—L <1
ViitVity;
where v; represents the number of common fragments of individual i and j, the numbers of
fragments which exist only in individuals i or j, respectively, are given by y; and y;. The overall
mean of genetic distances between all individuals serves as a reference for random spatial

structure.

B3 Analysis Spatial Structure of RAPD/AFLP data — O X

Calculation of distograms

¢ Tanimoto Distance

Calculate Cancel

Figure 12: Window "Analysis Spatial Structure of RAPD/ AFLP data"

7 Menu "Results"
The menu "results" offers possibilities to view the number of pairs in the different distance

classes and to save the results of the calculations (figure 13). The selection "Pairs of data per
distance class" calls a table showing the frequencies of pairs in all spatial distance classes
(figure 14). As a critical limit the size and number of spatial distance classes should be adjusted
guaranteeing a minimum of 30 pairs for each distance class. Lower values may case statistical

problems with the permutation test.

The user can save the results as comma separated (csv) and as and text file by selecting
"Results/ Save as CSV-File" (figure 15) and "Results/Save as Text-File". The CSV-file can be
used to create the distograms or correlograms (figure 16). Additional information is given in

the legends of the figures.
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% Spatial Genetic Software - O
File Analysis Results Help

Pairs of data per distance class

Save as Text-File

S| s netic Software
(SGS)

Version 2

2021

Last changed: 25/0472021

Figure 13: Menu "Results"

File

No - Lower limit - Upper limit - N pairs

0 - 45 - 150
- 45 - 90 - 155
- 90 - 135 - 475
- 135 - 180 - 395
- 180 - 225 - 558
- 225 - 270 - 397
- 270 - 315 - 295
- 315 - 360 - 325
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0 - 405 - 450 - 170
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Figure 14: Window "Pairs of data per distance class"
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A | B | (& ‘ D E F G | H
1 |Distance N Pairs Cl_1 D_ob D_ex Cl_2 P(D)<-ClI P(D)>+Cl
2 15 1100 0.261091  0.247636 0.2695 0.277682 1 0
3 30 2447  0.263649 0.256784 0.2695 0.27546 1 0
4 45 3066 0.264416  0.263405 0.2695  0.274967 0.991 0.009
2 | 60 3259 0.264974  0.269024 0.2695  0.274609 0.572 0.428
6 75 3354  0.264758  0.266339 0.2695 0.27424 0.912 0.088
7 90 2964  0.265047  0.271407 0.2695 0.274106 0.21 0.79
8 105 2455 0.26442  0.276171 0.2695  0.275173 0.011 0.989
9 | 120 1867 0.262908 0.27812 0.2695  0.275683 0.002 0.998
10 | 135 1399 0.259471 0.2802 0.2695 0.278592 0.015 0.985
11 150 1132 0.257951  0.277429 0.2695  0.281979 0.107 0.893

Figure 15: Results stored as CSV-file after using the path "Results/Save as CSV-File/"; "Distance" =
upper limit of each spatial distance classes"; “N Pairs” = number of data pairs in each distance class;
“Cl_1" = below limit of the confidence interval; "D_ob" = observed values for the used measure for spatial
structure; “D_ex” expected value of the used measure of spatial autocorrelation for random structures;
“Cl_2" = above limit of the confidence interval;; "P(D)<-CI" = probability that the observed value is lower
than the below limit of the confidence interval; "P(D)>+Cl)" = probability that the observed value is
greater than the above limit of the confidence interval
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Figure 16: Distogram showing the data of figure 15
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