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correspondence between mating systems and heritability of foliar terpenes and to test if
all populations of a species are equally suited for inferring marker-based heritability.
Using microsatellite genotypes and the foliar terpene profile from three disparate
populations of E. tricarpa, 1 found that the estimates of the heritability of foliar terpenes
differed among populations and were not correlated with outcrossing rates or pollen
heterogeneity among females. The variable mating systems and structure of the pollen
pool resulted in some populations providing more reliable heritability estimates, which
is important for most studies of community genetics. I concluded my thesis by
discussing the value of next generation sequencing technology in expanding the

population genetic aspects covered in this project.
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variations of molecular markers and additive genetic variation of traits. I found that
mating systems in populations did not determine the heritability of traits (Chapter 4).
The fluctuation in the degree of outcrossing rates, the patchiness of the pollen pool and
heritability of terpene traits further confirm the complexity of the mechanism of genetic

inheritance of foliar terpene traits in natural ecosystems.

Advances in technology quickly change the face of science and next-generation
technology, which enables researchers to gather more data faster and cheaper. It has
changed molecular genetics by providing the means to do large-scale molecular studies.
Work in this thesis was carried out in the transitional era when many plant researchers
were moving from small-scale molecular studies to much larger objectives using this
next-generation technology. Therefore, this thesis concludes with a brief discussion of
how one might use this next-generation technology to expand the various aspects of

population genetics covered in this project (Chapter 5).
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Chapter 1: Estimating population boundaries using
regional and local-scale spatial genetic structure: an
example in Eucalyptus globulus

Suat Hui Yeoh, J Charlie Bell, William J Foley, Ian R Wallis and Gavin F Moran

Tree Genetics and Genomes (in press)



Abstract

Eucalyptus globulus Labill is a foundation tree species over its disjunct distribution in
southeastern Australia. The quality of its pulp makes it the most important hardwood
species in the world. The importance of E. globulus prompted the establishment of
common gardens from seed collected across its geographic range. This enabled us to
study the genetic structure of the species, its population boundaries and gene flow using
444 trees from different open-pollinated families that were genotyped at 16
microsatellite loci. A Bayesian clustering method was used to resolve five genetically
distinct groups across the geographical range. These groups were identified as regions,
which varied in diameter from 38 to 294 km and contain 4 to 16 putative populations.
For two of these regional groups, we used spatial autocorrelation analysis based on
assignment of trees to their natural stands to examine gene flow within each region.
Consistent significant local-scale spatial structure occurred in both regions. Pairs of
individuals within a region showed significant genetic similarity that extended beyond
40 km, suggesting distant movement of pollen. This suggests that breeding populations
in E. globulus are much bigger than traditionally accepted in eucalypts. Our results are
important for the management of genetic diversity and breeding populations in E.
globulus. Similar studies of a variety of eucalypts pollinated by insects and birds will

determine whether the local-scale genetic structure of E. globulus is unusual.

Keywords Microsatellite, simple sequence repeats, genetic structure, population
genetics, Eucalyptus globulus



Introduction

Understanding population structure is fundamental for revealing the evolutionary
history of populations and species (Slatkin 1987). Various evolutionary processes such
as mutation, selection, gene flow and genetic drift interact through time to create the
genetic structure seen today. The magnitude of gene flow will determine the
differentiation among populations of a species. Knowledge of population structure of a
species is important for various practical management such as ecological and
conservation management (Escudero et al. 2003; Frantz et al. 2009; Waples and
Gaggiotti 2006), breeding programs (Grattapaglia and Kirst 2008) and association
studies that link genes to traits (Kiilheim et al. 2011 (Appendix 5); Pritchard et al. 2000;
Yu et al. 2006).

The development and improvement of molecular, computing and statistical power
means that it is now much easier to resolve the various levels of population structure
(Escudero et al. 2003; Peakall et al. 2003) and better understand the genetic
relationships among individuals and clusters of a species. For instance, fine-scale spatial
analysis provides a way to incorporate genetic, demographic and ecological information
about a species (Andrew et al. 2007a; Escudero et al. 2003). Restricted dispersal results
in isolation by distance (IBD) but so do colonization and demographic processes. These
produce fine-scale spatial genetic structure. The theory of fine-scale spatial analysis is
well established and tested partly because the pattern of spatial genetic structure is

useful in predicting dispersal (Epperson 2005; 2007; Vekemans and Hardy 2004).

It is still difficult to interpret the biological meaning behind observed genetic structure
as it could be caused by various types of nonrandom distribution of genotypes, such as
IBD, family structure and selfing (Guillot et al. 2005; Pritchard et al. 2000). Also,
inappropriate sampling design will exacerbate this problem (Pritchard et al. 2000). For
instance, Frantz et al. (2009) showed that IBD can inflate the number of clusters, which
in turn will cause inaccurate allocation of population boundaries. Furthermore, poor
identification of both population and familial structure may lead to type I and type II
errors in association analyses and in detecting the signature of selection in candidate
genes (Kiilheim et al. 2011 (Appendix 5); Pritchard et al. 2000; Yu et al. 2006). As a
starting point for any population genetic studies, appropriate grouping of samples to
provide reliable measures of genetic structure is crucial (Krauss and Koch 2004:

Pritchard et al. 2000).

10









Table 1.1 Information on the 39 putative populations of Eucalyptus globulus and the number of stands collected within each population

Putative population Region No. of Longitude Latitude Altitude No. of Average
individuals (°E) (°S) (m) stands distance
between
stands (km)
1. SW Lavers Hill Otway 5 143.30 38.73 160-300 1 NA
2. Otway State Forest 38 143.43 38.75 100-240 5 2.51
3. Cannan Spur 17 143.53 38.77 200 1 NA
4. Parker Spur 42 143.59 38.80 60-200 i/ 5.29
5. Cape Patton 14 143.82 38.67 20-300 4 2.73
6. Jamieson Creek 6 143.90 38.60 100-300 1 NA
7. Lorne 14 143.95 38.53 100-280 3 3.31
8. Jeeralang North Gippsland 45 146.53 38.35 220-460 4 5.90
9. Bowden Road 5 146.68 38.42 400-480 1 NA
10. Mandalya Road 6 146.50 38.53 240-260 1 NA
11. Hedley S 146.45 38.62 20-200 3 9.87
12. North Flinders Island Furneaux 9 147.88 39.79 20-60 3 10.61
13. Central North Flinders Island 9 147.97 39.94 20-50 3 8.17
14. Central Flinders Island 18 148.09 40.03 60-240 3 52
15. South Flinders Island 8 148.11 40.24 5-120 3 8.92
16. North Cape Barren 10 148.27 40.35 20-60 2 10.13
17. West Cape Barren 29 148.07 40.40 20-220 6 7.23
18. Clark Island 5 148.13 40.53 40 1 NA
19. St Helens Eastern 9 148.30 41.27 120 1 NA
20. German Town Tasmania 4 148.20 41.57 400 1 NA
21. Pepper Hill 8 147.85 41.63 540 1 NA
22. Royal George 7 147.98 41.87 560 1 NA
23. Triabunna 5 147.92 42.47 80-110 1 NA
24. North Maria Island 7 148.08 42.62 10-480 1 NA
25. Taranna 4 147.83 43.07 20 1 NA
26. Jericho 9 147.27 42.42 500 1 NA
27. Moogara 21 146.91 42.78 430-500 2 1.97
28. Dromedary 4 147.15 42.72 300 1 NA
29. Collinsvale 4 147.20 42.83 135-460 1 NA

13



30. Hobart South 7 147.27 42.93 70-350 1 NA
31. Blue Gum Hill 4 146.84 43.06 150-480 2 9.99
32. South Geeveston 6 146.90 43.20 250 1 NA
33. Dover 3 146.98 43.27 190 1 NA
34. South Bruny Island 6 147.29 43.37 10-200 1 NA
35. Macquarie Harbour Western 7 145.33 42.33 20 1 NA
36. Badgers Creek Tasmania 8 145.30 41.98 120 1 NA
37. Little Henty River & King 10 145.20 41.93 10 1 NA
38. South King Island Island 9 144.00 40.00 20-100 1 NA
39. Central King Island 117 144.00 39.88 20-100 1 NA
Total 444 75

14



Figure 1.1 A map showing 39 putative populations of Eucalyptus globulus across the
species’ range (numbered) and clusters resolved from STRUCTURE analyses

(exAm A). o indicates the location of the trial site in Latrobe. The distribution of E.
globulus ssp. globulus was outlined according to Dutkowski and Potts (1999). The

outline map came from The University of Melbourne library map collection
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Genomic DNA extraction and microsatellite genotyping

We extracted total genomic DNA from leaf samples using a modified CTAB method as
described by Glaubitz et al. (2001) and purified it using Multiscreen PCRyg filter plates
(Millipore, Billerica, MA, USA) according to the manufacturer’s instructions. Sixteen
microsatellite markers were selected to cover the linkage groups in the Eucalyptus
genome (Thamarus et al. 2002; Thumma et al. 2010) (Table 1.2) and assayed to provide
genotypes of the 444 samples. The Australian Genome Research Facility (AGRF)
genotyped 12 marker loci in multiplexes using AB3730 DNA Analyzer (Applied
Biosystems), while five marker loci were assayed in our laboratory using CEQ™ 2000
DNA Analysis System (Beckman Coulter). These markers included locus Eg/26 that
was assayed on both systems. A PCR volume of 10 ul per reaction containing 0.2 mM
dNTP, 0.5U Taq F2 DNA polymerase (Fisher Biotec, Wembley, WA, Australia), 20 ng
of DNA, 1X Taq polymerase buffer and other conditions as detailed in Table 1.2 was
used. Separation results were analyzed on GeneMapper software version 3.7 for ABI
samples and with CEQ software for the other markers. Fourteen primer pairs amplified

one locus each while one primer pair (Eg/28) amplified two loci.
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Table 1.2 Information of microsatellite markers used to study the population genetic structure of Eucalyptus globulus. The microsatellite markers were
developed and characterized by Thamarus et al. (2002), Brondani et al. (1998) and Glaubitz et al. (2001) with repeat motif, number of alleles observed,
size range of amplification product, linkage group membership (Thamarus et al. 2002; Thumma et al. 2010) and PCR amplification conditions

including MgCl; concentration, primer concentration and annealing temperature (T )

Locus Repeats No. of  Size Linkage PCR conditions Accession
alleles range  group” MgCl, Primer T, no.
mn  @M) (O
Egl008 (CTT)g 5 130-144 4 1.5 0.140 55 EU699738
Egl023 (CTT)s(AGCCG)4(AG)s 20 264-301 10 1.5 0.180 55 EU699742
Eglo61 (GAA)(GAT); 25 309-366 2 1.5 0.184 55 EU699745
Egl062 (TGA);(TGA); 11 197-233 6 1.5 0.156 55 EU699746
Egl065 (ATG)12 34 245-303 7 155, 0.160 55 EU699747
Egl086 (CTT) 32 199-295 4 15 0.172 55  EU699751
Egl0o94 (GAA),(CT), 11 101-140 8 1.75 0.160 55  EUB99754
Egl099 (CTT) 13 184-214 3 15 0.160 55  EU699757
Egl126 (GAA) 12 336-372 1 i 0.172 55  EU699761
EMBRA20 CT)s 16 116-156 6 15 0.160 55  BV682016
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hypothesis of no spatial structure (» = 0) and used bootstrap replicates to obtain the 95%
confidence interval about r. We concluded that there was significant spatial

autocorrelation only if both these statistical tests were significant.

Figure 1.2 Map showing the location of natural stands of populations (labeled) in the a
Otway and b Furneaux regions. The number of individuals sampled from each stand is

indicated
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Results

The allele frequencies, which were calculated from genotypes of 444 samples at 16 SSR
loci, was used to survey the patterns of allelic distribution across the geographic range
of E. globulus. Major alleles dominated most loci while most alleles occurred in low
frequencies across populations. Thirteen percent of the alleles occurred at a frequency
of over 10% per population while 44% of alleles contributed less than 1% per
population. There were 53 private alleles (15%) with 13 from the Jeeralang North
population and 7 from Moogara. The 16 SSR loci scored 350 alleles with an average of
88 alleles per population. Each locus contributed different numbers of alleles ranging
from 5 (Egl008) to 44 (Esi076) with an average of 22 alleles per locus (Table 1.2).
Likewise, the number of alleles differed between populations and ranged from 55 at
Dover to 186 at Jeeralang North. The effective number of alleles was consistently lower
than the observed number of alleles and varied from 43 (Macquarie Harbour) to 81
(Jeeralang North) with an average of 57 per population and a mean of 101 per locus

(Appendix 1.1), which confirmed the distribution of allelic frequencies.

The genetic diversity measures indicated a high degree of polymorphism distributed
evenly across populations (Appendix 1.1). The expected heterozygosity (H.) ranged
from 0.62 to 0.76 with a mean of 0.69, while the observed heterozygosity (H,) ranged
from 0.51 to 0.66 with a mean of 0.60. The positive fixation index (f) averaged 0.147,
suggesting inbreeding in most populations. Null alleles could also explain this result but
estimation with the Brookfield method in MICRO-CHECKER showed that the mean
frequency of null alleles for 16 loci over 39 populations ranged from 0% to 9.6%. Five
loci (Egl023, Egl086, EMBRA20, EMBRAS, Egl128.2) had mean values over 5%, but
removing these does not alter the observed genetic diversity measures. Of the 4,680
comparisons that formed the linkage disequilibrium analyses for the 16 SSR markers,
only 59 (1.3%) were significant (P<0.05), indicating no significant linkage. This was
expected because we chose loci partly for their broad distribution throughout the

genome.

Assignment of individuals into groups (K) based on STRUCTURE matched their
geographic distribution (Figure 1.3). Estimation of K based on both the optimal mean
posterior probability and the rate of change in log probability of data (AK) supported
K=5 (Appendix 1.2). The K value inferred from STRUCTURE using different subsets

of loci showed that detecting all major genetically distinct groups requires at least five
24



loci (Appendix 1.3). The additional loci strengthened the signal and reduced the
ambiguity of the ancestry of an individual. This result indicates that we used enough
markers to detect all of the major genetically distinct groups. The additional markers did

not resolve more groups (K) or any sub-structure.

The five regional clusters described by the study were Otway (populations 1 to 7, Table
1.1, Figure 1.1), Gippsland (8 to 11), Furneaux (12 to 18), Eastern Tasmania (19 to 34)
and Western Tasmania and King Island (35 to 39). The STRUCTURE analysis
indicated that most of each population’s ancestry came from the cluster where they now
reside, although populations at the periphery of each cluster had a slightly higher
admixture from its neighboring cluster. For example, St. Helens and German Town
populations had about 30% and 20%, respectively, of admixture coming from the
neighboring Furneaux group (Figure 1.3). Mainland Australia and the islands were
divided into different clusters when K=2. If K=6 was used, the additional cluster would
split the Eastern Tasmanian group with admixture ranging from 1% to 38% between the
two groups in all populations. Isolation by distance could also explain this observation.
We were unable to find additional clusters in the Otway, Gippsland and Furneaux

regions when we analyzed the regions separately with STRUCTURE.

We used a neighbor-joining phenogram to show the relationship among populations of
E. globulus based on genetic distance with bootstrap values indicated on the
phenogram. The genetic distance-based cluster analysis, which requires a priori
assignment of individuals to populations, also grouped populations according to
geographic locations (Figure 1.4) that agreed closely with the clustering of populations
based on the Bayesian method. All populations from the Otway Ranges (populations 1-
7, Figure 1.1) formed a group with bootstrap support of 87%. Otway State Forest,
Parker Spur and Cannan Spur populations clustered strongly (93%), whereas Cape
Patton, Lorne and Jamieson Creek formed a separate cluster (83%). The closest cluster
to the Otway group consisted of populations from Western Tasmania (populations 35-
37) and King Island (populations 38 and 39) (99%). Both of these latter groups formed
further strong clusters among themselves with 99% support for populations on King
Island and 74% for those from Western Tasmania. Populations from Gippsland
(populations 8 -11) formed a cluster (98%) that also linked closely to the Otway, King
Island and Western Tasmanian clusters (91%). The next clear grouping was among the
Furneaux populations (12-18) with 77% bootstrap support. Data suggested this to be an

outgroup of the Gippsland, Otway, King Island and Western Tasmanian group but the
25



bootstrap support was poor (48%). All of the populations in Eastern Tasmania grouped

together but with poor bootstrap support (2-43%).

An AMOVA based on both predefined populations and on regions assigned with
STRUCTURE analysis showed that 92% (P=0.0001) of the variance lay within
populations. The remaining variance was assigned among regions (5%, P=0.0001) and
among populations within regions (3%, P=0.0001). An analysis of the hierarchical F-
statistic showed similar results (see Appendix 1.4); the genetic differentiation between
regions was low, ranging from 0.022 to 0.181 and averaging 0.056, but significantly
greater than zero. Similarly, differentiation among populations ranged from 0.049 to
0.201, averaging 0.090. Most loci make similar contributions to the distribution of

variation.
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Figure 1.3 Plot showing the proportion of each individual’s ancestry attributable to the
five clusters (in colors). The numbers on x-axis are population numbers and y-axis

represents the proportion of ancestry
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Figure 1.4 A neighbor-joining tree of 39 populations across the geographic range of E.
globulus. The numbers on nodes represent the support value (%) of their respective
group based on 10,000 bootstrapped trees. The populations were colored according to

the regions that correspond to the STRUCTURE plot







Figure 1.5 Comparisons of spatial autocorrelation (r) in the Otway (O) and Furneaux (F) regions and for the combined data (C) for increasing distance

class sizes. The error bars are 95% confidence intervals about r and dotted lines are 95% confidence interval for the null hypothesis of no spatial

structure
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Figure 1.6 Correlograms showing combined spatial autocorrelation (r) for distance classes of a 4 km and b 40 km. Dotted lines represent 95%

confidence interval for the null hypothesis of no spatial structure and error bars show 95% confidence intervals about r
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Chapter 2: Signature of selection in genes and protein
domains associated with terpene biosynthesis in

Eucalyptus globulus



Abstract

Traits that play a role in defence of an organism tend to be associated with an
evolutionary arms race and display an array of characteristics. Terpenes are a large class
of chemical compounds that act as deterrents to herbivory in plants both directly and
also indirectly by serving as a cue to the presence of more potent compounds. In a
common garden, of Eucalyptus globulus, foliar terpene concentrations reflected a
geographic cline in natural populations. Terpenes are produced by two major
biosynthetic pathways, with the plastid-localised non-mevalonate pathway (MEP)
playing many important role in plants. Two upstream enzymes, DXS and DXR in the
MEP pathway have been hypothesised to be the key enzymes in controlling the
concentrations of terpenes produced in the Myrtaceae. In this study, we sequenced the
full length gene of dxr and two copies of dxs in 108 individuals distributed across five
geographical regions of the species Eucalyptus globulus subsp globulus. Using these
data, we examined whether the geographical distribution of terpenes is reflected at the
molecular level and explored if there was any evidence of natural selection on these
genes and also in each of the putative protein domains encoded by the genes. We also
investigated the possible implications of amino acid changes based on comparative
modeling of these enzymes. While we found no evidence of adaptive evolution, we did
establish that strong purifying selection acted on all three genes. This suggests that they
are important in maintaning the terpene biosynthesis pathway but might not be the key
to controlling terpene yield. There is also an indication of a distant selective sweep in
dxr. The key finding of our study is evidence for a different evolutionary pathway taken
by different gene domains, especially in dxs/ where a high number of synonymous

differences between individuals in the second protein domain were detected.
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technology. The aim was to study the genetic diversity of the genes geographically and
to compare genetic polymorphisms between intron and exon, synonymous and non-
synonymous sites and among different domains of the putative encoded enzymes. We
used a derived allele frequency (DAF) threshold analysis and pairwise comparisons of
dN/dS ratio to infer the signature of selection in these loci. While the first method
compared groups with different proportion of allele frequencies in introns and exons
based on their ancestral or derived state, the latter approach was based on the
consequences of polymorphic sites to their amino acid states (synonymous or non-
synonymous changes) in the exons. Analysing the proportion of DAF in introns (and
third coding sites of exons) and exons (first and second coding sites) separately in the
first analysis and ratio of synonymous to non-synonymous sites in the second analysis
reduce the confounding demographic effect. We discuss the interpretation of these

results and possible caveats in the analytical and sequencing approach used.

46









Table 2.1 Summary information of the three loci (dxr, dxs/ and dxs2) studied, the primer pairs and PCR condition used. Number of SNPs in brackets ()

refers to the SNPs analysed in this study (SNPs with > 50% data)

Gene dxr dxsl dxs2

Length of Intron (bp) 3520 (5’UTR =72) 1463 (5’UTR = 236) 1050 (5’UTR = 86)

Length of exon (bp) 1419 2112 2279

Average fragment length 436 304 314

(bp)

Average individual 4807 3943 3730

sequence length (bp)

No. of Exon 12 10 9

SNPs in intron 151 (108) 104 (103) 32

SNPs in exon 30 (26) 53 27

Nonsynonymous SNPs 9 7 it

Forward Primer 1) TCCGCTTCTCCTTTCCTCTCAAGT CCGGTCGTTCACTCGATCATTCAT 1) AACCTCGTTCTCGTCTCCATCTCT
2) GCCATCCAGACGCTGTAACTGTA 2) ACGTGGGACATCAGGTATGAGTCT

Reverse Primers 1) CACCCTAATTGTGCGAGAACGGAT TACAGTAGCTGCGATATGTGCTGG 1) GTCGGCGATTTCGTCTTGAATTGC
2) GGCCATTCATGTGAGAACAGGAGT 2) CTCTTTCTGCCTGCCCAATAACGA

Z\ol(ljr)lealmg Temperature 54 62 - 54 54

Extension time (min) 4 5 4
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The three genes showed high similarity with homologous sequence from other plant
species. The dxr from E. globulus showed 94.7% identity at nucleotide level and 94.9%
at amino acid level with E. nitens. High identity with Arabidopsis thaliana
(AT5G62790) at both nucleotide (74.4%) and amino acid (81.6%) level was also
observed. Similarly, dxs! of E. globulus showed 96.9% and 96.6% identity at nucleotide
and amino acid level respectively with E. nitens. Comparisons of percentage identity of
dxs1 with Populus trichocarpa (EU693019), Hevea brasiliensis (AY502939,
AB294698) and Arabidopsis thaliana (AT4G15560) showed 75%, 76.8% and 72.2%
identity at nucleotide level and 84.7%, 85.7% and 81.8% at amino acid level,
respectively. E. nitens showed 97.5% identity at nucleotide level and 96.7% at amino
acid level with E. globulus for dxs2. Nucleotide identity for dxs2 between E. globulus
and Arabidopsis thaliana (AT4G15560) and Hevea brasiliensis (DQ473433,
AB294699) is 56.8% and 68%, respectively and 63.2% and 76.5% at amino acid level.
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Figure 2.1 Pairwise correlations of allele frequencies between two SNPs (rz) plotted
against distance (bp) between the two SNPs for a dxr, b dxs/ and ¢ dxs2
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Table 2.2 Information of the studied region and population, number of SNPs found within the specified group of derived allele frequency (DAF),

mean expected heterozygosities across loci and the number of segregating sites found in each region

Region

Population

Number
of
Samples

Location *

Longitude
(°E)

Latitude

(°S)

Intron and 3™
coding sites "

DAF
<15%

DAF
>40%

dxr

Exon ¢

DAF
<15%

DAF
>40%

H‘Il

Intron and 3"
coding sites”

DAF
<15%

dxsl

Exon ¢

DAF DAF DAF
>40% <15% >40%

Intron and 3"
coding sites

DAF
<15%

DAF
>40%

dxs2

Exon ©

DAF
<15%

DAF
>40%

Heo

Otway
Parker
Spur
Lorne

Gippsland

Jeeralang
North

Hedley

Furneaux

Central
Flinders
Island

West Cape

Barren

Eastern
Tasmania

St. Helen
Jericho
Moogara

Western
Tasmania
& King

Island

10

10

143.59
143.95

146.53

146.5

148.05

148.07

148.3
147.27
146.91

38.82
38.53

40.05

40.4

89

87

86

86

85

24

26

0.146

0.143

89

43

108

109

107

109

56

30 6 1

26 5 1

0.156

0.177

0.201

0.196

94

113

113

106

33

31

34

26

0.169

0.181

0.170

0.183

42

42

39

46
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Little

Henty 9 145.2 4193

River 0.116 0.181 0.204
Central

King 10 144 40

Island

* The location of the population are average of all natural stands recorded in Gardiner and Crawford (1987, 1988)

® Intron and 3rd coding sites refers to the number of SNPs located in the intron and third coding sites of exon that have the DAF of less than 15% (DAF<15%) or more than 40% (DAF>40%)
¢ Exon refers to the number of SNPs located in the second and third coding sites of exon that have the DAF of less than 15% (DAF<15%) or more than 40% (DAF>40%)

¢ Mean Expected Heterozygosities

¢ Number of segregating sites
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smaller amino acid. This is a rare SNP located within the active sites of the enzyme and

was only found in Central King Island and at Jericho in our study (Figure 2.2d).

Figure 2.2 Parts of 3D model of the molecular surface of the putative protein based on
comparative protein modeling. Note active sites are indicated in blue. a SNP
2881 E8 2 (Asn/Ser) (red) is located within the active sites of DXR, b SNP
4912_E12_1 (Asp/Asn) (orange) and 4993_E12_1 (Ala/Thr) (vellow) appeared to be
linked and are found on the molecular surface of DXR, ¢ SNP 1791 _E5_1 (GIn/Glu)

(red) is adjacent to the active sites in DXS1, d SNP 760_E2_1 (Thr/Ser) (red) is located

among the active sites of DXS2










Figure 2.3 a A line plot of DAF (y-axis) of SNPs in the first and second coding sites (x-
axis) of dxr b Scatter plot of proportion of SNPs with DAF of less than 15% (DAF
<15%) (x-axis) against proportion of SNPs with DAF of more than 0.4 (DAF >40%) (y-
axis) for the intron and third coding sites and first and second coding sites in the exon
for dxr, dxsl and dxs2 loci
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Figure 2.4 Comparison of synonymous polymorphism rate (dS), non-synonymous
polymorphism rate (dN) and the dN/dS ratio for a dxr, b dxs/ and ¢ dxs2. The boxplot

showed the mean and the distribution of the polymorphism rate (y-axis)
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Figure 2.5 Comparisons of synonymous polymorphism rate (dS), non-synonymous
polymorphism rate (dN) and the dN/dS ratio in different domain (D1, D2, D3) of the
three putative protein a) DXR, b) DXS1 and ¢) DXS2. The polymorphism rates are

represented by the y-axis of each plot
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be the key to controlling variation in terpene yield. There is some preliminary evidence
of a distant selective sweep at the 3' end of the dxr gene. Our results also show that the
strength of selection or perhaps the rate of mutation can vary in different protein

domains encoded by the genes.
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Chapter 3: Reconstructing past demographic
expansions in a foundation forest tree, Eucalyptus

globulus, using multiple nuclear loci

Suat Hui Yeoh, Simon YW Ho, William J Foley
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Methods

Plant material and DNA extraction

An experimental plantation of Tasmanian Bluegum, Eucalyptus globulus ssp. globulus
(hereafter referred to as E. globulus), located at Latrobe in Tasmania (41°17” S, 146°27°
E; 100m asl), was established from a range-wide collection of open-pollinated seeds
collected by the Australian Tree Seed Centre of CSIRO in 1987 and 1988 (Gardiner and
Crawford 1987; 1988). These collections were grouped into 46 populations of
approximately 10 km diameter (Jordan et al. 1993). The collections and experimental
plantation have also been described in several studies such as Dutkowski and Potts
(1999) and Potts and Jordan (1994). Their chemical phenotype and simple sequence
repeat (SSR) genotypes have also been described (Wallis et al. 2011; Chapter 1).

Adult leaves from 511 trees representing different open-pollinated families were
collected from one replicate within the experiment. Leaf samples used for our study
were obtained from a subset of 511 trees. The subset comprised 108 individuals
distributed across 11 populations with about 10 individuals per population (Table 3.1,
Figure 3.1). These populations cover five genetically homogeneous regions detected
using SSR markers (Chapter 1). Homologous sequences from a related species are
required to enable estimation of the evolutionary timescale of reconstructed
demographic history. For this, a randomly selected Shining Gum (E. nitens) tree was
employed. Genomic DNA from all samples was extracted according to the method

described by Glaubitz et al. (2001).
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Table 3.1 The number of individuals and location of the 11 populations from which

those individuals were derived across five genetically homogeneous regions of

Eucalyptus globulus.

Region Population No. of Longitude Latitude Altitude
individuals (°E)? (°s)® (m)
Otway 40. Parker Spur 10 143.59 38.82 60-200
41. Lorne 11 143.95 38.53 100-280
Gippsland 42. Jeeralang North 9 146.53 38.35 220-460
43. Hedley 8 146.50 38.62 20-200
Furneaux 44. Central Flinders 10 148.05 40.05 140-240
Island
45. West Cape Barren 10 148.07 40.40 20-220
Eastern 46. St Helens 8 148.30 41.27 120
Tasmania 47. Jericho 9 147.27 42.42 500
48. Moogara 10 146.91 42.78 430-500
Western 49. Little Henty River 9 145.20 41.93 10
Tasmania 50. Central King Island 10 144.00 40.00 20-100
& King
Island
Total 104

“ Coordinates for each population were chosen based on the averages of natural
stands recorded by Gardiner and Crawford (1987;1988)
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Figure 3.1 Map of southeastern Australia showing location of the 11 Eucalyptus
globulus populations sampled in the study which are distributed across five genetic

regions (®,x,A,m, A)
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Figure 3.2 Bayesian skyline plot estimated for Eucalypius globulus over the range of
the species based on combination of intron and third codon sites of three nuclear loci
(dxr, dxsl, and dxs2). The median population size through time is shown as a thick line,
while finer lines represent the limits of the 95% credibility interval. The y-axis measures

the product of the effective population size and the generation time
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Figure 3.3 Bayesian skyline plots for five regions of Eucalyptus globulus, showing the

relative regional fluctuation of population size through time. All lines represent median

posterior estimates
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enabling regional hypotheses to be formed and tested (e.g., Finlay et al. 2007; Ho et al.
2008; Stiller et al. 2010). For example, reconstructing the demographic history of other
species inhabiting the same region as E. globulus would reveal the relationship of their
population dynamics and perhaps pin-point the major demographic factor determining
the behavior of populations in the region. Identifying the processes that govern
population dynamics is important in the sense that successful conservation should
include conservation of evolutionary processes as well as conservation of current

genetic and taxonomic diversity (Moritz et al. 2000).

Conclusions

Our findings contribute to the current understanding of the population dynamics of E.
globulus. The species experienced separate patterns of expansion in mainland Australia
and in Tasmania, with separate demographic processes influenced by their geographical
location and occurring at different times and at different rates. The patterns of
population growth reconstructed at the species level can be explained and assigned to
particular regions. Similar demographic studies, conducted on other flora and fauna
present in E. globulus and E. nitens forest, would delineate the demographic pattern of
the community rather than just at the species level. Such studies would shed light on the
key processes controlling the fluctuation of genetic diversity through time in a model
ecosystem. Combining demographic history and phylogeography offers the potential to

gain a better insight into population dynamics over time and space.
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Chapter 4: Dynamics in mating systems, familial
structure and heritability of foliar chemistry among
populations of Eucalyptus tricarpa — Implications for

community and ecosystem genetics


















estimation, approximately 100 g of similar age leaves were sampled from each
individual. The maximum number of individuals per family was sampled from the main
plots and the surplus stock. The leaves were sampled from the southern side of each
tree, avoiding expanding or senescent leaves. Samples were stored at -20°C. The three
populations were selected to maximise differences in habitat, chemistry profile and
fitness (Andrew et al. 2007b; 2010). The flat Mt Nowa Nowa landscape is disturbed and
the red ironbark community has been exploited for railway sleepers. In contrast, the
Martin’s Creek population is located in hilly terrain and is relatively undisturbed. The

Heyfield population is a mixed woodland comprising E. tricarpa and E. muellerana.
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Table 4.1 Description of Eucalyptus tricarpa populations collected from a common garden trial in Culcairn, New South Wales used in this study. The

number of families and individuals used for microsatellite marker based analysis and heritability analysis (microsatellite genotype & quantitative traits)

are indicated

Latitude  Longitude No.

Population ~ Abbreviation (S) (E) A families Number of individuals (per family)
Microsatellite genotype Microsatellite genotype & Quantitative traits

Heyfield Hey 37.93 146.72 15 11 923123, 10, 24,21, 19 15, 22,29, 15, 18, 27)¢ " 132 (4,3,:6,15; 18, 9;/17, 24,8, 11,:17)
Mt Nowa
Nowa MtN 377 148.1 17 11 206 (23, 20, 17, 20, 20, 21, 19, 20, 15, 16, 15) 189 (21, 19, 17, 17, 20, 20, 17, 20, 13, 14, 11)
Martin's
Creek Mck 37.47 148.55 15 11 164.(26,.15,.15,12; 11, 12, 15,115,118, 10,20) 10925112, 6,.12,16, 2111, 7, 1,10, 17)

A, Mean observed number of alleles across population
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outcrossing rates

Figure 4.1 The multilocus (1,,) and single locus (1) outcrossing rates and the biparental

inbreeding in three populations of Eucalyptus tricarpa (Heyfield (Hey), Mt Nowa Nowa
(MIN) and Martin’s Creek (MCk)
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Figure 4.2 The estimated distance of pollen flow (m) given the different density values

(trees per hectare) for three populations of Eucalyptus tricarpa.
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term model in the Martin's Creek population were higher than /” estimated by the two
term model. More sesquiterpenes than monoterpenes were found to be significantly
heritable in the Mt Nowa Nowa and Martin’s Creek populations. All H-h* and by
estimates were not significant except for b¢ for the sesquiterpenes spathulenol (bs = 3.89,
P<0.05) in the Heyfield population. There is no evidence that the Martin's Creek
population from continuous forest showed higher trait heritability than in the
fragmented Mt Nowa Nowa population. Significant heritability values beyond 1.0
indicate overestimation of narrow-sense heritability. This only ever occurred in the
estimates using three- and four-model terms in Heyfield and Martin's Creek but two
occurrences were found in the Mount Nowa Nowa population for the two model term

for aromadendrene and allo-aromadendrene.
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rates and pollen pool characteristics. Studies of mating systems, pollen pool
heterogeneity among females and heritability on other species residing at the same
locations where E. tricarpa exists naturally would be useful in determining whether
these characteristics can be predicted based on geographical location or type of habitat
or ecosystem. In addition, studies of the mechanism of inheritance of the terpenes will

further increase the accuracy of predicting the heritability of traits.
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Eucalyptus species is in train. With reference sequence available, population genomics
of Eucalyptus species will be within reach in the near future. As Eucalypfus is a
foundation tree species in Australia, studies of population genomics and evolutionary
history will not only benefit our understanding of this genus but also all the co-
dependent inhabitants in the eucalypt forest. The diversity of the genus Eucalyptus and
the adaptability of members of the genus to a wide range of climates suggest that
Eucalyptus is a good candidate for understanding the genetic basis of adaptation. Thus,
there is a potential for expansion of all the aspects of population genetics studied in this

project to genomic scale.
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Appendix 1

Appendix 1.1 Genetic diversity indices across the populations of E. globulus. Statistics include number of samples (1), mean observed number of
alleles in the population (A), mean effective number of alleles (A.), mean observed number of alleles in the region (A,), unbiased expected
heterozygosity (H.), observed heterozygosity (H,) and fixation index (f)

Population n A Ae A H, H, i

SW Lavers Hill 5 4.56 3.70 15.00 0.76 0.59 0.243
Otway State Forest 38 9.56 4.01 0.70 0.60 0.137
Cannan Spur 172 7:25 4.09 0.70 0.62 0.118
Parker Spur 42 1192 475 0.72 0.66 0.090
Cape Patton 14 6.93 4.26 0.68 0.64 0.055
Jamieson Creek 6 4.93 3.69 0.68 0.62 0.102
Lorne 14 6.93 4.38 0.68 0.61 0.106
Jeeralang North 45 11.62 5.03 12.94 0.72 0.65 0.092
Bowden Road 5 412 3.27 0.65 0.55 0.183
Mandalya Road 6 4.62 3.40 0.67 0.62 0.079
Hedley 5 4.25 3.35 0.71 0.57 0.207
North Flinders Island 9 5.56 3.31 13.19 0.66 0.58 0.127
Central North Flinders Island 9 5.50 3.52 0.70 0.56 0.204
Central Flinders Island 18 7.56 4.30 0.67 0.58 0.135
South Flinders Island 8 5.75 4.04 0.73 0.62 0.147
North Cape Barren 10 5.81 4.04 0.69 0.63 0.086
West Cape Barren 29 8.37 4.04 0.69 0.60 0.130
Clark Island 5 3.93 2.89 0.67 0.51 0.262
St. Helens 9 5.31 3.54 14.38 0.71 0.66 0.081
German Town 4 3.68 2.94 0.70 0.57 0.207
Pepper Hill 8 4.87 3.49 0.68 0.60 0.122
Royal George 7 4.50 3.26 0.69 0.65 0.059
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Triabunna 5 4.50 3.48 0.73 0.65 0.121
North Maria Island 7 5.31 3.96 0.76 0.53 0.317
Taranna 4 3.56 2.92 0.70 0.60 0-152
Jericho 9 4.18 3.08 0.64 0.58 0.102
Moogara 21 7.93 4.49 0.73 0.63 0.139
Dromedary et 3.81 3.12 0.70 0.54 0.268
Collinsvale 4 4.06 3.37 0.69 0.56 0.208
Hobart South 7 4.93 3.63 0.72 0.53 0.280
Blue Gum Hill 4 3.81 3.09 0.71 0.64 0.120
South Geeveston 6 4.06 2.87 0.62 0.51 0.190
Dover 3 3.43 3.00 0.70 0.58 0.205
South Bruny Island 6 4.62 3.62 0.72 0.60 0.181
Macquarie Harbour 7 3.81 2.70 968 0.61 0.64 -0.038
Badgers Creek 8 4.00 2.82 0.62 0.54 0.127
Little Henty River 10 431 2.92 0.62 0.59 0.051
South King Island 9 5.12 3.43 0.71 0.61 0.149
Central King Island 17 6.12 3.39 0.67 0.52 0.218
Mean 5.49 3.57 13.03 0.69 0.59 0.147
Across all populations 21187 6.33 21.87 0.76 0.61 0.196
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Appendix 1.2 a Estimation of the number of groups (K) based on mean posterior
probability of K [L(K)]. b Estimation of K based on the rate of change in the mean
posterior probability [A(K)] (Evanno et.al 2005)
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Appendix 1.3 Average no. of group (K) resolved by different number of loci used for
STRUCTURE analysis
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Appendix 1.4 Fi;, Fy, Fy (population) a1d Fit (region) Values with upper and lower 95 % CI
based on 10,000 bootstrap replicates

Locus Fis Fit Fst (population) Fsl (region)

Egl008 0.127 0.227 0.114 0.051
Egl023 0.288 0.349 0.086 0.044
Egl061 0.100 0.166 0.073 0.022
Egl062 -0.010 0.192 0.201 0.181
Egl065 0.035 0.120 0.087 0.052
Egl086 0.181 0.245 0.078 0.040
Egl094 0.053 0.122 0.072 0.026
Egl099 0.068 0.114 0.049 0.026
Egl26 0.083 0.150 0.073 0.045
EMBRA20 0.211 0.290 0.100 0.055
EMBRAS 0.269 0.337 0.093 0.059
Esi076 0.071 0.147 0.082 0.049
Eg84 0.095 0.202 0.118 0.098
Egl28.1 0.156 0.241 0.101 0.062
Egl28.2 0.281 0.328 0.065 0.029
Es140 0.063 0.146 0.088 0.073
Overall 0.129 0.208 0.090 0.056
Upper 0.175 0.249 0.107 0.075
Lower 0.087 0.171 0.077 0.041

“Fis"= the degree of inbreeding within individuals relative to the putative populations,
“F;’= the degree of inbreeding within individuals relative to the total, “Fs (poputation) =
the degree of inbreeding within population relative to the total, “Fg (region) = the degree

of inbreeding within region relative to the total
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Appendix 1.5: Graphs showing the genetic distance against the geographic (km) or
logarithm of geographic distance (log(km)) for pairwise individuals in a Otway and b

Furneaux regions. The * values for the Mantel tests are indicated below the line
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Appendix 1.7 Outcome from heterogeneity test between Otway and Furneaux region with 7 values for each distance class of comparisons, w-test value

for all distance class size comparisons and their respective probability values. Significant probability values were in bold

Distance Class (s km) 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 w-test
f 5.272 0276 1.316 1.714 1.307 0.843 0.442 0.755 0.248 0.122 2292 1.484 4.555 0.208 1.024 41.6180
p 0.019 0.602 0.257 0.193 0.258 0.366 0.506 0.386 0.619 0.7831 0.128 0.222 0.033 0.653 0.312 0.076
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Appendix 2

Appendix 2.1 The plot of correlation between alleles of two SNPs (%) and their
respective P-values for the three loci, a dxr, b dxs/ and ¢ dxs2
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0.913
0.085
0.448
0.073
0.058
0.041
0.061
0.061
0.060
0.062
0.054
0.049
0.021
0.034
0.224
0.021
0.057
0.850
0.063
0.089
0.034
0.035
0.074
0.013
0.013
0.014
0.061
0.014

Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Common
Rare
Rare
Common
Rare
Rare
Rare
Rare
Common
Rare
Rare
Rare
Rare
Rare






2063
2073
2233
2241
2281
2424
2432
2454
2466
2526
2542
2636
2641
2666
2678
2697
2729
2743
2744
2770
2780
2825
2828
2881
2900
2959
2965
2974
3004

£6_3

E8 3
E8_3
£8 2
E8 3

c/T
A/G
c/T
T/G
A/G
G/A
A/G
G/A
T/A
C/A
1le
G/A
A/T
A/G
T/C
T/C
A/T
c/T
G/A
G/A
c/T
A/G
A/G
A/G
T/
A/T
T/A
A/T
C/G

Thr

Pro
Val
Asn/Ser
Thr

NN NN

0.090
0.188
0.370
0.173
0.389
0.138
0.042
0.064
0.164
0.142
0.110
0.172
0.393
0.109
0.052
0.045
0.207
0.467
0.132
0.109
0.117
0.095
0.089
0.413
0.104
0.090
0.129
0.094
0.161
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0.139
0.205
0.411
0.179
0.421
0.156
0.031
0.070
0.181
0.157
0.098
0.149
0.455
0:173
0.050
0.049
0.225
0.481
0.146
0.159
0.124
0.130
0.079
0.460
0.091
0.091
0.127
0.087
0.163

0.184
0.091
0.072
0.120
0.033
0.039
0.084
-0.010
0.024
0.042
0.103
0:115
0.126
0.215
0.022
0.098
0.192
0.020
0.148
0.211
0.113
0.140
0:11%
0.120
0.052
0.010
0:219
0.216
0.149

* *

* %

* % %

* %

* k%

* %k

* %k

0.057
0.116
0.267
0.106
0.279
0.077
0.022
0.033
0.908
0.080
0.063
0.103
0.327
0.073
0.027
0.025
0.141
0.620
0.080
0.072
0.068
0.058
0.051
0.350
0.943
0.953
0.087
0.060
0.102

Rare
Common
Common
Rare
Common
Rare
Rare
Rare
Common
Rare
Rare
Rare
Common
Rare
Rare
Rare
Common
Common
Rare
Rare
Rare
Rare
Rare
Common
Rare
Rare
Rare
Rare
Rare



3051
3088
3102
3117
3120
3129
3148
3183
3222
3306
3338
3362
3377
3446
3483
3500
3508
3579
3614
3705
3730
3764
3774
3815
3830
3864
3891
3905
3931

c/T
c/A
G/C
T/A
C/A
G/A
G/
TG
Cc/T
c/T
A/G
G/A
G/A
Cc/G
A/C
T/G
&/
G/A
Cc/T
A/T
G/A
c/T
c/T
T/G
c/T
A/C
A/G
¢/t
c/T

Val
His/Asn
Val

Ser

lle

Ser

Leu
Pro
Met/lle

N NN N NN

0.038
0.040
0.096
0.106
0.071
0.068
0.101
0.074
0.116
0.324
0.249
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0.039
0.037
0.177
0.111
0.063
0.065
0.092
0.065
0.124
0.340
0.272

0.007
-0.014
0.337
0.203
0.011
0.006
0.045
0.013
0.022
0.018
0.017

* %

* %

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.019
0.980
0.075
0.068
0.037
0.035
0.055
0.038
0.937
0.207
0.151

Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Common
Common
Rare
Rare
Rare
Rare
Common
Rare
Common
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Common
Common
Common



3940
3946
3958
4042
4063
4065
4089
4112
4127
4140
4141
4161
4179
4242
4258
4259
4272
4304
4306
4390
4417
4491
4492
4497
4505
4543
4651
4688
4690

E11_3
E11 3

G/A
c/T
T/A
A/C
A/G
A/G
G/A
T/A
C/m
T/C
G/A
A/G
A/C
G/A
T/A
A/G
C/T
T/C
A/G
T/C
C/T
G/A
T/C
T/G
A/C
G/A
G/A
T/A
T/C

Ala
Ser
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NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Common
Rare
Common
Rare
Rare
Common
Rare
Common
Rare
Rare
Rare
Common
Common
Common
Rare
Rare
Rare
Common
Rare
Rare
Common
Common
Common
Common
Rare
Rare
Rare
Rare
Rare






386
387
388
402
410
437
439
451
456
457
465
487
490
531
539
546
557
561
575
576
598
620
621
717
738
786
789
790
802

E2_3
E2_3

C/A
C/G/A
G/A/C
G/A
A/G
G/A
A/C
G/C
A/G
c/G
T/G
T/C
T/C
A/G
T/C
G/T
G/C
A/T
G/T
/T
A/T
Cc/G
A/G
G/C
G/A
A/G
T/A/C/G
AT
T/A

Lys/Asn
Leu

0.209
0.115
0.310
0.091
0.152
0.196
0.214
0.211
0.025
0.159
0.056
0.033
0.225
0.377
0.248
0.026
0.093
0.492
0.074
0.340
0.450
0.260
0.186
0.047
0.156
0.043
0.300
0.170
0.506
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0.240
0.131
0.346
0.071
0.134
0.207
0.218
0.209
0.028
0.177
0.068
0.028
0.264
0.408
0.277
0.027
0.091
0.499
0.067
0.374
0.491
0.264
0.183
0.049
0173
0.049
0.298
0.171
0.497

0.121
0.006
0.013
0.097
0.054
0.049
0.051
-0.011
-0.014
0.074
0.017
-0.001
0.082
0.148
0.038
-0.010
0.044
0.005
0.061
0.115
0.124
0.001
0.015
0.015
0.127
0.008
0.032
0.056
-0.018

0.134
0.016
0.098
0.051
0.087
0.113
0.126
0417
0.013
0.092
0.029
0.016
0.860
0.304
0.150
0.013
0.050
0.446
0.040
0.248
0.445
0:152
0.104
0.024
0.095
0.022
0.059
0.098
0.448

Common
Rare
Common
Rare
Rare
Common
Common
Rare
Rare
Rare
Rare
Rare
Common
Common
Common
Rare
Rare
Common
Rare
Common
Common
Common
Rare
Rare
Rare
Rare
Common
Common
Common



833
855
863
879
881
884
904
934
949
952
961
976
S7AS)
1057
1060
1066
1068
1077
1078
1086
1094
1097
1101
1107
1108
1109
1418
1130
1136

A/T
G/A
C/T
C/i
G/T
c/T
G/A
c/T
c/T
C/T
c/T
c/T
T/C
G/A
G/T
C/T
C/A
T/C
G/A
c/T
G/A/C
G/T
G/A
C/T
c/T
G/A/T
G/C
A/G
A/C

Ala
Asn
Gly
Gly
Gly
Val
Val

RR R R R R R

0.140
0.093
0.099
0.381
0.377
0.411
0.038
0.046
04741
0.108
0.070
0.179
0.300
0.273
0.059
0.349
0.048
0.446
0.041
0.360
0.274
0.491

NA

0.117
0.042
0.154
0.481
0.068
0.067
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NA

0.145
0.097
0.096
0.387
0.381
0.435
0.037
0.048
0.167
0.114
0.069
0.181
0.315
0.292
0.057
0.374
0.046
0.499
0.046
0.352
0.301
0.501

0.119
0.037
0.177
0.495
0.074
0.081

0.003
0.072
0.031
0.030
0.025
0.071
0.014
0.014
0.042
0.040
0.198
0.075
0.029
0.049
0.001
0.061
il
0.130
0.008
-0.024
0.047
0.026
NA
0.072
0.091
0.154
0.033
0.058
0.050

* %

NA

* %k

0.075
0.052
0.053
0.263
0.256
0.684
0.020
0.024
0.097
0.059
0.043
0.106
0.811
0.171
0.030
0.761
0.027
0.548
0.021
0.227
0.083
0.476

0.065
0.023
0.047
0.562
0.037
0.036

Rare
Rare
Rare
Common
Common
Common
Rare
Rare
Rare
Rare
Rare
Rare
Common
Common
Rare
Common
Rare
Common
Rare
Common
Common
Common
Rare
Rare
Rare
Rare
Common
Rare
Rare






1661
1700
1791
1868
2009
2028
2070
2072
21389
2274
2284
2373
2399
2413
2517
2526
2547
2561
2562
2574
2619
2676
2801
2803
2841
2854
2900
2904
2907

A/G
C/di
C/G
c/T
G/
T/C
G/T
G/A
T/C
T/C
@/
T/C
c/T
c/T
A/G
G/A
/T
c/T
G/A
G/A/C
A/C/G
A/G
C/G
C/A/G
C/A/T
G/A
G/T
c/T
G/A

GIn/Glu
Val

Tyr
Thr
Leu

Pro
GIn
Ala
Ala/Val
Ala
Ala
Thr
Ala

Arg/lle
Phe
Ala

NN NN NDNNRN

0.118
0.192
0.042
0.075
0.135
0.064
0.048
0.060
0.321
0.088
0.327
0.085
0.101
0.075
0.035
0.037
0.024
0.085
0.441
0.351
0.513
0.043
0.393
0.173
0.475
0.452
0.022
0.033
0.035

171

0.117
0.195
0.035
0.071
0.129
0.052
0.052
0.052
0.327
0.086
0:339
0.078
0.105
0.077
0.039
0.039
0.030
0.097
0.446
0.355
0.524
0.050
0.400
0.177
0.478
0.466
0.020
0.030
0.030

0.051
0.006
0.095
0.064
0.004
0.041
0.012
0.034
0.004
0.032
0.024
0.030
0.041
0.013
0.072
0.077
0.036
0.033
0.011
-0.004
0.032
0.016
0.008
0.032
0.028
0.052
-0.004
0.013
0.020

0.065
0.107
0.023
0.040
0.072
0.033
0.025
0.032
0.799
0.047
0.210
0.045
0.055
0.039
0.019
0.020
0.013
0.046
0.332
0.107
0.311
0.023
NA
0.458
0.316
0.627
0.011
0.017
0.018

Rare
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Common
Rare
Common
Rare
Rare
Rare
Rare
Rare
Rare
Rare
Common
Common
Common
Rare
Common
Rare
Common
Common
Rare
Rare
Rare









1195
1235
1242
1600
1798
1941
1942
1961
1969
1982
1983
2002
2040
2127
2199
2407
2428
2512
2665
2750
2821
2832
2844
2950
2970
3154
3220
3243
3247

E5 3

£6_3
E6_3
£6_3

E7_3
E7_3
£7_3

E8 1
E8_3
E8 3
£8 1
E8_3

A/T
A/G
C/A
T/C
C/A/T
(e/AF
A/C
T/G
G/T
T/G
G/C
T/C
C/T
C/G
T/G
i/.c
c/T
G/A
G/A
G/A
G/A
T/C
G/A
A/G
G/
G/A
/T
c/T
T/C

Val

Thr
Asn/Lys
Asp/Glu

His
Gly
Val

Val/lle
Leu
Ser
Thr/Ala
His

NN

w W W w w

0.496
0.363
0.213
0.414
0.245
0.047
0.099
0.442
0.040
0.169
0.186
0.110
0.040
0.190
0.050
0.502
0.142
0.331
0.387
0.041
0.151
0.067
0.053
0.062
0.253
0.064
0.063
0.199
0.187
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0.493
0.389
0.229
0.484
0.249
0.056
0.109
0.469
0.038
0.190
0.205
0.118
0.038
0.184
0.048
0.492
0.145
0.326
0.424
0.051
0.142
0.068
0.056
0.065
0.234
0.068
0.057
0.188
0.179

-0.006
0.086
0.040
0.156
0.081
0.023
0.012
0.064
0.002
0.047
0.033
0.005
0.035
0.026
0.060

-0.025
0.011
0.001
0.078
0.078
0.003
0.047
0.017

-0.001
0.018
0.046
0.089
0.041
0.041

* % ¥

0.564
0.271
0.127
0.414
0.113
0.024
0.053
0.629
0.020
0.904
0.894
0.058
0.021
0.108
0.027
0.427
0.077
0.208
0.711
0.022
0.081
0.036
0.028
0.032
0.148
0.034
0.035
0.115
0.107

Common
Common
Common
Common
Common
Rare
Rare
Common
Rare
Common
Common
Rare
Rare
Common
Rare
Common
Rare
Common
Common
Rare
Rare
Rare
Rare
Rare
Common
Rare
Rare
Common
Rare



3274 | C/A 0.074 0.079  0.004 0.038 Rare
3326 E9:3 /T lle 3 0429 0489 0.121 * 0.428 Common
3400 E9 2 C/A Ser/Stop 3 0.044 0.038  0.025 0.023 Rare

3 "E" refers to exon followed by the exon number and coding position. "I" stands for intron

® The ancestral allele state is indicated before the derived allele

© When the type of base change resulted in nonsynonymous change, the derived amino acid is indicated after slash (/)
4 Domain refers to the protein domain where the SNP can be found based on comparative protein modelling

¢ H.stands for mean expected heterozygosities across region

fTotal H,. refers to overall expected heterozygosities

& F.. values calculated across 5 regions with the significant level of 0.05 (*), 0.01 (**) and 0.001 (***) indicated

" Rare SNPs are SNP with minor allele occurred in less than 10 study samples
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Appendix 3

Appendix 3.1 Forward and reverse primers for each nuclear gene and their corresponding annealing temperature and extension time used for

amplification of genes from individuals of Eucalyptus globulus

Gene Forward Primer Reverse Primers Annealing Extension time (min)
Temperature (°C)
DXR TCCGCTTCTCCTTTCCTCTCAAGT CACCCTAATTGTGCGAGAACGGAT 54 4.0
GCCATCCAGACGCTGTAACTGTA GGCCATTCATGTGAGAACAGGAGT 54 4.0
XS] CCGGTCGTTCACTCGATCATTCAT TACAGTAGCTGCGATATGTGCTGG 62— 54 5.0
PXS2 AACCTCGTTCTCGTCTCCATCTCT GTCGGCGATTTCGTCTTGAATTGC 54 4.0
ACGTGGGACATCAGGTATGAGTCT CTCTTTCTGCCTGCCCAATAACGA 54 4.0

*Touchdown PCR
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Appendix 3.2 Demographic history of each genetically homogeneous region: a Otway
region, b Gippsland region, ¢ Furneaux region, d Eastern Tasmania and e Western
Tasmania and King Island. The broad lines represent the median of population size
through time, with the upper and lower limits of the 95% credibility intervals indicated
by finer lines
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Table 5: The normalized number of SNPs in the exons and introns of four species of Eucalyptus.

Allele type E. globulus E. nitens E. camaldulensis E. loxophleba
Exons common synonymous 5.3 33 7.3 74
common non-synonymous %3 1.6 59 52
rare synonymous 7.6 9.5 19.0 17.4
rare non-synonymous 9.9 I 14.5 13.1
total 27.1 25.5 46.7 43.1
Introns common 13.7 12.2 227 26.7
rare 246 23.3 56.6 46.3
total 383 355 79.3 73.0

The number of SNPs normalized to 1,000 bp

it was in E. globulus and E. nitens (1.70 and 1.69 vs. 1.41
and 1.39), indicating that the former have relatively more
SNPs in the introns. At the species level, there was
between one SNP in every 33 bp in E. nitens and one SNP
in every 16 bp in E. camaldulensis.

Table 6 shows the number of SNPs per 1,000 bp, for the
introns and exons of individual genes. Generally, genes in

E. nitens and E. globulus have similar levels of SNP diver-
sity, especially in the exons, but the levels are much higher
in E. camaldulensis and E. loxophleba. The gene with the
lowest SNP frequency (across all species) was anthocyani-
din synthase (ans) followed by geranylgeranyl diphos-
phate synthase (ggpps) and dihydroflavonol 4-reductase
(dfr). In contrast, the gene with the highest SNP frequency
was mevalonate kinase (mvk), followed by chalcone syn-

Table 6: The frequency of SNPs per 1,000 bp for 23 genes of four biosynthetic pathways in each of four Eucalyptus species.

Exons Introns

Pathway Gene Ga N C L G N (2 L
MEP dxr 21.8 23.6 39.1 445 56.6 41.8 52.9 475
dxs! 18.7 18.7 425 289 48.9 435 70.7 70.7

dxs2 16.9 2115 27.6 25.0 833 95.1

hds 57.0 40.0 60.5 321 64.4 40.4 99.4 65.1
hdr 5.7 20.5 47.6 36.9 19.7 40.8 83.5 111.0

MVA hmgr 16.9 24.7 47 33.7 36.6 20.6 86.8 44.8
mvk 40.4 384 52.2 61.0 56.9 82.0 67.4 1122
pmd 20.7 20.7 16.5 20.7 57.5 70.5 108.3 112.9

TRS ipp 16.7 20.1 35.1 30.1 30.8 41.3 80.0 40.4
ggpps 9.6 10.9 27.4 19.2 26.8 335 62.5 40.2

psyl 21.2 26.9 90.7 32.6 384 46.2 91.9 53.0

psy2 14.6 17.8 47.0 34.0 335 42.5 1147 79.7

psy3 21.3 213 30.7 28.4 286 239 54.6 51.8

gpps 12.1 14.1 20.2 12.1 384 27.3 104.7 63.7

fbps 1.2 87 17.4 435 26.0 25.8 52.5 794

smo 272 213 353 545 36.8 29.4 44.1 51.5

FLAV chs 20.4 18.7 373 63.1 76.3 61.3 122.9 88.4
chi 34 8.1 16.4 327 50.5 248 54.5 67.6
3h 18.0 I1.4 25.6 46.4 43.6 40.5 582 1184

dfr 13.0 76 337 19.5 22.8 247, 55:5 63.0

lar 17.9 18.9 494 347 41C7 37.0 833 88.0

ans 7.0 7.0 35.1 24.6 187 1.6 50.4 36.8

anr 112 91.8 31.8 26.2 20.2 86.2 60.6 56.9

aG = E. globulus, N = E. nitens, C = E. camaldulensis, L = E. Loxophleba
Page 5 of 11
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