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Summary

The work described in the present thesis was chraet in the framework of
ENERGYPOPLAR, a EU-funded project aimed at develgppoplar trees with
enhanced agronomical traits for industrial producof bioethanol. In accordance with
the project aims, the work pursued two main obyesti 1) the identification of SNP
markers for the selection of trees carrying bermfiglleles for biofuel production, and
2) the characterization of the genome-wide interdjoe sequence divergences as
potential markers of heterosis.

Lignin is one of the most important limiting facsoin the conversion of plant biomass
to biofuels (Vanholmeet al, 2008) and altering lignin structure or reducimngnin
content can improve biofuel production (Jung and 1998; Liet al, 2008). For this
reason we analyzed the natural genetic variatiodiffierent genes involved in lignin
biosynthesis to identify natural mutations affegtthe coding sequence of these genes.
First, we studied naturally occurring polymorphis(B&Ps and small indels) @BAD4
gene (cinnamyl alcohol dehydrogenase) in a lardkeeatmn of 384 Populus nigra
individuals originating from various geographica¢as in Europe by means of Sanger
sequencing (Chapter 2). We identified 45 SNPs {&symonymous), one insertion and
5 deletions. Three of the six non-synonymous manathad a frequency lower than 1%
and would have been difficult to identify in smalkamples. With this analyses we
identified carriers of multiple mutations to be essed for lignin quality and quantity;
individuals showing significant alterations in ligncontent will then be used in
conventional breeding programs.

With the advent of Next Generation Sequencing (NG8juencing abilities increased
and we extended the study by increasing both sasip& and number of candidate
genes. We used NGS lllumina technology to study riatural variation in genes
involved in the lignin biosynthesis pathway in egker Populuspopulation (Chapter 3).
We used pooled multiplexed NGS to screen P6Bulus nigraaccessions for mutations
in five genes involved in lignin biosynthesSAD4, HCT1, C3H3 CCR7and4CL3
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and developed a novel workflow for SNP detectioppling our workflow to the
whole data set, we identified 37 non-synonymous SiNFive genes involved in lignin
biosynthesis, one of which caused a premature stalon (C243*) inHCT1 gene
Carriers of the stop codon have been selectedxtensive phenotypic evaluation, and
will be used in conventional breeding program ttaoboffspring with improved lignin
composition. Sensitivity and specificity of the imed were extremely high, allowing an
accurate estimation of allele frequencies and il genetic parameters. We
concluded that our workflow based on pooled mutipd NGS is an efficient and
accurate method to screen a large number of ingisdfor mutations providing the
basis for a next generation Ecotilling method (Coetal, 2004).

To characterize the genome-wide interspecific secgiedivergence among poplar
parental species, we performed whole genome nexdrgon sequencing of 18 poplar
accessions: 4opulus nigraaccessions, Populus deltoidesand 12P. nigra x P.
deltoidesF1 hybrids. We studied the genetic variation prese the different poplar
species, focusing on the detection of two differdasses of structural variants (SVs):
1) insertion/deletion polymorphisms related witle thransposable elements activity
(Chapter 4) and 2) larger copy number variants (ENZhapter 5).

For the detection of insertions and deletions wplated the paired-end mapping
information generated from next-generation sequendata by comparing. nigraand

P. deltoidessequences to tHe trichocarpareference sequence. Overall, we identified
3380 deletions and 5887 insertions correspondirigitd Mb and 23.3 Mb respectively
and accounting in total for the 10% of the wholglporeference genome. According to
our results, the insertion of class | LTR retroedes is the major contributor to the
overall observed structural variation. We obserkadtively few structural variants in
transcribed regions compared to intergenic regions.

CNVs were detected by comparing the depth of cgee@btained irP. nigraandP.
deltoidesresequenced individuals. We identified 192 regi@t8.4 Mb) with a higher
copy number inP. nigra than inP. deltoidesand 154 CNVs (~24.6 Mb) with the
opposite signature. In addition, 117 regions, apoading to a total of 13.9 Mb,
exhibited an intraspecific pattern of copy numbariation. Our analysis showed that
the regions of copy number variation were richapatitive sequences and had lower-
than-average gene content. However, some clasggmes, such as disease resistance

genes, resulted to be over-represented in CNVs n@gpect to the rest of the genome,
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suggesting a relationship between the evoluticinege gene families and copy number
variants.

In summary, with the present thesis we built anb@lated catalogue of genetic
variation in poplar. With the aim of obtaining @fent sources of information for

selecting poplar with favorable agronomical traitss 1) surveyed single nucleotide
polymorphisms in specific target regions of mangividuals and 2) investigated the

genome-wide distribution of structural variation & relatively small interspecific

poplar pedigree.
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1

Introduction

1.1 ENERGYPOPLAR project

The present PhD thesis work is part of the EU-fanpi®ject ENERGYPOPLAR. The
project, started in May 2008, brings together aerdisciplinary group of ten public
and private partners from six European countrigh e ultimate goal of developing
poplar trees with enhanced agronomical traits malustrial production of bioethanol.
With the growing increase in energy demand anahgigetrol-based fuel costs, the
development of renewable liquid biofuels deriveahircellulosic biomass is a strategic
priority for the European Union. Liquid biofuelsfeff an important alternative to reduce
Europe’s dependence on fossil fuels, to reducenymese gas emissions and to assist
rural and agricultural development. Green plants being used increasingly for
production of transportation fuels in Europe andirttapplication is being promoted
through different European directives, which aimathieve 20% of liquid fuel supply
by 2020 (EREC, 2008). The achievement of this targgquires a step-change in the
understanding and manipulation of plant traits arghift to second generation biofuel
crops. In fact, the most common concern relatedh&o current first generation of
biofuel systems, such as corn and sugarcane, tisahgroduction capacities increase,
so does their competition with agriculture for dealand used for food production. On
the other hand, second-generation biofuels areugest sustainably by using biomass
comprised of the residual non-food parts of curoeaps, as well as other crops that are
not used for food purposes, such as poplar treewlifHet al, 2010). Trees are
attractive as a bioenergy system because theyaglisplvide range of growth habits and
can be grown on marginal lands unsuited to othecwatural crops, with reduced input

costs and optimized land management.
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Among all forest tree$?opuluswas chosen as the ideal perennial plant to wotlk. Wi
fact, Populusis both model and commercial crop, and an extenganomics toolbox
already exists for this plant. This genomic toolkitludes the annotated genomic
sequence of the north Americ&opulus trichocarpaspecies (Tuskaet al, 2006),
genome-wide expression oligoarrays (Rinaddlial, 2007), SNP (single nucleotide
polymorphisms) arrays (Douglas, 2011) and largebaldranscriptomics databases
where several hundred microarrays expression st@lgeavailable for data-mining and
in-silico discovery of candidate genes (Sjodinal, 2006). In addition, from the fifth
framework project POPYOMICS, four extensive mappoagpulations with molecular
genetic markers and an electronic database of @Thibmass quality and quantity are
available and electronically linked to the DNA picgd sequence oPopulus A large
natural population oPopulusis also available from the sixth framework netwafk
excellence EVOLTREE.

Central to energizing a new biofuel industry basadtonversion of cellulosic biomass
to ethanol is to improve the quality and quantitypimmass feedstock. Current methods
to break down biomass into simple sugars and comivem into ethanol are inefficient
and constitute the core barrier to produce ethaha@uantities and costs competitive
with gasoline. This requires understanding thediacthat are key determinants of plant
cell-wall chemical and physical structures. Imprayfeedstock quality will contribute
to improved bioethanol production. However treetected for desired cell wall
properties for efficient fuel production must albe productive: yield should be
optimized for low input agricultural systems, ensgrsustainability targets such as
greenhouse gas mitigation, maintenance of ecosys@evices and diversity. Thus, high
biomass production needs to be combined with dasireell wall properties in trees to
be used as a source for generation of biofuels. Jpecific ENERGYPOPLAR
objectives that have been pursued in the presdntiRisis are:

1- the development of SNP markers usable for thexten of trees carrying beneficial
alleles for biofuel production.

2- the characterization of the genome-wide intesfjgesequence divergence among
poplar parental species involved in the productbfl hybrids. An extensive map of
the interspecific genetic variation will be of helpr the selection of markers of
heterosis.

10



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

1.2 Detection of SNP markers in lignin

biosynthesis genes

The process of cellulosic biofuel production inwedv three major steps: (1)
pretreatment with acid or steam of biomass feelldtmcelease the polysaccharides; (2)
enzymatic hydrolysis of polysaccharides into simglgars; and (3) fermentation of
sugars into ethanol (Hisanet al, 2009). However, the association of lignin with
cellulose and hemicellulose has a negative impackllulosic ethanol production. In
fact, it inhibits the release of polysaccharidesrfrthe cell wall during the pretreatment
process and absorbs the enzymes used for saccatoifi or reduces the accessibility
of enzymes during the conversion process (Figufe.lFor this reason lignin is one of
the most important limiting factors in conversiori plant biomass to biofuels
(Vanholmeet al, 2008) and altering lignin structure or reducingnin content can
improve biofuel production (Jung and Ni, 1998k ial, 2008).

Mormal lignin content Low lignin content
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Figure 1. 1 Impact of lignin on the release of pobaccharides from the cell wallReduced
lignin content can increase yields of fermentabigass after pretreatment of plant biomass with
hot acid and can also reduce or eliminate the fadtis step.

Given the impact of lignin structure on biofuel guztion and the interest in developing
SNP markers for the identification of trees cargyibheneficial alleles for energy
production, the first part of the present thesisued on genes involved in the lignin
biosynthesis pathway. Lignin is a phenolic biopotymof complex structure,

synthesized by all plants. It is an essential camepo of plant cell walls, playing an
important role in mechanical support, water tramgpand disease resistance in

terrestrial plants (Dixomet al, 2001; Rogers and Campbell, 2004). The biosyrghafsi

11
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lignin starts in the cytosol with the synthesisanfinamic acid from the amino acid
phenylalanine by phenylalanine ammonia lyase (PAlgnin is composed by three
main p-hydroxycinammyl alcohol precursors or mogudils: p-coumaryl, coniferyl,
and sinapyl alcohols. These alcohols undergo delggahative polymerizations by
peroxidase (PER) and laccase (LAC) to form p-hygptvenyl (H), guaiacyl (G) and
syringyl (S) lignin, respectively (Weng and Chap@610). The relative proportion of
each lignin unit varies with species, plant paaisd maturity. The whole pathway of
lignin biosynthesis in higher plants is shown igle 1. 2. Many studies have proposed
that the following enzymes are required for monwdig biosynthesis through
phenylpropanoid pathway: phenylalanine ammonia dyd®AL); cinnamate 4-
hydroxylase (C4H); 4-coumarate-CoA ligase (4CLin@imoyl CoA reductase (CCR);
hydroxycinnamoyl CoA: shikimate hydroxycinnamowrsferase (HCT); coumarate 3-
hydroxylase (C3H); caffeoyl CoA 3-O-methyltranstega(CCoAOMT); ferulate 5-
hydroxylase (F5H); caffeic acid 3-O-methyltransgardCOMT); and cinnamyl alcohol
dehydrogenase (CAD) (Weng and Chapple, 2010).

HN O
OH
FPhenylalaning
PAL ;
CdH 9
OH —= HO OH
Cinnamic acid p-ecoumaric acid
4CL ‘
(&]
Flavonoids —s—— HU..@_'?_“M
p-ooumaroyl CoA
HeT |

2]

0
HOQJ_“'B OH  CcIH Ho-@—rqo OH
pOH —* HO P-DH
HO HO
0 0

p-caumarayl shikimic acid Caffeayl shikimic acid
mrl
O coonomT
Ho-@-ﬂm e HO@ﬁSCoA
CoA M iyl Con
CCR ccn{ CCR -
0 2 FsH M9 9 comr MO 2
i {, == HO-@J—HH —» HO H  — HU'@fH — Ho-@ﬁH
SmESH HO HyCO SmESH HiCO
pcourmaraldehyde Caffeatdehyde Coniferaldehyde 5-OH coniferaidehyde napaldehyde
CAD ml CAD cm.L m*
OH OH comr o M ram H:‘:' OH comr :’:D =
—= HO — —_— e
SmEsH e HyCO wsxa %
p-coumaryl alcohol Caffey! alcohal Coniferyl alcohol contferyl akcohol alcohal
H lignin G lignin S lignin

Figure 1. 2 The monolignol biosynthetic pathwayWeng and Chapple, 2010).
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The functions of many lignin genes have been weliied in several plant species,
especially in dicot plants using either mutantstransgenic plants. Different studies
have reported the possibility to modify or reduignih content in biofuel crops by
overexpression, down-regulation, or suppressiorgeries involved in either lignin
synthesis, regulation, or polymerization @i al, 2003; Chen and Dixon, 2007). The
effect on lignin reduction or modification deperats the transgene. For example, the
down-regulation of the upstream genes like C3H, HQT4CL leads to reduction in
lignin content, while the down-regulation of FSHIaBOMT resulted in changes of S/G
ratio (Weng et al, 2008). However, there are still concerns with thatential
environmental impacts of such genetically modifi&M) plants, including gene flow
from non-native to native plant relatives. As autesion-GM biotechnologies using
‘molecular breeding’ remain particularly attractivédn alternative approach to
transgenesis is the identification of natural matet affecting the activity of these
genes and the evaluation of the phenotypic effecich mutations. In fact, the huge
reservoir of genetic diversity present in fhepulusgermplasm has so far been poorly
exploited because of the inefficiency in identifyinatural variants for candidate genes.
Functional variants are likely to be rare (Eyre-Wéa) 2010) and the identification of
rare SNPs requires sample sizes larger than thmsenonly used in studies aimed at
surveying genetic variation. New methods are bealegeloped that allow fast and
cheap resequencing of genes and genomes and evestatidard Sanger sequencing
technology has now become so affordable that gesexqquencing can be accomplished
on hundreds of individuals (Greenmah al, 2007). For this reason we decided to
screen a large population Bbpulus nigrato identify both common and rare functional
variants in candidate genes of lignin biosynthpsathiway.

1.2.1 CAD4 Sanger sequencing

We decided to start with the analysis of the natgeaetic variation in one of the ten
genes involved in lignin biosynthesis: the cinnamajdohol dehydrogenase (CAD).
CAD is a family of genes involved in lignin biosyessis in several plants (Waltetrral,
1988). InPopulus the CAD gene family includes at least 15 candislgBarakaet al,
2009) (Figure 1. 3). Natural loss-of function CADutants have been identified in
several plants (Halpiet al, 1998; Sattleret al, 2009); however, no natural loss-of

function CAD mutant has been identified in poplarfar. We therefore set out to search

13
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for natural polymorphisms occurring in CAD and abta map of genetic variation in
the gene.

CADA4 was the first of the CAD genes to be isolated elnded (Van Doorsselaest
al., 1995). Following the isolation &€AD4 cDNA, transgenic poplar trees expressing
antisenseCAD4 construct were obtained (Bauchelr al, 1996). Transgenic poplars
with reducedCAD4 activity showed structural alterations of lignibapierre et al,
1999), thus confirming the importance G6AD4 in determining lignin composition.
Among the members oEAD family, CAD4 is considered to be the most important
CAD gene in the poplar lignin biosynthetic pathwhgsed on phylogenetic and
expression analyses (Hambergel, 2007). A recent study (Skt al, 2010) showed
that CAD4 (referred to in the study as PtrCAD1) is the ogpne of the CAD family
showing a substantial expression and a high spegifor differentiating xylem and is
therefore likely to be the only gene of the famalstively involved in lignin formation

in differentiating xylem. Given this backgroundanination, CAD4 was chosen as the

most interesting member of the CAD gene familyearivestigated in detail.

—
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Figure 1. 3 Distribution of CAD genes orPopulus chromosomegBarakatet al, 2009).The
names of the chromosomes and their sizes (Mb) rdicated below each chromosome.
Segmental duplicated homeologous blocks are irglicatith the same color. The position of
genes is indicated with an arrowhead.
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Polymorphisms detected in the protein-coding regibthe gene will fall in one of the
three functional categories: nonsense mutationi gfleles) which cause a stop codon,
and thus lead to a truncated protein; missensetimugawhich cause an amino acidic
change; and synonymous polymorphisms, which haveffext on the amino acidic
sequence of the protein. Nonsense mutations agby lik have the strongest effect on
lignin content. However, such alleles are likelyo negatively selected, and thus rare
(Eyre-Walker, 2010). Missense mutations, causingramo acidic change, can have an
impact on the structure of the enzyme and thusherefficiency with which lignin is
produced. Although synonymous polymorphisms do mdtect amino acidic
composition of the protein, they can in some instaraffect the correct splicing of the
gene or they can be in linkage disequilibrium (Lijh some undetected functional
variant. Genome-wide and candidate gene associati@pping can thus be used to
identify the role of such variants (Risch and Marjgas, 1996). Noncoding
polymorphism can affect the expression of the gehen located in promoter or in
other regulatory regions.

Surveys of nucleotide polymorphisms are customapéyformed on less than 50
individuals (Gilchristet al, 2006; Ingvarsson, 2008; Olsenal, 2010), and are likely
to miss SNPs with frequencies equal or lower th&b. However, functional
polymorphisms, if negatively selected, are likatylte rare (Eyre-Walker, 2010) and
require larger sample sizes. With this in mind,sgeout to identify and study naturally
occurring polymorphisms in a large collection of43Bopulus nigraindividuals
originating from various geographical areas in petoNe screened each genotype for

nonsense, missense, and synonymous mutatic®ah#.

1.2.2 Pooled multiplex sequencing of CAD4, HCT1, C3H3,
CCR7 and 4CL3

With the advent of Next Generation Sequencing (NG&)r sequencing abilities
increased and we decided to deepen the study bgaisiog sample size and increasing
the number of candidate genes. To study the nataration in genes involved in the
lignin biosynthesis pathway in a largeopuluspopulation, we decided to exploit NGS
lllumina technology. We used pooled multiplexed N@Sscreen 76&opulus nigra

accessions for mutations in five genes involvedgnih biosynthesis. We selected the

15
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candidates prioritizing genes for which (a) a knoeiffect on lignin biosynthesis has
been documented either in poplar or in other sgettiebugh the respective orthologs
(Vanholmeet al, 2008), (b) functional redundancy is less pronean¢Shiet al,
2010), and (c) expression is higher in differemigtxylem compared to other tissues
(Shi et al, 2010). The selected candidate genes Ww&B4, HCT1, C3H3 CCR7and
4CL3

1.2.3 Next-generation sequencing technology

In the last few years, the high demand for low-cesguencing has driven the
development of high-throughput sequencing technetogthat parallelize the
sequencing process, producing thousands or millminsequences at once. Next-
generation sequencing (NGS) allows researcherdtaima large amount of genetic
data in the form of short sequences at an unpretedieate. NGS platforms share a
common technological feature: massively parallglusacing of clonally amplified or
single DNA molecules, spatially separated in a flosl (Shendure and H., Ji, 2008).
This design is a paradigm shift from that of Samngguencing, which is based on the
electrophoretic separation of chain-termination dpidis produced in individual
sequencing reactions. In NGS, sequencing is peddrroy repeated cycles of
polymerase-mediated nucleotide extensions. As asinedyg parallel process, NGS
generates hundreds of megabases to gigabaseslebtide sequence output in a single
instrument run (Mardis, 2008).

One of the most established and widely-adopted BBnology is the one developed
by lllumina. The first Illumina sequencer, introédc in 2006, was the Genome
Analyzer. This sequencer was based on the conéépequencing by synthesis” (SBS)
to produce sequence reads of ~32-40 bp from temsilbbns of surfaced-amplified
DNA fragments simultaneously (Mardis, 2008). Intmalar, the Genome Analyzer
uses a flow cell consisting of an optically trangpé slide with 8 individual lanes on
the surfaces of which are bound oligonucleotidehar (Figure 1. 4 A). Template
DNA is fragmented into lengths of several hundresebpairs and end-repaired to
generate 5’-phosphorylated blunt ends. A singlea&ebis added to the 3’ end of the
blunt phosphorylated DNA fragments to allow theatign of the DNA fragments to
specific oligonucleotide adapters, which have aerleang of a single T base at their 3’

end. These adapters are complementary to the fédwaochors in order to enable the

16
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ligation of the template DNA to the flow cell. DNi&mplates are then amplified in the
flow cell by “bridge” amplification, which reliesrocaptured DNA strands “arching”
over and hybridizing to an adjacent anchor oligéeeiide. Multiple amplification
cycles convert the single-molecule DNA templateatcclonally amplified arching

“cluster”.

|
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Figure 1. 4 lllumina Genome Analyzer sequencing.Adapter-

modified, single-stranded DNA is added to the flaell and
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and block are removed before the next synthesik ¢$ghendure and
H., Ji, 2008).
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Approximately 50 x 19 separate clusters could be generated per flow Eelt
sequencing, the clusters are denatured, and acgidrgechemical cleavage reaction and
wash leave only forward strands for single-end saqing (Figure 1. 4 B). Sequencing
of the forward strands is initiated by hybridiziagrrimer complementary to the adapter
sequences, which is followed by addition of polyaser and a mixture of 4 differently
colored fluorescent reversible dye terminators. Ttkeminators are incorporated
according to sequence complementarity in each ctiana clonal cluster. After
incorporation, excess reagents are washed awayubters are optically interrogated,
and the fluorescence is recorded. With succesdieenical steps, the reversible dye
terminators are unblocked, the fluorescent labelsckeaved and washed away, and the
next sequencing cycle is performed. This iteratiseguencing-by-synthesis process
required approximately 2.5 days to generate reagdths of 36 bases. With 50 x %10
clusters per flow cell, the overall sequence outpwas >1 Gb per analytical run
(Bentleyet al, 2008). Subsequent to the first Genome Analyzaw platforms with an
improved throughput were launched by lllumina: @enome Analyzer lIx, which can
generate up to 90 Gb per analytical run with remubths of 150 bp and the latest
HiSeg2000 that can produce more than 600 Gb pemtmread lengths of 100 bp.
lllumina, as other NGS technologies, offers alsophbssibility to sequence both ends of
template molecules (Figure 1. 5 A). Such “paired“esequencing provides positional
information that facilitates alignment and assem(grbel et al, 2007; Campbelét
al., 2008) and is emerging as a key technique forsaswp genome rearrangements and
structural variation on a genome-wide scale. Aaredgting application of lllumina NGS
is the “multiplex sequencing”, i.e. the sequenadhglifferent DNA samples in the same
lane. Considering the high throughput of the lasesfuencing machine, multiplexing is
very useful when targeting specific genomic regiong/orking with small genomes. In
fact, pooling samples into a single lane of a floall exponentially increases the
number of samples analyzed in a single run witlioastically increasing costs or time.
In the multiplexed sequencing method, DNA librarges “tagged” with a unique DNA
sequence, or index, during sample preparation.iplelsamples are then pooled into a
single lane on a flow cell and sequenced together single run. An automated three-
read sequencing strategy (Figure 1. 5 B) ident¥th high accuracy each uniquely
tagged sample for individual downstream analysis.

The high-throughput of NGS sequencing technologeesbles resequencing of

individual genomes, or targeted re-sequencingrafraber of selected regions in a large
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number of pooled individuals (Ingman and Gyllenst2009). NGS can be used to
screen large populations for rare functional vdsan target genes, and as a follow-up
to genome-wide association studies, to extensiggguence regions surrounding
associated single nucleotide polymorphisms (Drefegl, 2009). Previous studies have
indicated that NGS can reliably detect variantpaoled samples (Drulest al, 2009;
Outet al, 2009).

A DMNA insert B Sample preparation .
R1 DMA insert R2
* Amplification *
Al R
— A%
— \
R2 A2 N -
RZ AZ
—
( [ R1 A1}p=
Index addition ‘&
* ™ [ndex
R1
A2
" _ﬁ Indexed library * E
A E‘ Al R DMA insert Rz E A2
I— | —

Figure 1. 5 A. Paired-end sequencingadapters (Al and A2) are ligated onto
DNA fragments. Template cluster are formed on tloavfcell by bridge
amplification and the two ends (R1 and R2) are ertally sequencedB.
Multiplex sequencing During library preparation, a 6 bp sequence weddo
the DNA insert allowing the sequencing of differéhtaries in the same lane of

a flow cell.

1.3 Phenotypic effect of structural variants

High yield is an important phenotypic trait for egye crops. Natural phenotypic
variation observed among different genotypes capardy explained by the presence
of genetic variants. Understanding the geneticsbaisphenotypic variation is important
for the identification of genetic markers usabletfte prediction of specific phenotypic
traits. In poplar, high yield depends on the susitgsexploitation of the remarkable
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hybrid vigor that is achieved when crossing différgpecies to produce interspecific F1
hybrids. The molecular bases of hybrid vigor remelisive despite a long history of
exploitation of heterosis in breeding and of recleaon this topic. Recent studies
focused on the role of regulatory variation in deti@ing heterosis that finds its basis in
DNA sequence variation (Springer and Stupar, 2087¢orrelation between genetic
distance and heterosis has long been recognized teeeigh it is not a perfect one
(Frascaroliet al, 2007). For example, analysis of the genomic Vianain maize, a
species with pronounced intraspecies hybrid viggdrpwed remarkable sequence
variation especially outside of transcribed regigBsunner et al, 2005) that is
accompanied by high levels of cis-regulatory vaoratresulting in differential
expression of the two alleles present in the hyl{Sdupar and Springer, 2006).
Preliminary analysis of sequence variation amorfter@int Populus species showed
limited levels of variation in transcribed regiomgile intergenic regions harbor much
more variation, even though still less than thasesbed in maize (G. Zaina and M.
Morgante, unpublished).

To explore the extent of sequence diversity preketween different poplar species and
get a sense of its possible contribution to phesiotyariation, we set out to study the
P. nigraP. deltoidessequence divergence at a genome-wide level by nadigmina
next-generation sequencing. It was long assumetdntiogt of the genome variation
arises from single nucleotide polymorphisms. Irergg/ears, the role of another type of
genetic variation has been recognized, namelyctstral variation (Manolioet al,
2009). Structural variants (SVs) are defined asomlmsomal alterations such as
insertions, deletions, and other differences inyeapmber of genomic regions (CNVSs)
involving segments of DNA larger than 1 kb (Featkal, 2006) (Figure 1. 6). SVs can
occur in genomes after large segmental duplicationsas the result of unequal or
illegitimate recombination (Achaet al, 2000), DNA segment inversions (Framsal,
2000) or as a consequence of the transposable miemetivity (Hughe®t al, 2003).
SVs presumably contribute to more base-pair diffees between individuals than
SNPs. Furthermore, it has been recently demondtthge SVs are quite common in the
human genome and may have considerable effectaimarh phenotypic variation for
example altering gene dosage, disrupting codingiesszes, or perturbing regulation
(Hurleset al, 2008). Little is known about the prevalence a$ fthenomenon in plants
and of its relationship with the origin of intraesyfic diversity. InArabidopsis thaliana

it has been demonstrated that structural variatiwey contribute to postzygotic
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isolation through the production of genetically idieint hybrids (Lynch and Conery,

2003). Currently, not much interest has been msidte for the detection and

consequences of structural polymorphisms in pldnis, although the global impact of
structural variation is unknown, it might have dedim consequences on phenotypic
diversity (Weigel and Mott, 2009).

Reference Mew allele
Deletion —r —
Tandem duplication — — —E
WNTR — T+ =P —T 11—
Dispersed duplication S _— — —1
Nawvel insertion — "} — ——
Repeat insertion H—a —f fH—HH-
Inversion — - —
Translocation —

Figure 1. 6 Types of structural variants(Hurleset al, 2008).

SVs can be divided in two groups on the basis eir teequence length: 1) small SVs,
when they range from 1 to ~30 kb in size, and &d&5Vs, that can extend from ~30
Kb to few Mb. Many small insertion/deletions arelpably due to the recent movement
of transposable elements (TEs), that are very activmany plants. In fact, TEs are a
tremendous source of genome instability and geneitation; for example, they

impact gene expression via the introduction ofrafive regulatory elements, exons,
and splice junctions (Ray and Batzer, 2011). Initewid TES can mediate genome
rearrangements through nonhomologous recombindiochler and Sankoff, 2003).

The molecular basis of the larger SVs, referred alkscopy number variations (CNVS),
are still not fully understood. However, severatenst studies have reported their
presence in the human genome (Sebat, 2004; Tuzuret al, 2005). The presence of

large CNVs has also been reported in maize wheegjian of ~2.6 Mb present in the
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inbred line B73 but entirely absent from the MohBred line was identified (Springer
et al, 2009).

To study interspecific sequence divergence in popla performed whole genome
next-generation sequencing of 18 poplar accessibri@opulus nigraaccessions, 2
Populus deltoideand 12P. nigrax P. deltoidesF1 hybrids, obtained by crossing two
of the four resequencdel nigraand the two resequenc®d deltoideswith a factorial
design. We then took advantage from two differenalytical strategies for the
detection of the two different classes of strudtuaaiants:

1- small variants (deletions and insertions), pbbpaesulting from the movement of
TEs, were detected by compariRg nigra andP. deltoidessequences with respect to
theP. trichocarpareference sequence.

2- larger variants, whose mechanism of origin isfally understood, were detected by

comparing sequences frden nigrawith those fronP. deltoides

1.4 Methods for SV detection

The earliest methods for discovering structuraiards are based on whole-genome
array comparative genomic hybridization (aCGH) (Medkvet al, 2009). Array CGH
platforms are based on the principle of comparatiyeridization of two labeled
samples (test and reference) to a set of hybridizatargets to test the relative
frequencies of probe DNA segments between two sesr(Blinkeket al, 1998) (Figure

1. 7). However the power of this technology in iilgmg structural variant is limited.
In fact, aCGH is limited to detecting only copy nuen differences of sequences that
are present in the reference assembly used torddsegprobes. Array CGH platforms
cannot identify balanced structural variants ortha case of duplication, specify the
location of a duplicated sequence. In addition, breakpoint resolution of any
prediction is correlated with the density of thelpgs on the array and is usually low
(~50 Kb). SNP microarrays have been used for S¥sostery and genotyping (Cooper
et al, 2008). These platforms are also based on hylatidiz and measure the intensity
of probe signals at known SNP loci. For this reaseNP microarrays suffer of the
same limitations as aCGH. The advent of next-geimerasequencing technologies

promises to revolutionize structural variation stsdand replace microarrays as the

22



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

platforms for discovery and genotyping. However, N&pproaches present substantial
computational and bioinformatics challenges. Inegah the identification of SVs from
NGS data is performed by mapping sequence reada teference genome and
subsequently identifying signature or patterns #ratdiagnostic of different classes of
SV. In particular, there are two main signatures tan be exploited for the detection
of SVs from NGS data: paired-end mapping (PEM) degth of coverage (DOC)
(Medvedewet al, 2009).

DNA Cy3 channel
sample 1 299088

y
_

/ : 3” \ R if;'f{;:{‘“{:f

Hybridization Merge@' }5 {g

\ - géiﬁi .

Cy5 channel

sample 2

12 mm—"

Figure 1. 7 Array CGH technology. DNA from two samples is differentially labelledsing
different fluorophores, and hybridized to sevetausand DNA probes. Differences in copy
number between the two samples are detected asvetiffes in the intensities of the two
fluorophores.

1.4.1 Paired-end mapping (PEM) signature

The paired-end mapping signature results from tiatyais of the mapping information
of paired-end reads aligned against a referencengenuUsing this signature, structural
variants can be detected with the presence of odismt’ paired reads, i.e. pairs in
which the mapping span and/or orientation of readspare inconsistent with the
reference genome (Figure 1. 8). Most classes @hti@n can, in principle, be detected.

Deletions can be detected by the presence of raiasl fhat map to reference genome
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with a mapping distance greater than the insee. Stonversely, insertions can be
detected by the presence of read pairs with a mgpdistance smaller than the
expected one. However, basic insertion signatutierstrom two main limitations: 1)
no signature is detected when the size of the tiogeis greater than the insert size of
the sequenced fragment and 2) the signature giw@sinformation regarding
composition of the inserted sequence. Another uatleat leaves a clear PEM signature
Is an inversion: a paired-read that spans oneeobthakpoints of an inversion will map
to the reference genome with the orientation of reed, lying within the inversion,
flipped (Korbelet al, 2007).

NO STRUCTURAL VARIANT

Reference genome —H—

Paired reads  jg————mm

DELETION INSERTION INVERSION
-\._\_‘- afd_.- ' |III 1 :
- | |
Mapping distance > expected Mapping distance < expected Altered orientation

Figure 1. 8 PEM signature.Schematic representation of the paired-end mapgigigature
usable for the detection of deletions, insertiams iaversions.

The read-pair method is the most widely appliedraagh for the detection of SVs, and
was first demonstrated using BAC end sequencesk(éblal, 2003) and subsequently
applied with fosmid paired-end sequences (Tuzual, 2005). Only later was applied
to next-generation sequencing (Korleg¢lal, 2007). Several computational tools based
on PEM signature have been developed for the deteof structural variants from
NGS data, including PEMer (Korbet al, 2009), VariationHunter (Hormozdiaet al,
2010), BreakDancer (Chet al, 2009) and MoDIL (Leet al, 2009).

We decided to take advantage from PEM signatur¢hi®mdetection of small deletions
and insertions occurring iA. nigraandP. deltoidessequenced individuals with respect

to theP. trichocaprareference genome. For the detection of deletimesdecided to
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use BreakDancerMax (Chezt al, 2009). On the other hand, for the detection ef th
insertions, none of the available methods using Pigviature could be employed. In
fact, we are interested in the detection of ineagiof sequences that are greater than
the standard lllumina insert size (~500 bp) and,aasonsequence, simple PEM
signature cannot be applied. For this reason weléédo develop a custom pipeline

for the detection of insertions resulting from thevement of transposable elements.

1.4.2 Depth of coverage (DOC) signature

The high sequence coverage obtained with NGS téohies allows the identification

of a completely different type of signature, nameipth of coverage signature (DOC).
Assuming the sequencing process is uniform, thebeuraf reads mapping to a region
follows a Poisson distribution and is expectedd@loportional to the number of times
the region appears in the donor (Medvedewal, 2009). Thus, the depth of coverage
signature can be used for the detection of SVsattat the copy number of a sequence

(Figure 1. 9).

Sequenced reads Alignment to the reference genome
— — . — m— — — — — —
—— —— — — — — —
HNO STRUCTURAL VARIANT COPY HUMBER =1
——)
DELETION
COPY NHUMBER =0
——
= — —— ——
— — — — — ) —
— n — — — e - m—
DUPLICATION

COPYNUMBER = 2

Figure 1. 9 DOC signature.Schematic representation of the depth of coveriagmatire
usable for the detection of deletions and duploceti
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In fact, the depth of coverage analysis examinesrtbrease and decrease in sequence
coverage to detect duplications and deletions easpely, and to predict absolute copy
numbers of genomic intervals (Alkaet al, 2011; Yoonet al, 2009). Read-depth
approaches using NGS data were first applied tenelefearrangements in cancer
(Campbellet al, 2008) and to build absolute copy number maps@fiuman genome
(Sudmantt al, 2010).

Unlike the PEM insertion signature, the gain DOghature does not indicate were an

insertion occurred, but rather what duplicated sega has been inserted. The strength
of a gain/loss signature is directly related to ¢beerage of the dataset and to the size
of the CNV. In contrast to most PEM signatures, D€)ghatures can be used to detect
very large events; in fact, the larger the evdg,dtronger the signature. However, they
are not able to identify smaller events that PEYhatures are able to detect; they are

also much poorer at localizing breakpoints.

We thus decided to use the DOC signature to déaegé regions of copy number
variation between thé. nigra and P. deltoidessequenced individuals in order to
determine the level of sequence homology amongettves species and to check for the
presence of large CNVs as those reported in mepeirgeret al, 2009) and in
humans (Tuzuet al, 2005).

26



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

2

Genetic Diversity in CAD4

The content of this chapter has been published:

Nucleotide diversity and linkage disequilibrium Hopulus nigra cinnamyl alcohol
dehydrogenase (CAD4) gerte. Marroni, S. Pinosio, G. Zaina, F. Fogolari, F¢lice,
F. Cattonaro and M. Morgante. Tree Genetics & Gersyra011.

2.1 Materials and Methods

2.1.1 Subjects and genotyping

Individuals included in the present study were ioally collected in five different
European nations: France (n=169), Italy (n=103)in@@@y (n=50), The Netherlands
(n=48) and Spain (n=14). In Italy, Germany and Bpeges were collected from one to
three locations, while in France and The Nethedatiety were collected at several
different sites. DNA extraction was performed oingtirated leaves using the DNeasy
plant kit (Qiagen, Inc., Valencia, CA).

Although components of CAD gene family in poplae atow well characterized
(Barakatet al, 2009), until a few years ago, researchers foctlssd efforts on a single
gene coding for Cinnamyl Alcohol Dehydrogenase (CAT 1.1.1.195), located on
Linkage Group (LG) IX of theP. trichocarpagenome (Lapierreet al, 1999). We
focused on the same gene, which is now na@®D4, and is one of the only two genes

of the CAD family which are preferentially expreds@ the xylem (Barakaét al,
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2009). Primer design was performed using Primeg3luntergasseet al, 2007).
Table 2. 1 lists the primers used in the experim@NA amplifications were performed
in a 20 pl volume. The reactions contained on ayedb ng of genomic DNA and the
following reagents: 0.3 uM of each primer, 250 uMMeach dNTP, 1.5 mM MgG| 2%
DMSO, 1 unit Amplitag Gold (Applied Biosystems, FkasCity, CA) and 1X PCR
buffer Il (Applied Biosystems, Foster City, CA). &@meactions were performed in the
Geneamp 9700 PCR system (Applied Biosystems, FdSigr, CA), under the
following conditions: 95 °C for 10 min., 35 cycle§20 sec. at 94 °C, 30 sec. at 60 °C
and 1 min. 30 sec. at 72 °C, followed by a finaleesion of 10 min. at 72 °C. PCR
products were analysed on agarose gel and punBedy Agencourt Ampure magnetic
beads (Beckmann Coulter, Fullerton, CA) using ankk FX robot (Beckmann
Coulter, Fullerton, CA).

Table 2. 1Primers used to sequenc€AD4. F=Forward.R=ReversePosition:
Position of the first base of the primer relativg€2AD4 consensus sequence.

Primer Orientation |Position Sequence

CAD4a F 5 CCACCACCCGTAAAATATGC
CAD4a R 880 GATTCAGCAAAGCCTCCTTG
CAD4b F 742 TGTTGGAGTCATCGTTGGAA
CAD4b R 1737 CAAGATCAGCTTGCCATCAA
CAD4c F 1351 TTGTGGTGAGAATTCCTGATGG
CAD4c R 2244 AAAGCAAAGACAGACGGTCACA

Sequencing was performed using ABI Prism Dye TeatanCycle Sequencing Ready
Reaction kit v3.1 (Applied Biosystems, Foster CiBA) on an ABI3730 sequencer
(Applied Biosystems, Foster City, CA). Sequencesviemmed using Lucy (Chou and
Holmes, 2001) on the basis of Phred quality sc@isgng et al, 1998; Ewing and
Green, 1998). The trimmed sequences were alignddveualized using Phrap and
Consed (Gordoet al, 1998). SNPs and insertion/deletion polymorphig¢imdel) were
confirmed by visual inspection of sequence alignimeiter automated detection with
PolyPhred (Nickersort al, 1997), a program that identifies SNPs by progdihe
user a confidence score which represents the pilapathat the call is correct
conditional on the site being a SNP (Stephennal, 2006). Rare variants are likely to

occur as singletons in a large sample; to redueellance of observing false positives
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due to amplification and sequencing errors, weothiced the following quality
controls: 1) we included in the present study dNPs with a confidence score equal
to 99; 2) whenever SNP information was available bmth strands or in mutliple
amplicons, we built a “SNP consensus” integratimfigrimation from different reads for
each individual; 3) at each SNP position, we cargd only individual sequences for
which the genotype quality score was higher tha®.98wo multiallelic SNPs were
excluded from further analyses. Intron-exon bouedamere defined according to
poplar genome versions 1.1 (http://www.jgi.org) a@hdhttp://www.phytozome.com),
and confirmed using the gene prediction programe®knk (Lomsadzet al, 2005).

To predict the effect of the amino acid substitogiaon protein structure and function
we built molecular models of mutants based on theteih Data Bank structure
(http://www.rcsb.org/pdb) of the closely relatecdhreamyl alcohol dehydrogenase of
Arabidopsis thaliana(PDB id. 2CF5) which displays 78% identity in seqoe. We
used the program Swiss-PDB-Viewer (Guex and Peits@87) for building consensus
and all mutant structures. No sidechain refinenveag attempted at this stage as only
gross features of the models were used.

2.1.2 Statistical analyses

Two measures of LD between pairs of SNBsard D', were calculated using the R
(http://www.r-project.org) packaggenetics Since singleton SNPs give no information
when calculating LD, we excluded them from LD asaly. The decay of with
distance was fitted using Hill and Weir expectatimfn® between adjacent sites (Hill
and Weir, 1988). In accordance with previous wdRkrfingtonet al, 2001), we used

the equation:

2
El&ng):[ 10+ }[1+(3+r:')(12+12r:*+r:' )}
(2+ 11+ 22+ 11+

wheren is the sample size art@] the parameter to be estimated, represents theigrod
of the population recombination parameigr4Ngr) and the distance in base pairs. The
decay of D' was fitted using the equatiB(D")=(1-0)', where t, the parameter to be
estimated, represents the number of generatiote §F1 (Abecasi®t al, 2001).
Non-linear least squares, implemented in the R ggekls, were used to fit equations
to our data.
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Multilocus haplotype reconstruction was performesing PHASE 2.1.1 (Stephers
al., 2001), which has been shown to provide accuratmates of haplotype
frequencies from population data (Marretial, 2005). Haplotypes were reconstructed
in the whole dataset assuming a panmictic modelianebch individual country of
origin. Tajima'sD, Fay and Wu'sl, and McDonald-Kreitman tests were performed with
DNAsp (Librado and Rozas, 2009). The effect of dangize on population genetics
parameter estimates was investigated by samplibgessi of six different sizes (5, 10,
25, 50, 125 and 250 individuals) and calculatingleotide diversity and neutrality
statistics. For each sample size we produced laymeking five subsets.

Some of the analyses required an outgroup; we fireréencluded twoP. trichocarpa
sequences fo€CAD4 retrieved from Joint Genome Institute (http://wygivorg) and
National Center for Biotechnology Information (httgww.ncbi.nlm.nih.gov/) web

sites.

2.2 Results

We obtained sequences GAD4 from 360 trees (GenBank accessions: HM440565 to
HM440924). Consensus sequence was 2240 bp longhngesequence was 1074 bp
long, and was formed by five exons (Figure 2. e Tonsensus & nigraCAD4was
aligned using BLAST against the whdRe trichocarpagenome. The best hit wés
trichocarpa CAD4 sequence (locus estExt_Genewisel v1.C_LG_IX235%aplar
genome v1.1, locus POPTR_0009s09870 in poplar genv@) showing 97% identities
to the whole length of the query, an expected vai® and a score of 3736. The
second best hit was on scaffold one, showing 83titles to a fragment of 886 bases
of the query, an expected value of 0 and a scor&l@6. These results confirm that

produced sequences belonged toGAd4 locus.

IHDII [ || | || ] |t | = CAD4

0 500 1000 1500 2000 2500
position [bp]

Figure 2. 1Positions of SNPs (vertical bars) and deletionte(esks) relative to noncoding
sequences (represented as horizontal lines) ants €koxes).
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We identified 45 SNPs, corresponding to one SNPyeh@ base pairs. The complete
list of the SNPs, together with the correspondingamnallele frequency is presented in
supplementary Table S- 1. Thirteen of the 45 SNEsaCAD4 coding sequence, and
six of them cause amino acid substitutions (Tab®) 2position of SNPs and indels
relative to the coding sequence@hiD4 are depicted in Figure 2. 1. In addition, we

identified 5 deletions and one insertion, all imrapding regions (

Table2. 3.

Table 2. 2 Predicted aminoacidic substitutions caused by non-
synonymous SNP<onsensus (bp)position of the SNP relative to the
consensus sequenc8NP. Common allele/rare alleleCoding (bp):
Position of the SNP relative to the consensus cpdiequencea.a.
change:amino acid substitution caused by the variant.

Consensus (bp) SNP Coding (bp) a.a. change
409 GIC 109 V37L
484 CIT 184 H62Y
777 CIA 310 N104H
1361 AIG 443 K148R
1515 AIG 597 1199M
1753 G/A 835 A279T

Table 2. 3Insertions and deletions identified @AD4. Position (bp):
Position of the insertion or deletion relative h® tconsensus sequence.
Length: Length of the indeBases:inserted or deleted nucleotides.

Type Position (bp) Length Bases
Insertion 324 6 TGTGTA
Deletion 515 1 A
Deletion 1049 1 A
Deletion 1125 1 C
Deletion 1261 2 AA
Deletion 1905 1 T
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According to molecular models we built, all aminmdasubstitutions are far apart from
the zinc ion binding catalytic site and thus itnst straightforward to predict any
structural or dynamical consequences relevant toyreatic function. The most
interesting mutations are N104H and 1199M. N104khislose proximity to one of the
zinc ion binding sites and could thus perturb tkisuctural motif which appears
conserved in cinnamyl alcohol dehydrogenases oéraé\plant species (Youet al,
2006). Moreover the mutation introduces a titragagyoup that could be in the range of
pH of optimal enzyme activity (Saret al, 1984). Although it is difficult to predict
dramatic effects as a consequence of 1199M mutatioless the protein cannot
accommodate the increase in side chain volums, warth noting that the residue is
contacting the helix entailing C163 which is papating in the catalytic site and could
thus perturb the structure and/or the dynamickeatatalytic site. Finally, we identified
several subjects carrying more than a single nowsymous SNP. They were
homozygous carriers of N104H, 1199M and A279T omposite heterozygous for
various combinations of N104H, 1199M, A279T and Y370ne subject was
homozygous for N104H and carried one 1199M allele.

The decay ofrwith distance was rather fast (Figure 2. 2 A);cading to our nonlinear
regression, the value of was decreased by 50% after only 16bp, and deatdase
values close to zero (i.e. < 0.05) after 50bp. patern for D' was strikingly different,
although it still showed a rapid decay (Figure B)2D' values were on average higher
than f values and the decay of D' with distance was sidha&n the decay of.rOur
nonlinear regression showed that the distance ahwbh' was reduced by 50% was
1294bp.
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Figure 2. 2 A.Decay of f as a function of distance. Regression line is daseHill and Weir
(1988). Estimated value for the parameter C is 2.I3ashed lines represent confidence
intervals of regression lin@&. Decay of D' as a function of distance. Regressimn ik based
on Abecasis et al. (2001). Estimated value for plaeameter t is 536.25. Dashed lines
represent confidence intervals of regression line.

The difference in behavior of the two different m@aes of LD is emphasized in Figure
2. 3, in which we plot D' as a function &f r

Since LD measures, and in particulardepend on allele frequencies, we repeated the
analyses applying different minor allele frequeigdAF) thresholds (Table 2. 4). Our
results show a positive correlation between MAF amtent of LD measured as the
distance in bp to obtain a 50% decay. Nucleotiderdity ¢r) in CAD4was 0.0012. The
ratio of non-synonymous to synonymous diversitynt) was 1.05. The ratio of non-
synonymous to synonymous nucleotide divergeRgi() was 0.091.

Resampling experiments showed that nucleotide sityeestimates were robust with
respect to sample size (Table 2. 5).
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Figure 2. 3D' as a function of’ Each data point shows

values of the two LD measures obtained for all aif
alleles.

Table 2. 4Variationof LD patterns depending on SNPs minor allele
frequencies Threshold: Minor allele frequency (MAF) required to
include SNPs in the analysdson-unique: No frequency threshold
applied (MAF>0).Decay,. Distance (in bp) at which LD is reduced
of 50%.

Threshold Decayso (%) Decays, (D')
Non-unique 16 1294
0.01 64 2236
0.02 69 1655
0.025 59 2845
0.05 93 6750
0.1 491 8695
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Table 2. 5 Variations in estimated population genetics parameters as a riation of
sample sizeFor each parameter mean of the values obtainteeimeplicates are shown for
each subsampler: nucleotide diversityr,: aminoacidic nucleotide diversitys. nucleotide
diversity in synonymous positionss,. nucleotide diversity in synonymous or non-coding
positions. K, non-synonymous nucleotide divergence comparedh®& outgroup.Ks:
synonymous nucleotide divergence compared to thgrawp. D: Tajima'sD. D p-val:
Tajima'sD p-value.H: Fay and Wu'tl. H p-val: Fay and Wu's p-value.NI: McDonald-
Kreitman Neutrality IndexNI p-val: McDonald-Kreitman Neutrality Index p-valu&
Number of segregating sitdda: Number of reconstructed haplotypes.

‘ Sample Size

5 10 25 50 125 250 360
on 00011 = 00012 00012 00012 00012  0.0012  0.0012
s Inf 0.92 2.02 1.13 1.00 1.04 1.05
A 0.0007  0.0006 = 0.0008  0.0007  0.0007  0.0007  0.0008
| m 0 0.0008  0.0004  0.0006  0.0007  0.0007  0.0007
| 0.0013  0.0026 = 0.0015 0.0015  0.0015 0.0015  0.0015
 KalKs 0095  0.091 = 0095 0093 0093 0093  0.091
 Ka 0.0029  0.0028 = 0.0029 0.0028  0.0028 0.028  0.0029
K 0.0307  0.0308 = 0.0307 0.0309  0.0309  0.0309  0.0309
D -0.63 -1.14 -1.13 -1.44 -1.47 -1.38 -1.49
. Dpval 0317 0141 0133  0.056 0.04 0054  0.029
. H 1.63 0.24 -2.30 -3.11 -8.12 -6.52 | -11.30
. Hpval 0919 0632 0248 0287 0024 0043  0.006
NI 2.36 2.01 2.16 2.41 3.48 2.68 4.08
. Nipval 0660 0688 = 0590 0518 0391 0489  0.240
| s 8.2 14.4 19.8 27.2 35.4 39 45
.~ Ha 5.4 8.8 13 19 29 38.2 44

Averager ranged from 0.0011 to 0.0012 across all sampkssi@nly extremely small
sample sizes led to occasional major departures the observed value of 0.0012. The
same behavior was observed for #gK; ratio. Neutrality tests are more sensitive to
sample size. Mean values obtained with less tharsuifjects are lower than the
estimate obtained with the whole sample, and saant departures from neutrality
failed to be detected even with as many as 25CstshjFay and Wuld seemed to be

more affected by sample size than Tajina's

2.3 Discussion

CAD4 is an essential gene for lignin biosynthesis; ret@AD mutants showing
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aberrant phenotype have been identified in maizdp{Het al, 1998) and in sorghum,
(Sattleret al, 2009) while a mutation associated with reduceatession of CAD was
mapped in the same region as tael locus in pine (MacKagt al, 1997). Transgenic
poplar trees with silenced CAD gene have been wdtiaibut no natural CAD loss-of-
function mutant has been identified. We set ousdeenCAD4 in a large sample in
search of functional variants. Functional variaats likely to be rare (Eyre-Walker,
2010), and the identification of rare SNPs requsenple sizes larger than those
commonly used in studies aimed at surveying genetiation.

One objective of the present work was to screeargelsample dP. nigraindividuals
to identify non-synonymous SNPs in tB&D4 gene. In total, we identified 45 SNPs
(13 in coding region, 6 of which non-synonymous)e ansertion in non-coding region
and 5 deletions, also in non-coding region. Thrieth® six non-synonymous mutations
have a frequency lower than 1% and would have lbfficult to identifiy using
smaller sample size. The mutations likely to hakie strongest impact on CAD
enzymatic activity are 1199M and, to a lesser extBii04H, but the two substitutions
have been identified iR. tremuloidegYounet al, 2006). Individuals carrying multiple
occurrences of non-synonymous SNPs are more likeshow altered CAD activity.
Only experimental validation, which is however it the scope of the present
investigation, could confirm or rule out this hypesis. Individuals carrying mutations
shown to affect lignin composition might be usedexperimental crosses to obtain an
offspring with the desired properties.

We investigated decay of and D' with distance i€AD4 using the appropriate decay
function for each LD statistic. Previous studieseed that LD in different poplar
species extends only for few hundred base pairkHfst et al, 2006; Ingvarsson,
2008). We confirmed the findings, and obtained wenefaster decay of LD i@ADA4.
According to our estimates, the distance over whidh (measured as?r for
comparison with previous studies) is reduced by %®%bout 16 bp while in previous
works it was reported to vary between 50 and 53§ lpmirs. The difference might be
due to the different number of loci investigatedtorthe different sample size. The
present study is focusing on a single gene, anddeBay can be different from the
decay measured by pooling data from several g€heshe other hand, LD estimates
depends on allele frequencies and sample sizeg(&tral, 2009; Terwilliger and
Hiekkalinna, 2006; VanLiere and Rosenberg, 2008)viBus studies were investigating

sample sizes of less than 50 individuals (Gilcheisal, 2006; Ingvarsson, 2008). For
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such studies, all non-unique SNPs would have a dAdater than 0.01. LD measures,
and in particular’ depend on allele frequencies, in that rare alledad to lower LD
levels and studies which miss rare SNPs will tendite slightly inflated LD estimates
(Hedrick and Kumar, 2001). This is confirmed by tli2 analyses that we performed
using different MAF thresholds. Increasing the ofitfrequency, we obtained higher
average LD values and slower LD decay. Applyinghieeghold of 1% for MAF we
obtained an estimate of 64 bp as the distance mhwD decays of 50%. Increasing
the threshold to 5% brought the distance to 93bplebay was slower thahdecay, but

it showed a similar dependence on allele frequeRiey. different behavior of D' and r
is well-known, and was confirmed by plotting D'afunction of f (see Figure 2. 3). D'
suffers from a “ceiling effect”, because it reaciiesnaximum value of 1 whenever one
of the 4 possible haplotypes is not observed in gample (Mueller, 2004). The
probability of this happening is fairly high if orfer both) the investigated SNPs has a
low MAF. R-square, on the contrary, tends to be, legpecially when rare alleles are
present (Hedrick and Kumar, 2001), and suffersefioee from what could be named
the “floor effect”. The combination of floor effeand ceiling effect is evident in Figure
2. 3. The floor effect is withessed by the preseasfcgeveral pairwise comparisons with
r’=0, irrespective of D' value. The ceiling effecty ¢he contrary, results in an
abundance of pairwise comparisons with D'=1, ireesipe of f value.

As a further objective of our work, we estimatededsity indexes, and evaluated their
robustness with respect to variations in sample. 3e observed negative Tajim&s
and Fay and Wu'sl values forCAD4. Negative values of Tajimal3 indicate negative
selection, population growth and/or genetic hitkhig (Tajima, 1989), and negative
values ofH suggest genetic hitchhiking (Fay and Wu, 2000)welcer, the coexistence
of negative values for both andH has been related to the demographic history of the
population, and might be explained by a bottleneoént (Heuertzt al, 2006); since
we investigated only one locus, we cannot deterrfimegative values of Tajimald
and Fay and Wu'sl are due to selection or to demographic historythiir original
work McDonald and Kreitman (McDonald and Kreitma®91) found that replacement
to synonymous ratio betweddrosophila species exceeded that measured within a
Drosophilaspecies and interpreted this as evidence for agafsxation of amino acid
changes. On the other hand, more recent studiesh(hanet al, 1994; Rand and
Kann, 1996) observed instances in which the repiacgé to synonymous ratio within

species was higher than that between species,léhdsg to a Neutrality Index (NI)
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greater than 1, like in the present study. This lsarexplained by the nearly neutral
theory of evolution, assuming that moderately a@gletis polymorphisms are present
within species, but in the long range are elimiddig selection and do not contribute to
divergence between species. Nucleotide diversijtyvas 0.0012, in agreement with the
average nucleotide diversity of 0.0018 observednime genes inP. trichocarpa
(Gilchrist et al, 2006) but lower than the values of 0.0042 andIDbserved in two
previous studies . tremula(Ingvarsson, 2008). Non-synonymous substitutioms a
relatively frequent inCAD4 (ni/ns=1.05), but they do not survive enough to become
fixed across species (low Ka/Ks), thus suggestiegeixistence of negative selection on
CADA4

Previous studies showed the effect of ascertainimastont and Tajima’'dD (Ramirez-
Soriano and Nielsen, 2009); given the availabity large sample, we investigated the
effect of sample size on population genetics patara@nd neutrality tests. Resampling
experiments showed that accurate measures of nigdeediversity can be obtained
when the sample size is 25 individuals (correspumpdo 50 chromosomes) or more,
while neutrality tests are quite sensitive to v@oi@s in sample size, and deviations
from neutrality might fail to be detected even wgample sizes of 250 individuals
(Table 2. 5); this is because small sample sizad e a relatively large variance of
and henc® (Lohse and Kelleher, 2009).

In conclusion 1) we screened 3BOnigraindividuals in search of functional variants of
CADA4. The use of a large set of individuals enabledousample most of the genetic
variation in CAD4 and to identify six functional variants. In additjowe identified
carriers of multiple mutations to be assessedigmiri quality and quantity; individuals
showing significant alterations in lignin contenillwthen be used in conventional
breeding programs. Then, 2) we investigated LDcstine inCAD4;, we showed that LD
estimates in small samples might be biased, anave3)studied the robustness of
population genetics parameters estimates with cegpesample size. We showed that

the use of small data sets might lead to wrongpnétation of neutrality tests.
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2.4 Supplementary Material

Table S- 1 Summary statistics of identified SNPBosition: base pair position
relative to the consensus sequer8BP (1/2) Alleles of the SNP (in alphabetic
order). MA: Minor Allele. MAF: Minor Allele Frequency.O(1/1). Observed
individuals with genotype 1/10(1/2) Observed individuals with genotype 1/2.
0(2/2). Observed individuals with genotype 2BBWE: p-value of Fisher's exact
test for deviations from Hardy-Weinberg Equilibriuidon-synonymous SNPs are

shown in bold.

Positon | SNP (1/2) | MA | MAF | O(l/1) | O(1/2) | 0O(2/2) HWE
93 CIG G | 0018 297 11 0 1.00
114 AIT A | 0.002 0 311 1.00
143 CIG G | 0.005 315 3 0 1.00
273 AIG A | 0.021 0 14 315 1.00
306 AT A | 0.015 0 10 320 1.00
408 CIT C | 0.008 0 5 325 1.00
409 CIG C | 0.008 0 5 326 1.00
462 AIC A | 0.002 0 1 331 1.00
484 CIT T | 0.001 334 1 0 1.00
511 AIT A | 0.006 0 4 328 1.00
518 AT T | 0.003 334 2 0 1.00
574 GIT G | 0.166 10 89 229 0.97
583 AT T | oan 266 42 15 0.00
609 CIT C | 0.002 0 1 330 1.00
777 AIC A | 0157 79 216 1.00
948 AIT A | 0.079 7 38 285 0.13
969 CIG G | 0.066 294 34 0.19
995 CIT T | 0.001 340 1 1.00

1012 CIT T | 0.021 326 12 0.84
1015 AT T | 0.001 340 0 1.00
1042 AT A | 0.009 0 6 333 1.00
1075 AIG A | 0.025 2 13 322 0.38
1098 CIT T | 0176 221 82 15 0.45
1100 CIT C | 0.024 2 12 318 0.37
1159 AIG G | 0.066 280 32 5 0.19
1163 AIG A | 0.002 1 313 1.00
1165 GIT G | 0.010 6 307 1.00
1168 AT A | 0.002 1 316 1.00
1219 GIT T | 0.002 313 1 0 1.00
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Position | SNP (1/2) | MA | MAF | O(l/1) | O(1/2) | 0(2/2) HWE
1294 GIT T | 0.002 308 1 0 1.00
1305 AIG G | 0021 292 9 2 0.32
1361 AIG G | 0.002 309 1 0 1.00
1402 CIT C | 0.009 0 6 322 1.00
1437 AIG G | 0029 322 18 1 1.00
1515 AIG G | 0178 241 67 26 0.00
1518 AIG A | 0.021 2 10 328 0.34
1753 AIG A | 0017 1 292 0.81
1758 AIG G | 0.007 293 0 1.00
1801 CIT C | 0.002 299 1.00
1827 CIT C | 0.052 25 271 0.58
1853 AIT A | 0.002 1 297 1.00
1886 AIT T | 0.168 215 39 28 | 1.97E-006
1900 CIT C | 0.002 0 298 1.00
2047 AIC A | 0.007 0 300 1.00
2140 AIG G | 0.007 275 0 1.00
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3

Rare Variants in Lignin Genes

The content of this chapter has been published:

Large scale detection of rare variants via poolediltiplexed next generation
sequencing: towards next generation Ecotillikg Marroni*, S. Pinosio*, E. Di Centa,
I. Jurman, W. Boerjan, N. Felice, F. Cattonaro &hdMorgante. The Plant Journal,
2011.

*First shared authorship

3.1 Materials and Methods

3.1.1 Plant Material

The experimental sample consisted of P@®ulus nigraaccessions originally collected
in different European areas (Smuldess al, 2008; Rohdeet al, 2010). A large

proportion of trees originated from France (n=63IHe remaining trees originated
from ltaly (n=118), Germany (n=9), Spain (n=9) afltk Netherlands (n=1). Latitude
ranged from 40.24° N to 51.48° N (median latitud®24°N) and longitude from

16.39° E to 0.56° W (median longitude=3.19° E).itAlte above sea level ranged from
35 m to 1699m (median altitude 160m). Approximatkelgram of leaf material was

collected for DNA extraction from each tree.
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3.1.2 Amplification and pooling

DNA of 768 P. nigraaccessions was extracted from dehydrated leavag ¥\easy
plant kit (Qiagen, Inc., Valencia, CA). Primer dgsiwas performed using the web
interface Primer3plus (Untergassaral, 2007). DNA amplifications were performed

in a 15 ul volume, using primer pairs listed in TEaB. 1.

Table 3. 1.Primers used to obtain sequences of candidate gErnes
Forward.R = reverse.

Primer Orientation | Sequence

CAD4a F CCACCACCCGTAAAATATGC
CAD4a R GATTCAGCAAAGCCTCCTTG
CAD4b F TGTTGGAGTCATCGTTGGAA
CAD4b R CAAGATCAGCTTGCCATCAA
CADA4c F TTGTGGTGAGAATTCCTGATGG
CAD4c R AAAGCAAAGACAGACGGTCACA
HCT1 F TCTCCTGGGTTGAGTCCGATA
HCT1 R TCTGCCTTGCATCAAACCAT
C3H3a F TTGTGGAAATTAGAGGGACCA
C3H3a R CGTTGGCTAGATGGGTTGAA
C3H3b F CAAACATTTTGTCCGATTAGAACG
C3H3b R GCATGGTGTGCCATACAAAA
C3H3c F GCCAAGCAGCATTTTGTTGA
C3H3c R AAGGTTGGAGCAAGCCTTCA
CCR7a F CTCCACTTTCCCAGTCACCA
CCR7a R TGCACAGAATTTATTGGTTCAGG
CCR7b F AAGTCCGACGAGTGGTGTTC
CCR7b R CCTTTGGGTCATTCAAAAGC
CCRTc F GAGGTGGTGGAAATCCTTGC
CCRTc R ACACCTGCACATTGGCATTC
4CL3a F ATTCTTCACCAAACGCAACC
4CL3a R TGGAACATAGGCAACACACA
4CL3b F CGTAGACTCTGCCCCAGATG
4CL3b R ATTGGTTTCCAACCCCTTTT
4CL3c F CACGTCTCCACCCGGTATCT
4CL3c R TTCGGTGGCCTGAGACTTTT
4CL3d F ATGGTTGCACACAGGCGATA
4CL3d R TGCTGGTGGAACAAATCACC
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The reactions contained on average 25 ng of genbiNi& and the following reagents:
0.3 uM of each primer, 250 uM of each dNTP, 1.5 mgCl,, 2% DMSO, 1 unit
Amplitaq Gold (Applied Biosystems, Foster City, Cand 1X PCR buffer Il (Applied
Biosystems, Foster City, CA). The reactions wemgpeed in the Geneamp 9700 PCR
system (Applied Biosystems, Foster City, CA), untter following conditions: 95 °C
for 10 minutes, 40 cycles of 20 seconds at 94 80Gs6¢onds at 60 °C and 1 minute and
30 seconds at 72 °C, followed by a final extensmn 10 minutes at 72 °C.
Amplification of HCT1was performed substituting 1 unit Amplitag Goldhwd.3 units

of Phusion High Fidelity DNA polymerase (FinnzymEspoo, Finland). PCR products

were then pooled according to the following schemes

Phase 1: We amplifiedCAD4in three amplicons, using PCR primers alreadytest

a different sample (Marrorgt al, 2011); for each amplicon, the quantities of ti@&RP
products of 16 random accessions were estimatedagarose gel; the average
concentration was taken as an estimate of eachi@nijsl concentration, and the three
amplicons of each individual were combined in eqlan amounts. Experimental
samples were pooled in 12 separate groups, eachosat by 64 accessions (totaling
to 768). A schematic representation of the poolnolgeme is depicted in Figure 3. 1.
Three amplicons obtained from three control acoessfor which Sanger sequencing

was already available (Marroet al, 2011) were added to each pool.

Phase 2: In phase 2, we amplified the CDS of the selegfedes using one primer
pair for HCT1, four for 4CL3 and three for each of3H3 and CCR7 For each
amplicon, the quantities of the PCR products ofdriidom accessions were estimated
on agarose gel; the average concentration was takem estimate of each amplicon's
concentration and the eleven amplicons of eaclvithaial were combined in equimolar
amounts. Experimental samples were pooled in 18ra&p groups, each composed by

64 accessions.
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Figure 3. 1Pooled multiplexed next generation sequencing sangeof large populations.
Identification of mutation carriers in a pool reqs sequencing of the accessions of the
corresponding pool.

3.1.3 Sequencing

To prepare NGS libraries, 5 pg of pooled PCR prtsluere randomly fragmented by
nebulizing at 60 psi (pound per square inch) faniutes. Libraries were prepared
using lllumina reagents, according to manufactsirespecifications (lllumina, San
Diego, CA). End repair of fragmented DNA was peried using T4 DNA polymerase
and Klenow polymerase with T4 polynucleotide kinase “A” base was added at the
3' end using a 3'-5' exonuclease-deficient Klenoagrhent, and lllumina indexed
adapter oligonucleotides were ligated to the stickpds thus created. We

electrophoresed the ligation mixture on an agageeand size-selected fragments at
200 bp.

DNA was enriched for fragments with lllumina adapten either end by a 16-cycle

PCR reaction performed by using the lllumina Muéiying Sample Preparation

Oliogonucleotide Kit according to manufacturer'stmictions. A Genome Analyzer
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flowcell was prepared on the supplied cluster atataccording to manufacturer’s
protocol. In both phase 1 and phase 2 of the exyaat, two lanes of the flowcell were
used to sequence the 768 accessions. ClustersRotBIGnies were then sequenced on
an lllumina Genome Analyzer Il platform using agderead run of 44bp coupled with
7bp lllumina indexes sequencing with the IllluminaulNplex Sequencing primer.
Images from the instrument were processed usingndnaufacturer’s pipeline software
to generate FASTQ sequence files. Sanger sequenaisgerformed using BigDye ®
Terminator v3.1 Cycle Sequencing Kit (Applied Biswgms, Foster City, CA) on an
ABI3730 sequencer (Applied Biosystems, Foster Gy following manufacturer's

instructions.

3.1.4 Data Analysis

In a previous study (Marroret al, 2011) we obtained &AD4 consensus sequence
from 360 accessions (GenBank accessions HM440568té40924). This reference
was 2240bp long and comprised the complefeD4 CDS (1074bp). Thd. nigra
reference sequences for the coding portiondHGT1 (accession JF693234L3H3
(accession JF693232LCR7 (accession JF693233) adL3 (accession JF693234)
were obtained from Sanger sequencing of eight amwes using phred (Ewing and
Green, 1998), phrap and consed (Gorebal, 1998).

lllumina sequences were aligned against Bhenigra reference with the short reads
aligner Novoalign (Novocraft Technologies Sdn BKdala Lumpur, Malaysia), which
uses full Needleman-Wunsch algorithm with gap pesl Alignment was performed
setting the alignment scoring option§he highest alignment score acceptable for the
best alignment) and (the gap opening penalty) in a different way fodFsand small
indel detection. For SNP detection the chosen plcoring options was=60 and
g=15, while for indel detectiot=110 andg=20. Default settings for the remaining
alignment scoring, quality control and read filbgrioptions were retained. Coverage
statistics were calculated based on alignment pedd for SNP detection. Mean
Individual per Base Coverage (MIBC) was calculdtwdeach base &R/N, whereR is
the number of reads covering the position Bnd the number of accessio$<768 for
analysis on the whole data set aNd64 for analysis at pool level). Thus, MIBC
represents for each base the mean number of readsdrgy the base in each accession.

Mean Individual Coverage (MIC) is calculated as #nerage of MIBC over the
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reference sequence. To evaluate experiment-wideWwd@sed the reference sequences
of all the studied genes.

SNP and indel detection was performed with Vars@&oboldt et al, 2009). SNP
detection was performed separately on forward awdrse reads of each pool; a SNP
was called if the alternative allele was preserth o forward and reverse sequences in
at least 10 reads per strand. This allowed disegrdalse positive SNPs due to
sequence specific sequencing errors. SNPs calledabgcan with an average variant
qguality lower than 25 and SNPs identified in regiamith a MIBC lower than 50x
(corresponding to a total coverage of 3350x) wateconsidered.

Error distribution in lllumina reads is not uniforrthe proportion of errors usually
shows an increasing trend from the beginning tcetiek of the read, with the possibility
of observing high error rates in the very first émg¢Kircheret al, 2009). In addition,
preliminary results of the present study indicatkdt false positive SNPs can be
identified at the 3' and 5' ends of a read whemallsdeletion/insertion is present near
(<10bp) the read ends. To control for this, a dmea posterioriquality control was
applied. Each read was partitioned in three segsneinequal length, and the condition
was imposed that each SNP had to be independetghiified (using the thresholds
shown above) when considering each of the segnoéthe read separately.

To assess the performance of NGS multiplexed pogdedtyping to identify SNPs, in
phase 1 two amplicon€AD4b and CAD4q of two of the twelve pools (pool 5 and
pool 9) were sequenced with the Sanger method dtiélsSvere detected on the
obtained individual sequences. Identification of FSNin Sanger sequences of the
training set was performed using polyphred (Nick&arst al, 1997). Sensitivity and
specificity of pooled multiplexed NGS were measuresing receiver operating
characteristic (ROC) curve analysis, considerimtviiual Sanger sequencing as a gold
standard. Comparison was performed only on positiorwhich Sanger coverage was
at least 50x.

In ROC curves, the true positive rate (sensitivisyralculated in function of the false
positive rate (1 - specificity) for different cuffopoints; each point on the ROC
represents a sensitivity/specificity pair corregting to a particular decision threshold.
Area under the ROC curve (AUC) is an overall measirtest performance, with 0.5
indicating random performance and 1.0 denotinggeenberformance. The proportion
of true lllumina SNPs as a function of the propmrtiof false SNPs was calculated,

using the variant frequency threshold as the tetoone and Sanger genotyping as the
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outcome. Best variant frequency threshold was ahasethe one at which the average
of sensitivity and specificity was highest, in arde maximize true positives, while
minimizing false positives.

The correlation between minor allele frequenciesShiPs identified by pooled next
generation sequencing and of those SNPs identifiechdividual Sanger sequencing
was calculated by the Pearson product-moment etioel coefficient. In each pool,
minor allele frequency (MAF) for Sanger sequencivas calculated as the number of
occurrences of the alternative allele divided by tibtal number of sequences. MAF for
pooled multiplexed NGS was calculated as the nurabegads carrying the alternative
allele divided by the total number of reads.

Small indel detection was performed separatelyamwdrd and reverse reads of each
pool, requiring an indel to be called in both fordiaand reverse strands in at least 2
reads per strand. Indels with an average individoakrage lower than 25x per strand
were not considered.

To investigate the effect of sequence coverage MR 8alling and to identify the
optimal coverage for variant detection, a totall6D0 simulations, sampling subsets
from 1% to 99% of reads generated in phase 1 wane and the identified SNPs
(positives) were compared with those identifiedngsihe whole sequence data. The
intersection of the two sets represents a conseevastimate of true positives. Positive
Predictive Value (PPV) was calculated as the rfagioveen true positives and positives.
Comparison between SNPs identified by multiplexemled NGS and individual
Sanger sequencing was repeated in phase 2. Theeselest set was composed as
follows: all the twelve pools for primédCT, pool 2 for primersCCR7band CCR7¢
and pool 12 for primedCL3h The algorithm applied for SNP detection in Sanger
sequences was the same as applied in phase 1, wiele identifying SNPs in short
reads iNnHCT1, C3H3, CCRand 4CL3 (showing on average half of the coverage of
CAD4), the number of reads required on each strand thedlower acceptable
individual coverage of a region to be used for Sfdfing were linearly scaled, and set
to five and 25x, respectively.

To investigate the effect of frequency thresholdSMP calling, additional analyses
were conducted by varying the MAF threshold frequefrom 0 to 1%, removing
coverage thresholds and requiring that only oneimeace of the SNP was found on
the forward and reverse strand. When the MAF tlolelslvas zero, the number of

polymorphic positions corresponded to the numbebades in which an error was
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introduced on both strands during the whole sequognprocess. The proportion of
polymorphic positions was plotted as a functiorthaf variant frequency used to define
a polymorphism in each gene.

Nucleotide diversity is the average number pdr site differences between two
randomly chosen DNA sequences (Nei and Li, 197&e ht was estimated as the sum
of unbiased heterozygosity of segregating sitegirtiba 1989), averaged over all
nucleotides. Heterozygosity and its 95% confidericeits were calculated by
resampling with replacement all pairs of polymogohioci with probability
corresponding to the frequency of the two allede®] multiplying by n/(n-1), where n is
the sample size of the pool, to obtain an unbiassitnate of nucleotide diversity
(Futschik and Schlétterer, 2010); for each polyrharpposition 200 resampling
experiments were performed, each of size 10000.traléy hypothesis was tested
calculating Tajima’s D (Tajima, 1989); we chose fodence limits for Tajima’s D
based on the beta distribution for n=1000 DNA seqas, as calculated by Tajima

(Tajima, 1989). Statistical analyses were performe (www.r-project.org).

3.2 Results

3.2.1 Resequencing

We performed a multiplexed pooling NGS experimant768 P. nigra accessions
divided in 12 pools of 64 accessions each. Therarpat consisted of two phases; we

list objectives and results of each experimentakphbelow.

Phase 1 (CADg)

Aim of phase 1 was to set-up a multiplexed poolequencing procedure for SNP
detection inCAD4 in 768 accessions. In addition, two pools (n=128gerwent
individual Sanger sequencing to perform a sensjtignalysis and to identify the
optimal SNP calling method; we will refer to thisgbset as the “training set”.

In phase 1 of the experiment, about 0.9 Gb of setpieata were generated. Dividing
this amount by the number of accessions (n=768) landhe length of theCAD4

consensus (2240bp), we obtained an experimentMebn Individual Coverage (MIC)
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of 486x. The complete consensus sequencP.afigra CAD4 was obtained in our
laboratory in a previous study (Marroei al, 2011). The consensus was used as a
reference against which short reads were align&eér A2moving a) reads which could
not be aligned to the reference (8%), b) reads hwbauld not be assigned to an index
(4%), and c) over represented reads at amplicor €&fo), an experiment-wide MIC
of 350x was obtained (Figure 3. 2). MIC was vagahtross pools, ranging from 120x
to 640x (Figure 3. 3). However, coverage at eaclylsi position along the gene,
measured as Mean Individual per Base Coverage (ME&E Materials and Methods

for details), is strongly conserved between paalggesting its sequence specificity.
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Figure 3. 2 MIBC along CAD4 sequence SNPs (vertical bars) and indels (asterisks)
positions are indicated relative to the coding sege (CDS, grey boxes) and introns
(horizontal black lines).
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Figure 3. 3MIBC alongCAD4 sequence in each po®ll: MIBC of pool 1;P2 MIBC
of pool 2; ... ;P12 MIBC of pool 12.
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Phase 2 (HCT1, C3H3, CCR7, 4CL3)

In phase 2 PCR products of the coding regiond@©T1, C3H3, CCRaAnd4CL3were
obtained. PCR products of the four genes were plo@ee Materials and Methods for
details) and sequenced in 768 accessions. A salbdbe accessions and amplicons
were also individually sequenced with Sanger tepmi to estimate general
performance of the method developed in phase lyiWeefer to them as the “test set”.
In phase 2 about 1.65 Gb of sequence data werergjedge corresponding to an
experiment-wide MIC of 181x (n=768, total lengthamnsensus sequences 11500bp).
After removing a) reads which could not be alignedhe reference (23%), b) reads
which could not be assigned to an index (1%), apdwer represented reads at
amplicon ends (5%), an experiment-wide MIC of 128 obtained. We used Sanger
sequencing on eight accessions to obtadth aigra consensus for the coding sequence
of the genes; the length of each individual codirguence (CDS) is reported in Table
3. 2. The consensus was used as a reference agiicst short reads were aligned.
After removing reads which could not be alignedhe reference, reads which could
not be assigned to an index and over represengels,réhe MIC ranged from 108x in
CCR7to 281x inHCTL MIBC along each gene is shown in Figure 3. 4.

Table 3. 2Summary statistics of SNPs identified in codingusagres of
CAD4, HCT1, C3H3 CCR7 and 4CL3 CDS (bp): Length of coding
sequence in base pair. SNPsaumber of SNPsMissense: number of
missense SNPS&top: number of SNPs introducing a stop codon.

Gene CDS SNPs Missense Stop
CADA4 1074 19 8 0
HCT1 948 13 5 1
C3H3 1527 12 6 0
CCRY 1017 15 9 0
4CL3 1623 25 8 0
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3.2.2 Variant detection

Phase 1 (CADg)

To identify the more appropriate minor allele freqay (MAF) for SNP calling, we
selected two pools (pool 5 and pool 9) as a trgiiet. The training set was analyzed
using both individual Sanger sequencing and poabedtiplexed NGS. Using
individual Sanger sequencing, we identified a tofadi2 SNPs, 19 in pool 5 and 23 in
pool 9 (Table 3. 3, column Individual Sanger). smultiplexed pooled NGS, we
identified a total of 43 SNPs, 19 in pool 5 andi24ool 9 (Table 3. 3, column Pooled
NGS); considering individual Sanger genotyping las ¢old standard, 42 of the 43
SNPs identified by multiplexed pooled NGS were tpgesitives and 1 was a false
positive. No false negatives were identified. RORalgsis gave the best results
(sensitivity 100%, specificity 99.9%) when we defiha SNP as any position in which
more than 0.41% of the reads showed a base différem the consensus. Overall,
pooled NGS was in agreement with individual Sargggfuencing and area under the
ROC curve was 99.9%. The small difference obtalmeteveen the two techniques may
be due to the joint effect of pooling and of the ©0$ different sequencing technologies.
Correlation of allele frequencies determined bydeanndividual sequencing and next
generation pooled sequencing was high (Table 3.n@ Rigure 3. 5, Pearson's
correlation coefficient r=0.96). Thus, the numbkreads in a pooled sample is strongly
correlated to allelic frequency in the origin paidn. As additional measure for
assessing the ability of Illlumina multiplexed pablanalysis to identify SNPs and
indels, we mixed in each pool three controls foiolvithe completeCAD4 sequence
was known from a previous study (Marrceti al, 2011). In total, these 36 controls
contributed 109 SNPs and 17 indels to the tweh@gpaNVe were able to identify 105
of these SNPs and 15 indels, corresponding totsetysof 96% for SNP calling and of
88% to identify both SNPs and indels. Although rgrelymorphisms present in the
control accessions might be present in additiomakessions of each pool, thus the
estimated sensitivity should be considered as aermipound.

Using the identified MAF threshold, we performedFSHNetection on the whole sample
and identified 48 SNPs (1 every 47 bp), 19 of whitDS (1 every 56 bp); 8 of them
were non-synonymous (Table 3. 4). We identifiedefetions and one insertion, all in

non-coding regions (Table 3. 5 and Figure 3. 2). tAk indels had already been
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identified in a previous study (Marroet al, 2011). No indels were detected in the

coding sequence @GADA4

Table 3. 3Minor allele frequency (MAF) of£CAD4 SNPs identified, in Pool 5 and
Pool 9, by multiplexed pooled NGS and individuah@ar sequencing, respectively.
'Position of the SNP on the reference sequefidor allele frequency (MAF)
using pooled multiplexed NGSMinor allele frequency (MAF) using individual
Sanger sequencinilD: No SNP detected.

Pool 5 Pool 9

Position * SNP  Pooled NGS? Individual | Pooled NGS? Individual
Sanger?® Sanger?®
948 TIA 0.0487 0.0735 0.0855 0.0758
969 CIG 0.1584 0.1471 0.1764 0.1667
1012 CIT 0.0090 0.0147 0.0167 0.0379
1016 TIG ND ND 0.0079 0.0076
1075 GIA 0.0122 0.0221 0.0478 0.0530
1098 CIT 0.2052 0.2206 0.1856 0.1970
1100 T/IC 0.0082 0.0147 0.0098 0.0379
1159 AIG 0.1687 0.1439 0.1809 0.1719
1165 TIG 0.0100 0.0152 0.0054 0.0156

1168 TIA 0.0049 0.0076 ND ND
1219 GIT 0.0048 0.0077 0.0370 0.0156

1260 AIG ND ND 0.0132 ND
1305 AIG 0.0108 0.0076 0.0193 0.0259
1329 AIG ND ND 0.0094 0.0172
1402 T/IC 0.0111 0.0149 0.0066 0.0161
1437 AIG 0.0183 0.0147 0.0065 0.0077
1515 AIG 0.2141 0.2279 0.1457 0.1567
1518 GIA 0.0090 0.0075 0.0227 0.0373
1753 GIA 0.0046 0.0074 0.0359 0.0373
1758 AIG 0.0055 0.0074 0.0049 0.0075
1827 T/IC 0.0338 0.0368 0.0183 0.0154
1886 TIA 0.2742 0.2426 0.1894 0.1875
2013 CIT ND ND 0.0154 0.0159
2101 CIT ND ND 0.0079 0.0079
2140 AIG ND ND 0.0105 0.0079
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Figure 3. 5Minor allele frequency of SNPs identified in thaiting set by pooled multiplexed
NGS and individual Sanger sequencing. Error bascalculated for pooled multiplexed NGS
assuming a binomial distribution, with successesesponding to the number of reads carrying
the minor allele and attempts corresponding tddted number of reads.

Phase 2 (HCT1, C3H3, CCR7, 4CL3)

Using the SNP detection pipeline used in phase ave¢yzed the four additional genes
included in phase 2, to identify variants affectiamino acid composition of the
corresponding gene products. We identified a tot&5 SNPs, 28 of which were non-
synonymous (Table 3. 4). Five missense SNPs werdifctd inHCT1, nine inCCR?7,
five in C3H3 and eight iMCL3 In addition a SNP causing a premature stop codm
identified inHCTL1 No indel was detected in the coding sequencengfad the four
genes. To estimate general performance of the metéeeloped in phase 1, a subset of
accessions and amplicons included in phase 2 {#isé Set”) was selected for individual
Sanger sequencing. The test set included all twebas for amplicorHCT1, pool 2
for ampliconsCCR7aandCCR7¢ and pool 12 for amplicoACL3h In total, 94 SNPs
were called, 83 of which were identified by bottpagaches, six only by NGS and five
by Sanger sequencing alone, with a sensitivity 3%69 Correlation of MAF between
pooled multiplexed NGS and individual Sanger sequmnwas 0.98, and correlation
between the logarithms of the allele frequencieagtive to differences in small MAF)
was 0.96. Figure 3. 6 shows logarithm of MAF of SNientified by individual Sanger
sequencing as a function of logarithm of MAF of SN&entified by NGS multiplexed
pooled sequencing. Of the 83 SNPs identified by lagproaches, 34 had a frequency
lower than 5% and 10 a frequency lower than 1%hEame SNP is carried by one or a

few accessions, and globally they appear in a gmnagiortion of accessions.
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Table 3. 4.List of non-synonymous SNPs 6fAD4, HCT1, C3H3 CCR7and4CL3 'Relative
to the coding sequenc&ommon allele/rare alleléNumber of pools in which the SNP was
identified. “Mean individual per base coverage of the SNP mwsitMinor allele frequency in
the whole sampléPredicted number of chromosomes carrying the SNP.

Gene |Position *| SNP? |No.pools®| MIBC* |Frequency ®| Carriers® |Aa change
CAD4 11 TIA 2 283 0.0011 2 L4H
CAD4 109 G/C 12 326 0.0114 18 V37L
CAD4 310 C/A 12 483 0.2015 310 N104H
CAD4 374 A/IC 4 592 0.0029 4 Y125S
CAD4 597 A/IG 12 657 0.1896 291 1199M
CAD4 835 G/A 8 233 0.0129 20 A279T
CAD4 925 AIG 1 159 0.0003 1 M309V
CAD4 956 CcIT 4 286 0.0046 7 A319V
HCT1 278 CIT 11 280 0.0239 37 T3l
HCT1 508 CIT 1 822 0.0012 2 R170C
HCT1 517 CIT 2 493 0.0011 2 L173F
HCT1 632 T/IC 1 501 0.0004 1 V211A
HCT1 710 G/C 6 263 0.0057 9 G237A
HCT1 729 C/A 12 227 0.0298 46 C243*
C3H3 598 CIG 12 54 0.4376 672 E200Q
C3H3 922 G/A 2 52 0.0009 1 1308V
C3H3 1033 T/C 8 75 0.0052 8 P345S
C3H3 1053 A/IC 2 115 0.0014 2 Q351H
C3H3 1198 CIT 8 128 0.0226 35 P400S
CCRY7 70 C/A 8 132 0.1967 302 L241
CCRY7 112 AIG 12 135 0.3034 466 T38A
CCRY7 350 CIG 5 57 0.0069 11 Al117G
CCRY7 506 CIT 1 30 0.0303 47 A169V
CCRY7 758 cIT 1 27 0.0359 55 S253F
CCRY7 887 AIG 2 210 0.0007 1 K296R
CCRY7 947 AIG 11 289 0.0191 29 K316R
CCRY7 1003 CIG 8 170 0.2979 458 V335L
CCRY7 1014 AT 4 121 0.0059 9 Q338H
4CL3 7 G/A 11 127 0.0245 38 A3T
4CL3 61 TIG 4 231 0.0039 6 Y21D
4CL3 95 T/C 1 153 0.0004 1 V32A
4CL3 709 T/C 2 149 0.0008 1 F237L
4CL3 897 CIG 12 255 0.0887 136 D299E
4CL3 913 AIG 1 181 0.0008 1 M305V
4CL3 1477 AT 1 109 0.0004 1 T493S
4CL3 1512 GIT 1 101 0.0012 2 Q504H
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Table 3. 5Insertions and deletions detectedGAD4 Position: Position in base pair
relative to the length d?. nigra coding sequencé&ype: Type of polymorphism (Ins =
Insertion, Del = Deletion).No. pools number of pools in which the polymorphism was
identified. MIBC : Mean individual per base coverage of the considlgrosition in the
pools in which the polymorphism was identifieBrequency pools Minor allele
frequency in the pools carrying the polymorphisihrequency total Minor allele
frequency in the whole sample.

Position Type | Sequence | No. pools MIBC Frequency | Frequency
pools total
325 Ins TGTGTA 8 264.67 0.0082 0.0055
374 Del CTT 9 257.27 0.0048 0.0036
522 Del A 12 342.98 0.0365 0.0365
1126 Del C 9 402.33 0.0205 0.0154
1259 Del AA 12 444.43 0.2964 0.2964
1909 Del T 11 191.13 0.0089 0.0082

0.1

Individual Sanger sequencing

T T T
0.01 0.03 0.1 0.3
NGS pooled sequencing

Figure 3. 6 Minor allele frequency of SNPs identified in thettset by
pooled multiplexed NGS and individual Sanger seqingn

Among the large proportion of variants with a fregay lower than 5%, we identified
in HCT1 a variant causing a premature stop codon (C243bJeTa. 4); the resulting

gene product is substantially shorter than the eple315 amino acids. We confirmed
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the variant and identified 41 heterozygous and lmm@®ozygous mutation carriers by

individual Sanger sequencing in the twelve pools.

3.2.3 Removing sequencing and alignment errors

False positive SNPs can arise at the 5" and 3’ efdéumina reads due to the higher
error rate of the sequencing process or to theepoesof small insertions/deletions near
the read ends. To adjust for this we 1) analyzeddod and reverse strand separately
and required that each SNP was identified in bo#nds; and 2) partitioned each read
in three segments of equal length, and requiredeheh SNP was identified in each of
the segments of the read (see Materials and Mefloodietails). Analysis performed on
the training set (phase 1) without these additianallity controls identified a total of
50 SNPs, 8 of which were false positives usinguialdial Sanger sequencing as a gold
standard. The positive predictive value was thut.8Applying the above mentioned
quality controls we identified 43 SNPs, one of whigas false (PPV=97.7%). In both
analyses we identified no false negative SNPs.

3.2.4 Effect of using a high fidelity DNA polymerase on
SNP detection

Given the sample size of 64 diploid individuals éach pool, the method was required
to detect variants with a theoretical minimum freqey of 1 in 128 (0.78%). False
positive SNPs can arise as a consequence of eitteerg alignments or sequencing
errors or errors introduced in the sequencing tataplduring the PCR amplification
reaction due to mis-incorporation of dNTPs by DN&lymerase.Taq polymerase is
known to be a particularly error-prone polymerasgiéh an estimated error rate between
1.1 errors per I0bp and 2 errors per 1bp according to manufacturer, and this is
known to create problems when sequencing cloned P©Ructs. To investigate the
role of DNA polymerase error rate we amplified arandidate geneHCT1) using a
high fidelity polymerase with an error rate of 1rpk)’ bp. We varied the MAF
threshold required to call a SNP from O to 1%, rded the number of identified SNPs
as a function of MAF threshold and compared resalitsined using the two different

enzymes. When the MAF threshold was close to zbeofraction of bases carrying a
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putative SNP was between 0.9 and 1.0 (Figure 3MAen the MAF threshold for SNP
calling increased, the proportion of bases idesdifias polymorphic decreased. In
Figure 5, a dot displays the frequency at whichrtheber of bases identified as SNPs
is lowered to 50% of the initial value. The corresging frequency was 0.1% fBICT1
(the only one amplified using a high fidelity DNAlgmerase), and more than 0.2% for
all the genes for which amplification was performexing Amplitaqg Gold. When the
MAF threshold increased to 0.4%, performances eftébo different polymerases were
comparable. Overall, our data suggest that theofia@ accurate polymerase decreases
the process error rate and facilitates the deteaifoextremely rare variants. However,

variants with frequencies lower than 1% can s#ldzcurately detected even without
the use of a high fidelity polymerase.
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Figure 3. 7Number of called SNP per nucleotide as a functibthe
MAF set as threshold in the five genes studiecha éxperiment. The
dots represent the frequency for which number oPSM lowered to
50% of the initial value. Continuous lindCT1, sequenced using a high
fidelity polymerase. Thick dashed lin€AD4, sequenced with Taq
polymerase. Thin dashed [In€3H3 sequenced with Taq polymerase.

Dotted line:4CL3 sequenced with Taq polymerase. Dashed-dotted line
CCRY sequenced with Taq polymerase.
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3.2.5 Effect of decreasing Mean Individual Coverage (MIC)
on SNP detection

To investigate the effect of decreasing MIC on Stidtection and to identify the
optimal coverage for variant detection, we perfatragnulations on subsets of the data
generated in phase 1. Figure 3. 8 shows the nuo&NPs as a function of MIC
(continuous line). The graph also shows the cooedimg number of SNPs in common
with those identified in the analysis on the whdéaset (dashed line), which can be
considered a conservative estimate of true pos8NEs. When MIC is above 150x, the
results are not distinguishable from those obtaimitll the whole data set. Performance
is worse for MIC lower than 100x, where almost 56f4he identified SNPs were not

identified in the whole data set (i.e. likely tofaése positives).
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Figure 3. 8 Number of SNPs identified as a function of MIC. Rés are plotted as the
average of results from ten independent simulati@mtinuous line). The average
number of SNPs included in the intersection betwshbi®s identified in the simulation
and in the whole set of reads (dashed lines) aé as an estimate of true positives.

3.2.6 Population genetics parameters

Accuracy of nucleotide diversity estimation by pebimultiplexed NGS was evaluated
by comparing nucleotide diversity in training arebtt set. Estimates of nucleotide
diversity based on multiplexed pooled NGS and iitial Sanger sequencing were
highly correlated (r=0.99, Figure 3. 9). Nucleotidwersity and statistical tests for
neutrality (Tajima’s D test) were computed in theole sample. Results are shown in

Table 4. No Tajima’s D test showed significant @an from neutrality. However,

59



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

most of Tajima’s D tests showed negative valueser@ll nucleotide diversity ranged
from 0.65*10° to 1.86*10°. Non-synonymous to synonymous nucleotide diversitip
ranged from 0.03 iIHCT1and4CL3to 0.47 inCCR7.

© 7 O Pooled Multiplexed NGS
B Individual Sanger

4
|

Nucleotide diversity * 10°
2 3
| |

CAD4bc CCR7a CCR7c 4CL3b HCT1
n=128 n =64 n =64 n==64 n=768

Figure 3. 9 Nucleotide diversity calculated using allele frexcye
estimated by pooled multiplexed NGS (light bars) by individual
Sanger sequencing (dark bars).

3.3 Discussion

Next generation sequencing of selected genomicomegirepresents a powerful
approach to identify the complete spectrum of DN&guence variants. Accurate
detection and genotyping of SNPs is crucial fonggiopulation sequencing to detect
rare, as well as common, functional variants aiffgcany given trait. For this reason, a
cheap and fast method for the identification ofypwrphisms is likely to be of great

importance for determining the spectrum of varmatand for identifying carriers of

60



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

functional variants. We report on the use of midkpd pooled next generation
sequencing of PCR products to identify SNPs in Gaadidate genes involved in lignin
biosynthesis.

Our aim was to detect rare, as well as common,npofghisms in a sample of 768
poplar accessions arranged in 12 pools consisting4oaccessions each. For this
reason, we developed a custom analysis workflovin witong discrimination ability
between real SNPs and sequencing or alignmentser@wen the small number of
genes that we sequenced, PCR was the method aechtdwever, errors due to DNA
polymerase might affect the detection of rare vasaWe performed a subset of
amplifications using a high fidelity polymerasedashowed that the use of an accurate
DNA polymerase increase the ability to discriminbtween sequencing errors and
true polymorphisms (Figure 3. 7).

Each of the 12 pools was composed by a relativiglyi humber of poplar accessions
(n=64), and the number of individuals sequenced single reaction was very high
(n=768). Therefore, a high Mean Individual Coverages required to avoid that SNPs
in under-represented accessions were missed. kephave obtained a MIC of 350x.
Simulations showed that lower MIC (around 150x)!I stllowed to obtain reliable
results (Figure 3. 8).

False positive SNPs can arise at the 5’ and 3’ efditumina reads due to the higher
error rate of the sequencing process or to theeppesof small insertions/deletions near
the read ends. The workflow that we developed wgectere in removing SNPs in
proximity of small insertions/deletions, and substdly reduced false positive
findings.

Applying our workflow to the whole data set, wentiéed 37 non-synonymous SNPs
in five genes involved in lignin biosynthesis (Tald. 4), one of which (C729A) caused
a premature stop codon (C243*)HCT1. We performed individual Sanger sequencing
to identify carriers of the C243* mutation. Carg@f the stop codon have been selected
for extensive phenotypic evaluation, and will bedigh conventional breeding program
to obtain offspring with improved lignin composiio Among SNPs confirmed by
individual Sanger sequencing, we were able to iffeat SNP occurring only once in
1536 chromosomes (expected frequency 0.065%). Jiies an idea of the potential
that pooled multiplexed NGS has to identify rareiarats. The ability to confidently

identify rare variants is crucial. Mutations affiegt the phenotype are likely to be
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negatively selected. Their frequendywill depend on the mutation rate and on the

strength of the negative select®onAt the equilibrium, the predicted frequency of a

dominant mutation i$ :ﬁ, and that of a recessive mutatiorf is \/Z Assuming a
S

S
gene mutation rate in the range®t® 10° and a decrease in fithess of 1%, the expected
frequency of a dominant allele in the populatioti e lower than 0.1% and that of a
recessive allele lower than 5%. Not surprisinglprenthan 40% of the SNPs identified
in the present study had a frequency lower than &8d, eight SNPs are predicted to
appear in only one chromosome (Table 3. 4). Knotckautations, such as those that
can be obtained by gene silencing through transfbom, are likely to be fully
recessive and have a selection coefficient equal.tdhis would translate into an
equilibrium frequency range of 0.0001-0.0032 far fame range of mutation rate. This
would require screening a number of 475 to 150ddviduals to have a 95% chance of
identifying the desired mutation. These numbersug large, are clearly approachable
using the method here described that can therbfelopted to look for rare mutations
that could be utilized in breeding programs in pla€transgenic events.
We detected one such mutations that causes a prenstbp codon (C243*) iRICT1
and that was found at a rather high frequency (3¥gluding in a homozygous
individual. The reason for such a high frequency fom the vitality of the homozygote
could either be that the mutation is not causingeae knockout due to its location
towards the COOH-terminus of the protein that wahlerefore retain at least a partial
activity, or that the gene is partially or complgtéunctionally redundant due to the
presence of additional family members (8hal, 2010).
Our method accurately identified rare variants hwdw false-positive and low false-
negative rates, and allowed to correctly estimatgomallele frequency (Figure 3. 5).
As a consequence, all population genetics param#tat can be obtained from allele
frequency, such as nucleotide diversity, are alsourately estimated. Additional
population genetic parameters such as Tajima’srDatso be calculated. The workflow
that we developed can be used to identify commahrare SNPs in any organism.
Given its ability to discriminate true positive SdfPom bias, it is particularly suited for
the screening of large populations in search & variants that could be immediately
used in breeding programs. In addition, studiesdia the genetic characterization of
different populations of a given organism may tad@vantage of our workflow.
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Individuals belonging to each population will beoped together, and population
genetics parameters can be accurately estimatededoh population. Finally,
researchers investigating qualitative phenotypey e@npose pools based on the
phenotypic category, accurately estimate allelequemcy of SNPs in the two
phenotypic classes, and perform pooled associasitualies following statistical
approaches that have already been developed (8hain2002).

In conclusion, we showed that our workflow basedpoonled multiplexed NGS is an
efficient and accurate method to screen a largebeurof individuals for mutations
providing the basis for a next generation Ecotjlimethod (Comait al, 2004).
Sensitivity and specificity of the method are emtedy high, and the identification of
polymorphisms is highly quantitative, allowing acate estimation of allele frequencies

and population genetic parameters in large samples.
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4

Structural Variation in Poplar

4.1 Materials and Methods

4.1.1 Plant material

The experimental sample consisted oPdpulus nigragenotypes (BDG, 71077-308,
POLI and BEN3), ZPopulus deltoidegienotypes (L150-089 and L155-079) andPL2
nigra x P. deltoidesF1 hybrids, obtained by crossing two of the fBumigra and the
two P. deltoidesgenotypes with a partial factorial design. Pedigrdormation of the

12 hybrids is reported in Figure 4. 1.

P. nigra P. deffoides P. deftoides  P. nigra
(BDG) {L150-089) (L155-079) (71077-308)

193 502 542 538 211 585 592 589

Figure 4. 1Representation of the studied interspecific popéatigree. Twd?. nigramales
were crossed with B. deltoidefemales and three F1 hybrids per cross were select
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4.1.2 DNA extraction, library preparation, and next-

generation sequencing

Leaf tissues from greenhouse-grown plants werergtan liquid nitrogen and high-
molecular-weight genomic DNA was extracted from laucising a modification of
Zhang protocol (Zhangt al, 1995). To prepare NGS libraries, 5 pg of nucleBrA
was randomly fragmented by Fragmentase treatmenEBN¢xt™ dsDNA
Fragmentase™, New England Biolabs) at 37°C for @rhbibraries were prepared
using lllumina reagents, according to manufactsirepecifications (lllumina, San
Diego, CA). End repair of fragmented DNA was pemied using T4 DNA polymerase
and Klenow polymerase with T4 polynucleotide kingsebsequently, an “A” base was
added at the 3' end using a 3'-5' exonuclease@dfisklenow fragment. The paired
end adaptor (lllumina) with a single T base ovethahthe 3end was ligated to the
above products. The PE adaptor ligated producte weparated on a 2% agarose and
excised at approximately 600 bp. Fragments werieled by 16-cycle PCR reaction
using PE primers 1.1 and 2.1 (lllumina). A Genonmalzer flowcell was prepared on
the supplied cluster station and libraries weraieaged on the lllumina GA2x platform
according to the manufacturer's instructions. Tty of sample POLI was sequenced
on the newer lllumina HiSeq platform. Images frone tnstrument were processed
using the manufacturer’s pipeline software to gateeFASTQ sequence files.

4.1.3 Short read alignment and phylogeny reconstruction

CLC Genomics Workbench (CLC bio, Cambridge, MA) wased to remove low

quality 3' ends of each read. After trimming, opbirs where both reads were longer
than 50 bp were retained. Reads were aligned t® thechocarpareference sequence
using the short read alignment program BWA (Li dbddrbin, 2009) with default

parameters. Mean individual coverage for each sanvplk calculated by summing the
coverage at each position of the reference genomiéiziding the result by the number
of positions of the genome covered by at leastread. Mean physical coverage was
calculated with the same criteria but taking intcaunt also positions comprised
between the two sequenced reads. To reconstruttigany we compared the reference
P. trichocarpasequence with the consensus sequence of the &mantpl accessions.

The genome-wide number of nucleotide differences walculated for all pairs of
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individuals and was used to build a distance matiphylogenetic tree based on the
distance matrix was reconstructed using an UnwetyHeair Group Method with
Arithmetic Mean (UPGMA) approach using phylip (Feistein, 1989).

4.1.4 Detection of deletions

BreakDancerMax (Cheet al, 2009) was employed to detect deletions relabvineP.
trichocarpa reference sequence. BreakDancerMax uses spamn&izemation of each
paired-end read to identify paired-end reads witlaaomalously long span size. Based
on simulation results, deletions were called fax &P. nigraP. deltoidesindividuals
requiring for at least one individual a minimum rlen of anomalous read pairs to
establish a connection of 5 (optioh and a minimum MAQ mapping quality of 60
(option ). In addition, a maximum structural variant size50000 (optionm) was
required. For sample POLI, which had a mean coeamput three times the coverage
present in the other 5 samples, optiomvas set to 15. BreakDancerMax was also
employed to detect deletions in the 12 hybrids. Dmethe lower mean coverage
obtained in hybrids, in this analysis BreakDancexMeas run with default parameters
(r = 2,q = 35). Results for each hybrid were compared wittse obtained in highly
covered individuals to identify which variants pasin parents were also identified in
the F1 progeny. The deleted sequences were anthataterder to identify 1) their
homology with transposable elements and 2) themegsontent. The homology with
transposable elements was analyzed by a blastacfhitet al, 1990) analysis of the
deleted sequences against a database of repeétereents. The database was
composed by all the plant sequences present in &si6.02 (Jurkat al, 2005), all
the sequences from TREP Release 10 (Kelleal, 2002), all the sequences from the
Plant Repeats Database at MSU (Ouyang and Budl¥)2@nd a list of transposable
elements annotated frowftis vinifera Prunus persicandP. trichocarpa In addition,
the database contained a list of 6273 trichocarpa specific repetitive sequences
identified using RepeatScout (Prieeal, 2005).

4.1.5 Detection of insertions

For the detection of insertions with respect toRhdrichocarpareference sequence, a

custom pipeline was developed. The pipeline aimghat detection of insertions
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resulting from known DNA elements, such as tranapleselements; it is composed by
three main steps:

1- Putative insertions are recognized by the prasei singletons (i.e. reads aligned to
the reference having the mates unaligned or alignednhultiple positions of the
genome) flanking the insertion site. In the ocauceeof an insertion, singletons should
fall into two groups with opposite orientation ping toward the putative site of
insertion (Figure 4. 2 and Figure 4. 3, Step 1) #melr mates are expected to be
unmapped because they derive from the insertedeseguwhich, by definition, is not
present in the reference genome. To identify thatme insertion sites, for each of the
19 chromosomes, all the forward and reverse oriesiegletons were extracted from
the alignment file and then separately novoassembled using the CAP3 Sequence
Assembly Program (Huang and Madan, 1999). CAP3 nvasby setting an overlap
length cutoff of 16 (optioro), a clipping range of 6 (optioy), an overlap similarity
score cutoff of 251 (optiog), a maximum overhang percent length of 100 (optipra
match score factor of 40 (option), a segment pair score cutoff of 21 (optiprand a
chain score cutoff of 31 (optigh. The obtained “forward” and “reverse” contigs wer
aligned with blastn against the corresponding chromosome of Bhetrichocarpa
reference genome. Putative points of insertionsewselected as regions of the
chromosome flanked on the left by a “forward” cgraind on the right by a “reverse”

one, with a maximum distance between the two cetigger than the mean insert size.

— - - - - ~— — ey G w— - - - -<—
——— - - E— - - - - -<— — e el G —— - - - - <E—
—— e ). G ) G — —) - - - — — - - - - —
—— -G E—— - - — - - - - -<— — e el G —) - - - <E—
—) -G )<  — - - - - <{— —p e . e — - - <—
— ~— — "-"_ I‘I -_:."_ l. — G ey G — - - - - <—

Figure 4. 2Schematic representation of the insertion signaResl and blue arrows represent
the two groups of singletons with opposite oridotatpointing toward the putative site of
insertion.

2- To reconstruct the two ends of the putativeBemed sequence, the unaligned mates
of the singletons used to assemble the “forward! ‘arverse” contigs were selected
andde novoassembled using the tool CAP3 (Figure 4. 3, Sjep 2

3- To characterize the whole inserted sequencdigsoobtained in step 2 were aligned

usingblastnagainst a database of known plant transposahieeels consisting of the
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whole set of databases used for the annotatioelefetl sequences, with the addition of
the sequence regions that were identified as deketiinsertions were detected when
the two contigs aligned at the two extremities lid same sequence within this set
(Figure 4. 3, Step 3).

— —
FOR = o= REV
singletons == = singletons
-- --
1 o | ~_ Reference
DE NOWVO ASSEMBLY
— —

- _ _ I I

— BLAST

| putative inserted sequence | }

Figure 4. 3Graphical representation of the pipeline developed
for the detection of insertions.

4.1.6 Simulations

To investigate the sensitivity in identifying sttural variants and to choose the best
parameters for the analysis, one thousand insertowl deletions were simulated for
the sample L155-079, randomly chosen from the dggh hcoverage sequenced
individuals. Variants were simulated by randomljestng one thousand 1 to 30 Kb
DNA sequences in the originBl trichocarpareference sequence and moving them to a
new randomly chosen position, forming a modifieterence,SV.referencéFigure 4.

4). Simulated insertions were expected where ti¥ Heéquences were removed from

the original reference, while deletions were expegatvhere the sequences have been
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inserted. To ensure sufficient coverage on botlessidf the simulated variants,

sequences were moved from and to positions of ém®me having a mean sequence
coverage of at least 5x in the surrounding 500rbthe chosen genotype. To perform
the detection of the simulated structural variahig5-079 reads were aligned against

the SV.referenceising BWA as described before.

P. trichocarpa reference

[ ] [ I =
e B B Em B Em m B s e B e BN B R e B e
-—--—|—--—--—/--—--—--—--—--—- H—a A .

I v

[ I

| o

simulated SV.reference

insertion

L -4 simulated deletion

| | | |
- . - S B B B B . - - e
- . - e . - mewm o W B Eom R
- B N I N N N . . N O e A e =
S E I N B N . e =

Figure 4. 4 Representation of the strategy employed to simul@@0 insertions and
deletions in theP. trichocarpareference genome. It assumes no structural vamiati
betweerP. trichocarpaandP. nigrain the regions involved.

Identification of simulated deletions

To identify simulated deletions, BreakDancerMax weed to analyze the sample
L155-079 aligned against the modifi&Y/.referenceThis algorithm detects deletions
using read pairs that are mapped at a distancstar@lard deviation of the insert size.
BreakDancerMax was run requiring a maximum stradtuariant size of 50000 (option
m), a minimum number of read pairs to establish mneation of 2 (optiorr) and a
minimum MAQ mapping quality of 35 (optioq). True positives were defined as
deletions detected by BrekDancerMax overlapping 36étprocally with a simulated
variant. To quantify BreakDancerMax’s performancathwrespect to different
parameter settings, results were filtered by pregjvely increasing values ofandq
and analyzing the effect on results. Performance quantified in terms of the number
of true positives (TP) and the number of total pess (P). The number of false
positives (FP) is unknown and can only be estimatethe basis of the number of total

positives. In fact, in addition to the 1000 simathtdeletions, other true deletions that

69



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

were originally present in sample L155-079 withpexs to P. trichocarpacan be

identified. To identify the optimal confidence sedhreshold and the optimal minimum
number of anomalously mapped pair reads requirezilitca deletion, we analyzed the
percentage of TP and P as a function of the apphiessholds. This analysis aimed at
the selection of those parameters at which the eurmb P considerably decreased
compared to TP, in order to maximize true positivasile minimizing false positives.

In addition, to analyze the possible factors affectsensitivity, a comparison of the
sequence coverage in the 500 bp surrounding thelaed variants between true
positives and false negatives was performed. Bég@od coverage statistics in the two
datasets were computed excluding from the anatisis?.5% extreme values of the

coverage.

Identification of simulated insertions

To evaluate the power to detect insertions, thgnadent of sample L155-079 against
the modifiedSV.referencevas analyzed with a custom pipeline (see sectibby True

positives were defined as insertions detected Ioymeline less than 500bp apart from
the simulated insertion site. To evaluate the éffésequence coverage on sensitivity,
a comparison of the sequence coverage betweepdsiives and false negatives in the

500 bp surrounding the simulated insertions watpeed.

4.1.7 Gene content analysis

The P. trichocarpav2.2 gene annotation (Tuskan al, 2006) was used to study the
gene content of the identified deletions and theegé&action interrupted by the
identified insertions. Sequences of these two gslifegenes were used as query for a
blastx analysis against the Viridiplantae (taxi®080) non redundant protein (nr)
database. Blastx results were imported into thatB@O tool (Conesat al, 2005) for
the functional annotation. Blast2GO extracts the B8@ns associated to each of the
obtained blastx hit and returns an evaluated GQotation for the query sequences.
Blast2GO functional annotation was performed takimgp account only those
functional terms which were covered by at least 1dif%the dataset. Over- or under-
representation of GO terms in the two subsetspagpared with the rest of the genome,
was tested using a Fisher's Exact Test implemeintettie Gossip (Bluthgemet al,
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2005) package integrated in Blast2GO. To reducentimeber of false positives, a false
discovery rate correction for multiple testing (fenini and Hochberg, 2007) was

applied and only differences with a corrected pigat0.05 were selected.

4.1.8 PCR validation

To experimentally validate a set of identified iigas and deletions we used a PCR-
based assay. We performed PCR amplifications ofeties of 36 deletions and 36
insertions in order to obtain differential amplét@ons in the presence or absence of the
putatively detected variants. We aimed at obtainiag least 20 informative
amplifications for each kind of variant. We desidreprimers for each variant (Figure
4. 5) that were combined in 3 primer pairs: oneg phi2) amplifying the 5' junction
between the deleted/inserted sequence and theemetersequence, one pair (3-4)
amplifying 3' junction, and a third pair (1-4) cawiing the two genomic regions
flanking the variant. Deletions are confirmed bg #implification of the two external
primers (1-4), while insertions are confirmed bg #implification of the two junctions
(1-2 and 3-4). Primer design was performed usintciBzrimer3 (Youet al, 2008).
DNA amplifications were performed in 15 pl PCR t#aws, using KAPA2G Fast Hot
Start Ready Mix (Kapa Biosystems). The reactionsewgerformed in the Geneamp
9700 PCR system (Applied Biosystems, Foster City),Cunder the following
conditions: 95 °C for 2 minutes, 35 cycles of 16m®ls at 95 °C, 15 seconds at 56 °C
and 15 seconds at 72 °C, followed by a final extenof 1 minute at 72 °C.

Amplification results were run on a 1% agarose gel.

Primer pairs
Variant | 1-2 34 1-4
DEL - - +
INS + + -

REFERENCE

4

Figure 4. 5 Representation of the PCR assay performed to vealidatected insertions and
deletions with the expected amplification pattdordhe two kinds of structural variation.
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4.2 Results

4.2.1 Sequencing

We performed whole-genome next-generation sequenuinl8 poplar accessions: 4
Populus nigraaccessions, Ropulus deltoideaccessions and B2 nigrax P. deltoides
F1 hybrids, obtained by crossing two out the faisequence®. nigraand the two re-
sequencedP. deltoideswith a partial factorial design. Short reads wigiamed on the
basis of the FASTQ quality scores. After trimmitigge mean read length ranged from
82.6 to 105.3 (Table 4. 1).

Table 4. 1List of all theP. nigra (N), P. deltoidegD) andP. nigrax P. deltoides(N x D)
resequenced accession with the correspondingyilaraat coverage statistics obtained after the
alignment to thé>. trichocarpareference genome.

Sample | Species Mean read Mean_ insert | Sequence Physical | % reference
length size coverage coverage covered

BDG N 96.3 554.4 16.9 48.6 61.7
71077-308 N 82.8 441.9 17.4 46.4 74.0
L150-089 D 104.7 227.9 20.7 22.6 64.2
L155-079 D 92.5 439.3 19.1 45.3 70.5
POLI N 96.7 390.2 69.7 140.7 76.6
BEN3 N 82.6 194.1 17.4 20.5 71.1
661200177 N x D 105.3 413.6 10.5 20.6 69.8
661200192 NxD 104.2 345.0 8.8 14.5 63.4
661200193 NxD 101.7 410.7 6.0 12.0 62.0
661200232 N x D 91.2 412.7 6.8 15.4 62.9
661200214 N x D 96.3 358.8 10.2 19.1 67.6
661200211 N x D 97.9 415.2 9.1 19.3 65.8
661200502 N x D 96.8 317.8 8.3 13.6 62.1
661200542 NxD  96.94 593.27 10.6 32.3 62.3
661200538 NxD  97.48 369.87 10.2 19.3 64.3
661200585 NxD  92.07 555.96 13.1 39.5 61.3
661200592 NxD  93.86 513.85 6.9 18.8 67.8
661200589 NxD 91.01 396.09 115 24.9 69.2

Populus trichocarpa v4Tuskanet al, 2006) was used as a reference against which

short reads were aligned. After removing readsnaligto the reference in multiple
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positions, we obtained a mean individual coveraggying from 6x to ~70x (Table 4.
1). The original study design aimed at sequend@n@. nigra and 2 P. deltoides
accessions at 20x and the F1 hybrids at 10x. TleatiditionalP. nigra accessions
(BEN3 and POLI) were sequenced in the framework @bllaborative effort, with a
coverage of 17x and 70x respectively. The percentdgheP. trichocarpareference
sequence covered by at least one read was at 66886t in all the resequenced
individuals. The mean insert size was ~400 bp orenio all individuals, generating a
mean physical coverage of at least twice the saxmpueaverage. This was not true for
L155-079 and BEN3 in which insert size was ~20Gabgd physical coverage was only

slightly greater than sequence coverage.

4.2.2 Simulations

To quantify the performance of structural variagitsection as a function of parameters
settings, we simulated in th trichocarpareference sequence one thousand deletions
and insertions ranging from 1 kb to 30 kb in si#ée aligned reads obtained from
sample L155-079 against the simulated referenceieseg and we analyzed the
performance in the identification of the simulateatiants. To identify deletions we
used BreakDancerMax (Chenal, 2009), an algorithm for high-resolution mappirig o
genomic structural variation from next generatioairgd-end sequencing reads.
BreakDancerMax detects different kinds of strudtueaiants, using read pairs that are
mapped with unexpected separation distances ontatien. We considered a deletion
as true positive if at least 50% of the detectathunh overlapped with at least 50% of a
simulated variant. BreakDancerMax associates vatthgrediction a confidence score
that can be used to discriminate between trueipesi{TP) and false positives (FP). In
this experiment FP can only be estimated usingdted number of positives (P) as a
proxy because the modified reference, in additionthe 1000 simulated deletions,
includes deletions originally present in sample 3-059. To identify the optimal
confidence score threshold for the detection oétitehs, we analyzed the number of TP
(blue line) and P (red line) as a function of tippleed score threshold (Figure 4. 6). If
all the identified deletions were true (simulatednot) the two curves would have the
same trend. However, increasing the confidenceestweshold the number of positives
decreased faster than the number of true positsugggesting the presence of a large

proportion of false positives when using low coefide score thresholds. At higher
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thresholds, the two curves decayed at a similag.pHais suggests that applying higher
thresholds the majority of the detected deletiores teue. In order to maximize true
positives, while minimizing false positives we diagil to select 60 as confidence score
threshold. Applying this threshold we excluded ~10Rthe true positives and ~30% of

the total positives.
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Figure 4. 6Number of true positives (blue) and total positiyesl) deletions as a function
of the BreakDancerMax score threshold. A dashed highlights the score threshold
chosen for the analysis.

We performed a similar analysis to identify theimai threshold for the number of
anomalously mapped pair reads required to calletide. We plotted the number of TP
(blue line) and the number of P (red line) as acfiom of the required number of

supporting pair reads (Figure 4. 7).
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Figure 4. 7Number of true positives (blue) and total positiesl) deletions as a function
of the number of supporting paired reads requioechtl a variant. A dashed line highlights

the number of supporting reads required for thdyaita
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At very low thresholds, the number of positivesrdased faster than the number of
true positives, thus suggesting the presence a@ftafalse discovery rate when applying
very low thresholds. When requiring at least 5 suppg paired reads, the two curves
showed a similar trend, suggesting a balance betwbhe maximization of true
positives and minimization of false positives. &ttf by requiring at least 5 supporting
reads we excluded less than 10% of true positimdgr@ore than 30% of all positives.
Selecting all the deletions identified by BreakDentax with a confidence score60
and supported by at least 5 read pairs, we were t@bbetect 408 out of the 1000
simulated variants. Simulated deletions not deteotehis analysis are likely to occur
in regions of the genome were it is difficult to pnahort reads, such as repetitive
regions. We compared the mean coverage in theifigniegions of the simulated
deletions between true positives and false negaftfiFggure 4. 8). In TP the median
coverage was 26.7x while in FN it was sensibly Io(8.9x), while the mean coverage
for the individual was 19.1x. This analysis suggekat a large extent of the undetected
variants did not contain enough anomalously mappads in their flanking regions to
be detectable by BreakDancerMax. These estimatestbabe considered upper bounds
for the sensitivity because in addition to coverdgsero- vs. homo-zygous state of the
variant may significantly affect the ability to et them (in the simulations all variants

were by definition homozygous).

Deletions Insertions

1 |
R R T 1

T
TP FN P FN

40

Coverage
30
|

20

Figure 4. 8Coverage distributions in the flanking regionsroktpositives (gray) and
false positives (light gray) for simulated delesofteft boxes) and insertions (right
boxes). The whiskers extend out to the datasetsragtvalues.

75



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

To analyze the accuracy of the detected deletionndbaries, we calculated the
correlation between the predicted and the actuaal ai the simulated deletions (Figure
4. 9). The correlation was high (Pearson’s con@tatoefficient r = 0.99) and only in
few cases the predicted length was larger thasithelated one.

To identify simulated insertions we employed a omspipeline (see section 4.1.5). We
considered an insertion a true positive if theatise between the predicted and the
simulated point of insertion was less than 500 Wp. identified 435 out of the 1000
simulated insertions. The comparison in terms chimeoverage in the regions flanking
the simulated insertion site between true positaved false negatives highlights also in
this case a significant difference between the swbgroups (Figure 4. 8). In TP the

median coverage was 26.6x, while in FN it was 17x.
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Figure 4. 9 Correlation between the original lengths of the
simulated deletions and those predicted by BreakBéhax.

The selection of BreakDancerMax thresholds was sigported by a similar analysis
performed inVitis vinifera In this case, we simulated 1000 insertions anetidas by
modifying theV. viniferareference genome (Jaillat al, 2007) and by aligning to the

modified reference short reads obtained from thmesaccession used to build the
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reference. This analysis allowed the estimationboth true positives and false

positives. To analyze BreakDancerMax performanaebecting deletions, we analyzed
the percentage of TP (blue line), FP (green limeg) B (red line) as a function of the
applied score threshold and number of required auiipg reads (Figure 4. 10). In both
graphs, the percentage of false positives decrefaster than the percentage of true
positives when increasing the thresholds. Thisyamakonfirmed that requiring a score
> 60 and at least 5 supporting reads, we retainedntgority of true positives (~76 and
~98% respectively) and discarded a great portiorthef false positives (~53% and
~48% respectively). Using these thresholds we vabite to identify deletions with a

positive predictive value (PPV) of 77% and a falsscovery rate (FDR) of 23%. On

the other hand, using our pipeline for the deteciwd the simulated insertions, we
obtained a PPV of 92% and a FDR of 8%.
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Figure 4. 10Simulation results itv. vinifera Number of true positives (blue), false positives
(green) and total positives (red) deletions as mctfan of the BreakDancerMax score
threshold A) and of the number of required supporting re&JsA dashed line highlights the
thresholds chosen for the analysis.
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4.2.3 Structural variants detection and classification

We detected deletions iR. nigra and P. deltoidesindividuals with respect to the.
trichocarpa reference sequence using the software BreakDarsoerlepplying the
thresholdsyj=60 andr=>5, selected according to simulation results. Véiified a total

of 3380 deletions ranging from 240 bp to 47009rbpize (Figure 4. 11).
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Figure 4. 11Length distribution of the 3380 deletions identifiwith BreakDancerMax

The number of variants identified in each of theaénples is reported in Table 4. 2. In
samples L150-089 and BEN3 the number of identifielétions was significantly lower
than in the other samples. This was probably duthdovery short size of sequenced

inserts in these two samples and, as a consequertbe, lower physical coverage.

Table 4. 2Summary of the identified deletions and insertionthe 6 resequencd? nigraand
P. deltoidesndividuals and the corresponding total numbe¥ibfinvolved.

BDG | 71077-308 L150-089 L155-079  POLI BEN3 Total | Mb
(P. nigra) (P. nigra) | (P. deltoide} (P. deltoide}| (P. nigra) | (P. nigra
DEL| 1489 1997 420 1612 2039 390 3380 14.7
INS 687 1788 280 1533 3059 197 5877 23.3

0.01% of the identified deletions corresponded tretshes of “N” bases in the.
trichocarpa reference sequence, inserted in the referencanbisdo connect two

subsequent contigs. 77% of the deletions identifieat least one of the four parents of

78



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

the pedigree were identified also in at least dnth@ F1 hybrids. A blastn analysis of
the deleted sequences against a database of pjatitive elements showed that 76%
of the identified deletions were homologous witlegetitive element present in the
database. Of these, the majority showed homologly @lass | LTR retrotransposons; a

more detailed classification is reported in Tabl8.4

Table 4. 3 Classification of the variants on the basis of rtheomology with Class |
(Retrotransposons) or Class 1l (DNA transposobdJL: deletions;INS: insertions;LTR:
long terminal repeatsSINE: small interspersed nuclear elemeitf\E : long interspersed
nuclear element§;IR : terminal inverted repeats.

Class | Class Il Unknown
DEL 77.12% 13.89% 8.99%
INS 88.53% 8.22% 3.25%
LTR SINE LINE TIR Helitron  Unknown
DEL | 74.79%  1.63% 0.70% 8.02% 3.04% 2.84%
INS | 84.69% 2.62% 1.23% 3.08% 1.00% 4.130*)

For the detection of insertions resulting from thensposable elements activity, we
developed a custom pipeline. We identified a tofab877 insertions if. nigra and/or

P. deltoidesndividuals with respect to thie trichocarpareference sequence (Table 4.
2). The number of identified insertions is congisteiith the number of identified

deletions for each individual. In sample POLI, s=med at a higher coverage, we
identified a significantly higher number of inserts. 37% of the insertions identified in
at least one of the four parents of the pedigree wkentified also in at least one of the
F1 hybrids. As observed for deletions, the majodfyinsertions resulted from the
activity of class | LTR retroelements (Table 4. Fccording to our estimated

phylogenetic treeP. deltoidesand P.trichocarpa resulted more closely related with
each other than tB. nigra, but the overall distance between the three spetas quite

similar (Figure 4. 12).
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} P. nigra
71077-308

L155-075 } P. deltoides

L150-089

reference P. trichocarpa

Figure 4. 12Topology of the phylogenetic relationship betw&migra P. deltoidesandP.
trichocarpa

To study the agreement of our results with the ipted phylogenesis, we stratified the
identified variants by species (Table 4. 4). Whealgzing the whole dataset, a great
part of the variants (51% of deletions and 71%nskertions) resulted to i@ nigra
specific. For deletions, the remaining variants evequally distributed betweeR
deltoidesspecific andP. nigraP. deltoidesshared variants. For insertions, the number
of variants shared by the two species was conditlefawer (2%). To eliminate any
bias introduced by having differeBt nigraandP. deltoidessample sizes, we performed
the same classification by comparing only &haigra accession (71077-308) with one
P. deltoideqL155-079), comparable in terms of coverage aseérinsize. In this case,
the difference betweeR. nigra and P. deltoidesspecific variants was lower, but the
percentage of shared deletions was still considieraigher than the percentage of

shared insertions.

Table 4. 4 Percentage of variants identified only B nigra
accessionsN), only in P. deltoidesaccessionsd) or in both
species, compared to the trichocarpareference genomery.
The classification is reported when comparing ladl tesequenced
individuals and when comparing only 2 accessior0{7-308
and L155-079). +: sequence presence (insertior);sequence
absence (deletion).

Al \dgors TN D

26% 31% + - -

DEL 51% 44% + - +
23% 25% + + -

2% 3% - + +

INS 71% 52% - + -
27% 45% - - +

80



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

To study the intraspecific distribution of the itiéied variants, we focused dd nigra
variants, for which we had resequenced 4 diffeiggmniotypes. We selected all the
deletions satisfying the BreakDancerMax imposeeédgholds in at least orfé nigra
individual and all the insertions identified in latst oneP. nigra individual and, for
each variant, we counted the numbeiPofigra individuals in which that variant was
detected (Figure 4. 13). 76% of the deletions arfeh Bf the insertions were identified

in at least two samples.
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Figure 4. 13.Number ofP. nigra individuals in which deletionsA) and insertionsg)
were identified.

4.2.4 Gene content analysis

The deleted sequences contained 1350 predicted @ecerding to th®. trichocarpa

v2.2 gene annotation. A blastx analysis of theegauences against tfieidiplantae

nr database showed a strong prevalence of genesdirgcfor retrotransposons
proteins, like the Gag-Pol polyprotein. A Gene Qugy (GO) classification of blastx
results on the basis of their molecular functiors vp@rformed using Blast2GO. 521
(~39%) sequences were associated to a GO termfuhlcBonal annotation showed a
prevalence of genes with GO molecular function n@farase activity, nucleotide
binding and hydrolase activity) that can be relat@dlE proteins, like the Gag-Pol
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polyprotein (Figure 4. 14). Among these genes, aakéd for enrichment in GO terms
involved in biological processes, cellular compdseand molecular function. None of
the GO terms resulted over- or under-representé¢demeleted genes, compared to the

remainingP. trichocarpagenes.
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Figure 4. 14 Molecular function annotation graph. The combined
annotation of the genes identified in the deletequences is visualized
together. Only functional terms covered by at lehst10% of the dataset
are displayed.

According to theP. trichocarpav2.2 gene annotation, we found 1315 genes intexdup
by one of the identified insertions. The sequemddbese genes were used as query for
a blastx analysis against th&idiplantae nr database and blastx results were used for
the functional classification with blast2GO. 5748%) sequences were associated to a
GO term. The resulting functional annotation wasilsir to the one obtained for
deletions, showing also in this case a prevalefigewres with GO molecular function
that can be related to TE proteins (Figure 4. Y. detected over-representation of
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genes related to catalytic activity (GO: 0003824her’s exact test P = 1.42E-5).
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Figure 4. 15 Molecular function annotation graph of the genes
interrupted by insertions.

Among all blastx results, we focused on variatioelsted to genes involved in the
lignin biosynthesis pathway. We identified 3 ins®mrs occurred across genes involved

in the lignin biosynthesis pathway (Table 4. 5).

Table 4. 5List of the 3 insertions affecting genes of theniig biosynthesis
pathway. For each gene, the description, the Inauge and any aliases.

Insertion coordinates

P. trichocarpa v2.0 annotation

v1.1 annotation

Chr 1:
11740891-11740892

cinnamoyl-CoA reductase
(POPTR_0001s14910)

n.a.

Chr 2:
746313-746164

4-coumarate-CoA ligase
(POPTR_0002s01420)

eugene3.00020113

Chr 9:
6083466-6083762

similar to putative cinnamoyl-CoA
reductase (POPTR_0009s06280)

eugene3.00091073
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To obtain a genome-wide view of the distribution d@letions and insertions in the
poplar genome, we plotted the number of identifradants every 250 kb for each of
the 19 chromosomes (Figure 4. 16). Deletions asdriions were evenly distributed
across the whole genome. Peaks of variation wexadd in repetitive regions of the

genome in which the gene density is low.

2
o

- m

Figure 4. 16. SV distribution across the 19 poplar chromosonigark green bars
deletions.Light green bars: insertions.Red bars gene density distribution calculated as
the number of genes every 100 IBlue bars repetitiveness of the genome calculated
with a k-mer analysis using the tool Tallymer (kagt al, 2008).

84



Tesi di dottorato di Sara Pinosio discussa prekboversita degli Studi di Udine

4.2.5 Experimental validation

To experimentally validate a randomly selected a&fetleletions and insertions, we
performed a PCR assay in order to obtain diffea¢mmplifications in the presence or
absence of the structural variant. We tested 7iantsr (36 deletions and 36 insertions),
with the aim to obtain a clear pattern of amplifica for at least 10 deletions and 10
insertions in one selecteB. nigra accession and 10 deletions and 10 insertions
identified in a selecte®. deltoidesaccession. The 40 selected variants are reparted |
Table 4.6 and Table 4. 7 and the corresponding iiogpion results are reported in
Figure 4. 17 and Figure 4. 18. We validated 20 aiu20 deletions and 18 out of 20
insertions, with a sensitivity of 100% and 90% exgtjvely. For the remaining 18
deletions and insertions the interpretation of lteswas more difficult since we didn’t
obtain an informative amplification pattern. Of thalidated deletions, only one (d06)
resulted to be heterozygous, while heterozygous lamiozygous insertions were

evenly distributed.

Table 4. 6List of the 20 deletions experimentally validat&dr each deletion the
pattern of amplification of primer pairs 1-2, 3#dal-4 is reported.

Code Position Sample 1-2 34 1-4
d01l | scaffold_10: 8397408-8402308 BDG - - +
do2 scaffold_14:11019337-11037238 BDG - - +
d03 | scaffold_18: 7680748-7692364 BDG - - +
do4 scaffold_15:1319103-1320399 BDG - - +
dos scaffold_16:8781111-8801836 BDG - - +
doe scaffold_5:6753207-6757329 BDG + + +
d07 | scaffold_6: 18462886-18464273 BDG - - +
d08 | scaffold_6: 25864965-25866186 BDG - - +
doo scaffold_7:7490958-7497631 BDG - - +
di0 scaffold_3:194124-210301 BDG - - +
d1ll | scaffold_1:12546068-12547330 L155-079 - - +
d12 | scaffold_1:18128918-18151283 L155-079 - - +
d13 | scaffold_1:42647880-42651248 L155-079 - - +
d14 | scaffold_10:9945390-9946547 L155-079 - - +
d15 | scaffold_15:8818337-8820973 L155-079 - - +
d16 | scaffold_19:15738619-15740339 | L155-079 - - +
d17 | scaffold_2:20543660-20544840 L155-079 - - +
d18 | scaffold_2:22774250-22783226 L155-079 - - +
d19 | scaffold_3:12293382-12295220 L155-079 - - +
d20 | scaffold_4:2714918-2716137 L155-079 - - +
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Figure 4. 17 Patterns of PCR amplifications obtained for theedseletions. Primer
pairs 1-2 and 3-4 amplify when the sequence iglatated, while an amplification of the
pair 1-4 confirms the deletion.

Table 4. 7List of the 20 insertions experimentally validateidh the corresponding
patterns of amplification.

Code Position Sample 1-2 3-4 1-4
i01 scaffold_1: 11626170-11626310 BDG + + -
i02 scaffold_1: 38987758-38988092 BDG + + +
i03 scaffold_10: 42612-42858 BDG + + -
i04 scaffold_10: 1930787-1930958 BDG + + +
i05 scaffold_10: 4173204-4173232 BDG + + -
i06 scaffold_10: 7963636-7963740 BDG + + -
i07 scaffold_11: 11005150-11005241 BDG + + +
i08 scaffold_15: 461383-461438 BDG + + -
i09 scaffold_19: 14470729-14470994 BDG - - +
i10 scaffold_2: 4315180-4315284 BDG - - +
i1l scaffold_11: 4752432-4752562 L155-079 + + +
i12 scaffold_12: 12802485-12802527 L155-079 + + +
i13 scaffold_13: 345826-345781 L155-079 + + -
i14 scaffold_18: 2810221-2810495 L155-079 + + +
i15 scaffold_19: 10489904-10490254 L155-079 + + -
il6 scaffold_2: 14700347-14700475 L155-079 + + +
i17 scaffold_4: 16589093-16589379 L155-079 + + -
i18 scaffold_6: 13623627-13623688 L155-079 + + -
i19 scaffold_6: 26870616-26870688 L155-079 + + -
i20 scaffold_7: 3007814-3007727 L155-079 + + +
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Figure 4. 18Patterns of PCR amplifications obtained for théeensertions. Amplification
of primer pairs 1-2 and 3-4 confirms the insertiatsle the pair 1-4 amplifies when there is
no insertion.
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4.3 Discussion

In the present study we performed a genome-widb/sinaf structural variation (SV)
betweenPopulus nigraandPopulus deltoidesAlthough the global impact of structural
variation is unknown, it might have dramatic consatces on phenotypic diversity
(Weigel and Mott, 2009). In humans, it has beeremdg demonstrated that SVs are
quite common and may have considerable effectsusnah phenotypic variation by
altering gene dosage, disrupting coding sequeregserturbing regulation (Hurlest
al., 2008). A recent work in maize (Springetr al, 2009) reported the presence of
several thousands of DNA segments, including gseguences, that are present in one
inbred line but absent from another. Little is kmoabout the prevalence of structural
variation in poplar and its relationship with thegm of intra-specific diversity. We
focused on the detection of deletions and insestionl-50 Kb by means of Illumina
paired-end sequencing of L nigra accessions, P. deltoidesaccessions and 1R.
nigra x P. deltoidesF1 hybrids. Most of these variants are probably thithe recent
movement of transposable elements (TES), thatemeactive in many plants.

The analysis was performed using as reference ¢émenge of a differenPopulus
speciesR. trichocarpg. On average we were able to cover ~70% ofth&ichocarpa
reference genome with reads obtained from Bothigra andP. deltoidesaccessions.
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Thus, the alignment to the. trichocarpareference genome constitutes a powerful
resource for detecting a large portion of strudtahanges in these two species.

For the detection of structural variants we explbitthe paired-end mapping
information generated from next-generation sequmenadata. Using this signature,
deletions can be easily detected and there arereiiff available tools that can be
employed for this aim (Medvedest al, 2009). On the other hand, the detection of
novel insertions is more complicated and availabl@ds can only detect very short
insertions that are enclosed by two sequenced &fattie same insert. For this reason
we performed the detection of structural variamtgpleying two different approaches
for the two different types of variation: we uséeé software BreakDancerMax (Chein
al., 2009) for the detection of deletions and we dgwvetl a custom pipeline,
specifically aimed at the detection of insertiorsuiting from the movement of
transposable elements. To quantify the performamdbe detection of these variants
with the two approaches, we simulated one thouskahetions and insertions and we
measured our ability to identify them. We deteat®dB% of the simulated deletions and
43.5% of the simulated insertions. The two appreacbave very similar results in
terms of true positive rate, suggesting the prese@i@ common factor that affects the
performance of both methods. One possible facttingspresence in the SVs flanking
regions of sequences that are difficult to map,hsas repetitive sequences. This
problem was already reported by BreakDancer deeetod hey found that, at 100 fold
physical coverage, out of the 844 structural vasiadentified on chromosome 17 of J.
Craig Venter’'s genome (Lewst al, 2007), only about 365 (43.2%) contained two or
more anomalously mapped reads in their flankingoreg and were detectable by
BreakDancerMax. Thus, working on different specless not have significant effects
on the performance of the tool. Moreover, Chen amdleagues showed that
BreakDancer’s performance is strongly dependenthen physical coverage of the
dataset. This evidence was confirmed by our regaltsvhich, for both simulated
deletions and insertions, the median coverageerflénking regions of true positives
was higher than the median coverage of false pesitiin addition, simulation results
confirmed the high accuracy of BreakDancerMax i pinediction of deletion sizes. In
our simulation, false positive rate (FPR) could hetestimated because, in addition to
the 1000 simulated deletions, the modified refeeemlso contained true deletions. For
this reason, we performed a PCR-based validatiorma sbndom set of identified

variants. The experimental validation is the gotdndard method to verify the
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reliability of our results. Even if we tested ordylimited number of variants, results
were valuable to predict the false discovery ratdact, we obtained a FDR of 5% for
the two methods combined. In addition, simulati@sufts obtained irV. vinifera
confirmed that the imposed thresholds for the drtecof deletions ensured the
exclusion of a substantial proportion of false pess. InV. viniferawe estimated PPV
and FDR of the two approaches for the detectiostrictural variants. Deletions were
detected with PPV=77% and FDR=23% and insertionis &yPPV=92% and FDR=8%.
These results suggest that BreakDancerMax perfarenandetecting deletions is still
amenable to improvements.

The most significant source of false positives frBreakDancer arises from alignment
artifacts in short-read data (Kobolét al, 2010). Thus, a large fraction of false
positives is probably located in regions that aiféicdlt to map, such as repetitive
regions. The false discovery rate may also be tfedy the insert size of the
sequenced library. In this study, we used relagivahall insert sizes (200-500 bp);
using larger insert sizes has the advantage otegrganomic coverage per sequenced
fragment but increases the difficulty of breakpannotation. It is likely that complete
characterization of all variants will require pairend sequencing of several libraries of
different insert sizes, allowing reads to fall adésany repetitive sequence present near
the breakpoints.

Overall, we identified 3380 deletions and 5887 itisas in the studied accessions with
respect to th@. trichocarpareference genome, corresponding to 14.7 Mb arigl K28.
respectively. The number of identified variants p@mple was quite variable. This was
mostly due to the variability of the sequenceddilas insert size. In fact, in the two
samples (L150-089 and BEN3) having a mean inseet abnsiderably lower than the
other ones, also the number of identified variavds considerably lower. On the other
hand, in sample POLI, having a mean coverage althtsies the coverage of the other
samples, we identified a greater number of bothetaels and insertions. These
considerations highlight the importance of inseresand physical coverage in the
detection of structural variants using the paired-mapping signature.

In plants, transposable elements are a major safrgenetic variation (Kidwell and
Lisch, 1997). As expected, the majority of the iifeed variants were related with the
activity of transposable elements, with a cleardpminance of class | LTR
retrotransposons. These elements vary in size $@raral hundred bases to over 10 kb
(J L Bennetzen, 2000). Plotting the size distrimutof the identified deletions, we
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observed two signature peaks at ~5Kb and at 1 Ebabuld be respectively related to
entire retrotransposons and to retroelements uondergp subsequent rearrangements.
LTR retrotransposons transpose with the so caltggy-@and-paste mechanisms, thus
leaving a copy of themselves in the original diter this reason, we expected that the
majority of the identified SVs, both insertions addletions, originated from the
insertion of a new TE copy in a different positi@nly ~10% of the variants showed
homology with class Il DNA transposons. These el@sé¢ranspose with the cut-and-
paste mechanisms, thus creating both a deletiaéioriginal site) and an insertion (in
the new site). Therefore, only a small proportidntle variants are expected to
originate from the excision of a TE from its origirsite.

When stratifying the identified deletions and irigers by species, we observed that a
great part of the variants wds nigra specific. This result was probably due to the
different size of the two compared sets. In addite great part of the. nigravariants
was composed by events detected in only one saflel), for which we had a 4-fold
coverage with respect to all the other accessibmgact, when comparing variants
identified in only one individual per species, thember ofP. nigra andP. deltoides
variants was more comparable. Focusing on deleti®h® of the identified variants
were shared between the two species. These evenmt$ikaly insertions of LTR
retrotransposons occurred h trichocarparather than deletions occurred in b&h
nigra andP. deltoidesndividuals. 44% of the deletions were identifiealy in theP.
nigra individual. These variants may be due toPa)trichocarpaexclusive insertions
(false negative deletions iA. deltoide} b) realP. nigra deletions generated by the
excision of a DNA transposon, or c) insertions ocadl in theP. trichocarpdP.
deltoidesancestor. Deletions due to DNA trasposons (caseebg¢xpected to be a small
proportion. Simulations showed that the algoritlemthe detection of deletions resulted
in a high number of false negatives. So, a sulistgsmoportion of the deletions that we
classify asP. nigra specific might be present alsofn deltoidesbut were not detected
(case a). 25% of the deletions were detected anihe P. deltoidessample. In this
case, variants can be explained a$ ajrichocarpaexclusive insertions (implying a
missed detection iR. nigra) or b) realP. deltoidesdeletions. The difference between
the proportion of species-specific deletions obseérin P. nigra (44%) and inP.
deltoides (25%) might be due to insertions that occurredtha P. trichocarpdP.

deltoidesancestor (case c).
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Only ~3% of the insertions were shared betw@emigra and P. deltoides These
variants are likely deletions occurred n trichocarpa resulting from the activity of
class Il transposable elements. Therefore, theeptage of shared deletions between
the two species was considerably higher than theeptage of shared insertions and
this is consistent with the observation that mosttlee SVs are originated by
retrotransposon activity. 52% and 45% of insertimese identified only in th®. nigra

or in the P. deltoidesindividual, respectively. The higher rate Bf nigra specific
insertions is in agreement with the estimated pdshy.

Focusing on the intraspecific distribution of tlientified variants, we found a higher
proportion of deletions (76%) detected in at ldast P. nigra individuals with respect
to insertions (27%). Therefore, many insertionsiat@specific polymorphisms, while
most of deletions are interspecific polymorphisriis was confirmed by PCR
validation experiments in which we obtained that thajority of the deletions are
homozygous, while heterozygous and homozygoustioesrwere evenly distributed.
All these evidences are consistent with the hymashthat a large part of the variants
detected as deletions iR. nigra and/or P. deltoidesare actually retrotransposons
insertions inP. trichocarpa

The gene content analysis of the deleted sequerm&tmed that a great part of the
deletions resulted from the activity of transposalglements and suggested that
insertions have preferentially occurred in regiamsh in transposable elements.
According to Fisher test, we didn’t notice any atar enrichment in GO terms for the
selected genes. This suggests that genes encadifi§ foroteins are largely distributed
across the whole genome.

Focusing only on variants detected in the four piaie of the pedigree, we observed
that 77% of the deletions and 37% of the insertidestified in at least one of the four
parents, were identified also in at least one efffh hybrids. One reason explaining the
missed variations in hybrids may be the lower ptaistoverage obtained with respect
to the parental accessions. In addition, a subataptoportion of these variants is
expected to be heterozygous in hybrids, and far thason the paired-end mapping
signature is expected to be found only in halflef sequenced reads. The difference
between the proportion of deletions and insertidesitified in hybrids may have two
main causes: 1) Compared to 20-30% of deletionly, 213% of insertions are shared
between the two species, and inherited (most likelyjhomozygous state) by F1

hybrids. 2) The majority of the parental deleti@ame homozygous, while heterozygous
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and homozygous insertions were evenly distributéd. a consequence a greater
proportion of deletions are inherited by F1 comgdmeinsertions.

Focusing on genes involved in the lignin biosynihgsathway, we identified 3
insertions that are occurred in one of these gewdh, a possible effect on their
transcription. In particular, two of them encoded & cinnamoyl-CoA reductase and
one encoded for a 4-coumarate-CoA ligase. Howekiere is no experimentally proof
of active involvement of these genes in the bidsgsis of lignin. In a recent study
aimed at quantifying the expression and the reguiaif all the genes involved in the
monolignol biosynthesis (Shet al, 2010), two of them (POPTR_0001s14910 and
POPTR_0009s06280) were not even considered, whitg the other
(POPTR_0002s01420) no proof of transcription ifiedéntiating xylem was reported.

In summary, we performed a genome-wide comparainadysis of two closely related
Populusspecies and we provided a detailed catalogueroétstal variants across the
whole genome. We confirmed that structural variaotstribute to a substantial amount
of the overall genetic variation in poplar. Theet#¢d deletions and insertions cover
the 10% of the whole poplar reference genome. Waddhat a great proportion of this
variability was driven by the activity of class TR retroelements. Our results are in
agreement with a previous analysis of sequenceti@m among the three species in
Sanger sequences of three BAC clones (G. ZaindMardorgante, unpublished). Both
analyses showed limited levels of variation in s@bed regions, while intergenic
regions harbor much more variation. In additionpoth cases most of the structural
variation was explained by TEs not shared by threxigis. Future functional studies of
the detected variants could be of help in undedstgnthe mechanisms of speciation in
poplar as well as the role of artificial and natuszlection in these genomes.
Understanding the role of inter- and intraspegafiwctural variants in poplar may have

important implications for yield improvement andupl breeding.
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5

Copy Number Variation in Poplar

5.1 Materials and Methods

The experimental samples are the same used in €h&pisection 4.1.1). DNA
extraction, library preparation, and next-generatisequencing procedures are

described in section 4.1.2 while short read aligmnedescribed in section 4.1.3.

5.1.1 Depth of coverage analysis

Depth of coverage analysis was performed using @ayed reads that mapped
uniquely in the genome with correct orientation apdcing of the two ends. For each
sample, duplicated sequences were removed witsamtoolsrmdup utility (Li et al,
2009) to eliminate local peaks of coverage thatica@lter the analysis. Ideally, the
depth of coverage analysis would involve a comparis terms of coverage across the
whole genome between a resequenced and a refaraficiglual in order to identify
regions that are more or less represented in Seguenced individual compared to the
reference. Such a design provides the greatest rpoaovedescribe deletions and
duplications in any individual in comparison to tleéerence individual that was used to
construct the reference sequence. Different reseguk individuals can then be a
posteriori compared to one another once their stradn relation to the reference has
been established. In the present work, the lacka &. trichocarpa resequenced
individual obliged us to perform the comparisorvetn all the possible pairs of tRe
nigra and P. deltoidesresequenced individuals. To identify regions opyamumber
variation between the resequenced individuals & mecessary to compare the coverage

present in these individuals across the whole gendrhe comparison was performed
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after dividing the whole genome into non-overlagpiwindows of unequal length,
containing a constant number of mapped reads in an¢he two resequenced
individuals. The partition into windows is affectéy the sample used to count the
number of mapped reads. Preliminary analysis shdhetdregions deleted (or showing
low coverage) in one individual are better deteciedhe partition is performed
counting the number of mapped reads of the othdvislual. For this reason, for each
pair of samples (e.g. sammeand samplé), the coverage comparison was performed
twice, once defining windows using mapped readsaofiplea and once using those of
sampleb. With the aim of identifying regions of variatiat least 50 Kb long, windows
with a mean size of ~5 Kb were obtained by reqgirnspecific number of mapped
reads for each accession that varied dependindgp@metad coverage obtained in each
individual. For each window, the ratio in log2-scdletween the number of mapped
reads in sampla and the number of mapped reads in sarbpleas calculated. Log2
ratios were normalized on the basis of the totahloer of paired reads mapped in each
sequenced sample. LogZ2 ratios formed the raw itgptite binary circular segmentation
algorithm implemented in R as the DNAcopy librafytlee Bioconductor project. This
algorithm identifies change-points in copy numbetween the two samples under
consideration by an iterative binary segmentat©lsifenet al, 2004). Regions of the
genome larger than 50 kb having a log2ratio betwssanplea and sampldé higher
than a thresholtlwere selected as candidate CNVs.

To determine the optimal log2ratio threshdjduniquely mapped paired reads from
sample BEN were randomly divided in two equal-smbsets. Both subsets were used
to divide the genome into windows having a mear iz 5 kb, by requiring 350
mapped reads per window. For each window of botfitjgas, coverage log2 ratios
between the two subsamples were calculated. Tamzaithe false discovery rate, the
log?2 ratio threshold was selected so thatvas substantially higher than the log2 ratio
obtained between the two subsamples in ~99% oithdows.

The threshold was used to select from DNAcopy segmentation tesll the regions
larger than 50 Kb having a log2ratid between the two individuals under evaluation.
For each comparisaa'b andb/a, where the subject at the numerator was used toalefi
windows, only positive values were used and theloation of positive results from
the two reciprocal comparisons provided the whake o CNVs among that pair of

genotypes.
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5.1.2 Gene content analysis

The P. trichocarpav2.2 gene annotation (Tuskahal, 2006) was used to analyze the
gene content of the identified CNVs and to selestake resistance genes. For a more
detailed annotation, the sequences of the genkslettin these regions were used as a
query for a blastx analysis against tidiplantae nr database. Blastx results were
imported into the Blast2GO tool for the functionahnotation. Over- or under-
representation of GO terms of the selected regiass;ompared with the rest of the
genome, were searched using a Fisher's Exact Tepteinented in the Gossip
(Bluthgenet al, 2005) package integrated in Blast2GO. To redbeenumber of false
positives, a false discovery rate correction forltiple testing (Benjamini and
Hochberg, 2007) was applied and only differenceh wicorrected p-value <0.05 were

selected.

5.2 Results

5.2.1 Depth of coverage analysis

We assessed whether copy number changes betwed?. thigra and P. deltoides
individuals could be identified from the depth afverage signature resulting from
next-generation sequencing data. The number oégaeads retained after removal of
duplicated reads for each sample is reported ineTali, together with the number of
mapped pairs of reads required to obtain windowapptoximately 5000bp.

Coverage log2 ratios were used as the input forireular binary segmentation
algorithm, developed for SNP array data, to geeesddtistical predictions of copy
number changes between the two individuals undempeanison. To study the intrinsic
variability of this analysis and to choose the logHo threshold for the selection of
copy number changes, we calculated the log2 rétetween two subsamples of the
same individual. The distribution of log2 ratios @ach window between the two
subsamples had a mean of 0.015 and a standardidewd 0.29 (Figure 5. 1). To
minimize the false discovery rate we selected 2 logfio threshold of 0.9. Only
0.16% of the individual windows obtained in the taudbsamples had a log2 ratia.>
Since a minimum of 2 windows are requested by DNoJdo define a CNV, this has to

be considered as an upper threshold for the fasmwkry rate in our process. The
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requirement we set of for at least 50 kb (i.e. v&rage 10 windows) large segments to

be above the threshold makes this even more true.
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Figure 5. 1 Coverage log2 ratio distribution of each window adbed by comparing two
subsamples of the accession BEN3.

Table 5. 1Summary of the genome fragmentation in windows inbthfor each of the
six P. nigra (N) or P. deltoidegD) individuals and number of the identified CNyer
individual with the corresponding total number oédhbases.

Sample Species | N° paired reads Re?ds i . N* Mean window
window windows length (bp)

POLI N 201246501 2500 82002 4915
BEN3 N 51374873 700 74829 5386
BDG N 15835588 200 80298 5019
71077-308 N 52288417 700 76217 5288
L150-089 D 51816841 700 75551 5334
L155-079 D 57674034 700 83954 4800

We defined a CNV as a genomic region in which tdglratio between two individuals
was > t. The number of CNVs and the corresponding totahler of Megabases
identified in each comparison is reported in Tahl@. We stratified CNVs by species
(Figure 5. 2 A). 232 CNVs, corresponding to ~34 Miad a coverage log2 ratio
significantly higher in at least orfe. nigra individual with respect to at least ofe
deltoidesindividual (red) and 177 CNVs (~28 Mb) had the ogipe signal (blue); 3
CNVs showed a contrasting evidence and occurrdabih directions. 176 CNVs (~22
Mb) were detected by comparing individuals of thene species (yellow); as expected,
the majority of these CNVs were observedPinnigra comparisons, for which we had
more individuals to compare. The coverage log2ordistribution obtained for the

CNVs detected comparing individuals of differenesies in the two directiond?(
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nigra/P. deltoidesandP. deltoide#”. nigra) was very similar, ranging from 1 to 6 and
with a mean of ~2. In CNVs detected comparing imtligls of the same species, the
distribution of log2 ratios was quite differentetmean was 1.4 and the majority of log2

ratio values were lower than 2 (Figure 5. 2 B).

Table 5. 2Number and Megabases of CNVs identified in all carigpns.

Total number of Mb
POLI BEN3 BDG 71077-308 | L150-089 | L155-079
(P. nigra) (P. nigra) (P. nigra) (P. nigra) (P. deltoides) | (P. deltoides)
PO_LI 5.88 3.70 2.09 10.67 10.09
(P. nigra)
n BE'_\B 49 4.65 5.61 13.46 15.04
; (P. nigra)
(&}
gl BD_G 29 35 3.22 15.35 14.32
@ (P. nigra)
=
£ | 71077-308 20 38 29 11.05 11.03
) (P. nigra)
z | L150-083 71 87 03 69 3.14
(P. deltoides)
L155-079
(P. deltoides) " 94 94 " 29
R - 8 Log2 rati
0g2 ratio
p:«-‘@ﬁ: w0 e
192 ol (N T
At . < | : -
- | | :
37 ' : |
117 T - — ——
12,9 Mb P. nigra P. deltoides  Intraspecific
" MR i CNVs
Intra-species P. deltoides P. nigra

Figure 5. 2 Summary statistics of the identified copy numberiargs stratified by species.
Red: CNV detected by comparing the coveragd’ofigraindividuals over the coverage Bf
deltoidesonesBlue: CNV detected by comparing the coverag®ofleltoidesndividuals over
the coverage dP. nigraones.Yellow: CNV detected by comparing the coverage of indisid
of the same specie®A) Venn diagram summarizing the number of CNVs \iliid total number
of Megabases involvedB] Boxplot representing the distribution of the cage log?2 ratios.
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For each region of copy number variation detectgccdmparing two parents of the
pedigree, we calculated the coverage log2 ratiosvden each of the three
corresponding F1 hybrids and the parental with Itveer number of copies. The
distribution of the log2 ratio obtained in pareatsl in the three hybrids is reported in
Figure 5. 1. In all families the mean log2 ratidabed for hybrids was about half of

that obtained by comparing the two parentals.

L150-089 x BDG L150-089 x 71077-308
o T o
Jdo N
S o 0 _
e - | e
T = e ===
Parents Hybrids Parents Hybrids
L155-079 x BDG L155-0799 x 71077-308
- -
“] “7 B
I Jo -

== .

L I i —_

F‘ar-:lants Hﬁ,rt::n'ds F‘ar-:lants Hﬁ,rbln'ds

Figure 5. 3 Distribution of the Log2 ratios obtained in parerdad in the
corresponding three hybrids for the four studieabses.

To obtain an overall view of the copy number vaoiaidentified betweeR. nigraand

P. deltoidesindividuals, we plotted the log2 ratios obtainedeach window for a
selectedP. nigraP. deltoides(POLI and L155-079pairwise comparison along tlie
trichocarpa 19 chromosomes (Figure 5. 4) and we highlightédhal identified inter-
specific CNVs. This genomic view revealed that¢bpy number variation between the

two species is not evenly distributed throughoetgbplar genome. There are a number
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of highly conserved genomic regions showing vettjelior no copy number variation

betweerP. nigraandP. deltoidesndividuals.

Chr1

Chr2

Chr3

Chr4

Chrs

Chré

Chr7

Chrg

Chrd

Chrit

Chr12 Chrid
6 06-606-606-606-606-606-6506-606-6506-60665006606-606-606606606-606-606606

Chr13

Chr14

Chr1s

& Log2(Peli'L155079)

® -Log2(L155079/Peli)

Chr11T  Chr1é

= Selected CNVs

Chr3

Chr19

0 10 20 30 40
F. trichocarpa reference genome position (Mb)

Figure 5. 4 Genomic distribution of log2 POLI/L155-079 signaled) and -log2 L155-
079/POLI signals (blue) for each chromosome. Blke&s highlight all the identified inter-
specific CNVs.
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In the whole chromosome 2 we identified only fewalimregions of copy number
variation. In chromosome 9, with the exception loé first 1.5 Mbs, there was no
evidence of copy number variation between the tpecees. In addition, the proximal
half of chromosome 8 and the distal half of chreoroe 10 resulted conserved in
terms of copy number between tRenigraandP. deltoidesndividuals.

We identified a ~0.8 Mb CNV on chromosome 14 (posg 14585845-15349532). In
this region there is a strong positive signal & toverage log2 ratio between all the
nigra over the twoP. deltoidesndividuals. A closer inspection of this genomégion
with a Genome Browser (Figure 5. 5) confirmed argir difference in terms of
sequence coverage betwdennigra andP. deltoidesindividuals, more marked in the
central 0.5 Mb region. This region contains 34 dateal genes, 18 of them coding for a

O-Glycosyl hydrolases family 17 protein.

Chromosome 14; 14585845-15374865

1 L 1 1 L 1 L L
14600k 14700k 14800k 14900k 15000k 15100k 15200k 15300k
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Genes
| £ FE d dEe 44 d kB 4 F

Ak <—| l F A dd- o d

! “ F

Populus nigra rloo
L0

Populus deltoides rloo

MMM;LMIAM_W
0

= Protein of unknown function = ().Glycosyl hydrolases family 17 protein
GYF domain-containing protein m Sugar isomerase family protein
= Ephancer of polycomb-like transcription factor protein coenzyme Q3
= BUTP-Pyrophosphatase-like 1 m Carbohydrate-binding X8 domain superfamily protein
= Transmembrane amino acid transporter family protein SpedT/SpcI8 family of spindle pole body component

Figure 5. 5Genome browser visualization of a 800 kb regiorlmmmosome 14 that is present
with more copies irP. nigrawith respect td°. deltoides The sequence coverage dP anigra
(red) and aP. deltoidesindividual (blue) and the gene distribution alotigs region are
reported.

Another interesting region with an opposite signals identified on chromosome 3
(positions 1789806-2391690). In this cdsedeltoidesindividuals had a significantly
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higher coverage with respect Bo nigraindividuals (Figure 5. 6). Also in this region
there are many genes and a large part of them esacimdl a Leucine-Rich Repeat

(LLR) protein belonging to the NBS-LRR disease s&sice protein family.

Chromosome 3: 1789806-2391690
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Purine biosynthesis protein = | eucine-rich repeat protein Terpene synthase

Figure 5. 6 Genome browser visualization of a 600 kb regiorclmmmosome 3 that is present
with more copies ifP. deltoideswith respect td°. nigraindividuals.

5.2.2 Gene content analysis

The regions of copy number variation containedtal tof 2661 predicted genes, with a
density of about one gene every 20 kb. Considghagthe gene density estimated for
the wholeP. trichocarpareference genome is of about one gene every 1Qddmmic
regions involved in CNVs are depleted of genes amegb to the rest of genome. This
was visually confirmed by comparing the CNV and getensity distribution in the
whole genome (Figure 5. 7). Regions with low geersity are rich in CNVs, while in
regions with high gene density the number of idettiCNV is limited. For example,
in chromosome 8, 9 10 and 14 there are extendéahiegith a high gene density and a
low rate of repetitiveness in which only very fewrm CNVs were detected. On the
other hand, CNVs seemed to be preferentially latate repetitive regions of the

genome in which the gene density is low (Figuré)s.
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Figure 5. 7 CNV distribution across the 19 poplar chromosonteeen segmentsall the
regions of copy number variation identified by caripg all the 6 resequenced individuals.
Red bars gene density distribution calculated as the nurobgenes every 100 kBlue bars
repetitiveness of the genome calculated with a kamnalysis using the tool Tallymer (Kurt
al., 2008).

The predicted genes included in the selected CN&t® wften organized in clusters in
which a single gene was present in more copies fi/pe of organization was observed
for different gene families: disease resistanceegereceptor-like protein kinases, zinc
ion binding proteins, terpene synthases, glucosglal-acyltransferases and ankyrin
repeat family proteins. Disease resistance genes the most represented and deserved
particular attention. Among the 2661 genes inclugethe regions of copy number
variation, 392 encoded for a disease resistancdyfgmotein (Table 5.3), accounting

for ~25% of the 1528 disease resistance genesmrese¢he wholeP. trichocarpa
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genome. The proportion of disease resistance gemegions of copy number variation

was significantly higher compared to the rest & ¢fgnome (Odds Ratio 5.6, Fisher's
exact test p<?°).

Table 5. 3Contingency table that displays the frequencyrithistion of the
disease resistanc®R) and not disease resistand¢o{ DR) genes in the
regions showing GNVs) and not showing Not CNVs) copy number

variation.
DR genes Not DR genes Total genes
CNVs 392 2269 2661
Not CNVs 1136 36872 38008
Whole genome 1528 39141 40669

Given our interest in lignin composition, we looktx the presence of genes of the
lignin biosynthesis pathway. We identified two cepiof the gene cinnamoyl CoA
reductase 1 (POPTR_0001s14890 and POPTR_0001s1489d®ne copy of the gene
4-coumarate-CoA ligase 2 (POPTR_0006s18490) inlwttie predicted copy number
resulted different betwedn nigraandP. deltoidesndividuals (Table 5. 4).

Table 5. 4List of the 3 genes of the lignin biosynthesis path with a copy number difference
betweerP. nigraandP. deltoides

. L. . Log2 P. trichocarpa v2.0
Region of variation Comparison g Gene ID p
ratio annotation
Chr 1: cinnamoyl coa

BEN3/L150-089| 1.33 |POPTR_0001s14890

11703969-11706534 reductase 1 (CCR1)

Chr 1: cinnamoyl coa
11738342-11740892 BEN3/L150-089 | 133 |POPTR_0001514910 reductase 1 (CCR1)
Chr 6: 4-coumarate CoA

16950343-16958604 L150-089/BDG 1.89 |POPTR_0006s518490

ligase 2 (4CL2)

The sequences of genes included in CNVs were useguery for a blastx analysis
against theViridiplantae nr database and blastx results were used foruhetibnal

classification with blast2GO. We tested for enrigmmin gene ontology terms involved
in biological processes, cellular components andeowtar function using a Fisher’s

test with the Benjamini and Hochberg correction. Méntified a number of GO terms
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that were over-represented (P<0.05) in the regiohsopy number variation, as

compared with the complete genome (Table 5. 5).

Table 5. 50ver-represented gene ontology (GO) categoriegdoes in the regions of copy
number variation compared with the complBterichocarpagenome. GO terms belonging
to the same process (P) or function (F) are mankgdthe same color.

GO-ID GO term GO P-Value #iTest #Ref
Category
G0:0006952 defense response P 3.25E-016 46 122
G0:0012501 programmed cell death P 5.75E-012 28 55
G0:0045087 innate immune response P 5.75E-012 23 32
G0:0002376 immune system process P 5.75E-012 23 33
G0:0006955 immune response P 5.75E-012 23 33
G0:0004872 receptor activity F 5.75E-012 74 419
G0:0006915 apoptosis P 6.64E-012 27 53
G0:0008219 cell death P 6.64E-012 28 59
G0:0016265 death P 6.64E-012 28 59
GO:000488g | transmembrane receptor F 8.24E-011 32 92
activity
G0:0003824 catalytic activity 4.17E-009 674 9518
G0:0016301 kinase activity 1.50E-008 186 1893
G0:0004672 protein kinase activity 3.73E-008 153 1480
GO:0042973 | Blucan endo-1,3-beta-D- F 3.73E-008 21 49
glucosidase activity
GO:0016772 | transferase activity, transferring F 1256007 | 194 2062
phosphorus-containing groups
G0:0060089 molecular transducer activity F 1.41E-007 85 668
G0:0004871 signal transducer activity F 1.41E-007 85 668
GO:0016773 | Phosphotransferase activity, F 1.90E-007 | 160 1616
alcohol group as acceptor
G0:0008422 beta-glucosidase activity F 4.11E-006 21 69
G0:0006950 response to stress P 4.59E-006 61 450
G0:0000989 | transcription factor binding F 1.09E-005 11 15
transcription factor activity
G0:0003712 transcription cofactor activity F 1.09E-005 11 15
G0:0015926 glucosidase activity F 1.80E-005 22 85
GO:000098g | Protein binding transcription F 1.73E-004 11 22
factor activity
G0:0004097 catechol oxidase activity F 1.67 E-003 5 2
G0:0016740 transferase activity F 2.48 E-003 289 3849
G0:0009986 cell surface 3.10 E-003 6 6

Over-represented genes under the biological presesategory were mostly related to
response to stimulus and were primarily involvedtiress and defense (GO:0006952,
G0:0045087, GO:0002376). GO terms related to ceditld were also largely over-
represented in the regions of copy number varia(i@®:0012501, GO:0006915,
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G0:0008219, GO0:0016265). In addition, we found istiaally significant over-

representation of GO terms related to the catabgitvity molecular function, and in
particular GO terms related to transferase activityphosphorus-containing groups.
Other over-represented molecular functions were emdér transducer activity
(GO:0004888, GO:0060089 and GO:0004871), glucosidadtivity (G0O:0042973,

G0:0008422 and GO0:0015926) and protein binding straption factor activity

(G0O:0000989, GO:0003712 and GO:0000988).

5.3 Discussion

Several studies in model systems have proven aféect elucidating both the size and
the spectrum of genomic structural variation witbime species, or between multiple
species (Tuzuet al, 2005; Nicholast al, 2009; Springeet al, 2009; Hurwitzet al,
2010; Ventureet al, 2011). In humans, these studies have offeredhisiinto human
health, and helped elucidating the role of copy bemvariants in complex diseases
(Hannes and Vermeesch, 2008; Helbtgal, 2009). Studies on structural variation in
plant species are difficult because of the size @rdplexity of many plant genomes,
but they could have tremendous utility in identilyigenomic regions associated with
complex traits, domestication and adaptation. IB92®&pringer and colleagues reported
the employment of comparative genome hybridizaf@@H) technology to investigate
structural variation in maize, while in 2010 Huravand coauthors published a work in
which BAC end sequences and physical maps wheréogatpto analyze the genome-
wide structural variation among three closely edl@ryzaspecies.

The present study is the first to use next-germratequencing technologies to identify
CNVs in any plant species. In addition, it is thestfattempt of performing genome-
wide analysis of copy number variation between tthe speciesPopulus nigraand
Populus deltoidesTo date, studies on interspecific genetic varatof the genus
Populus have focused on a limited number of markers, Aké.Ps and microsatellites,
distributed along the genome (Cervetal, 2005; Cerverat al, 2001). We used next-
generation sequencing data to perform a genome-andéysis of CNVs between the
two speciesPopulus nigraand Populus deltoidesOverall, we identified 192 regions
(~28.4 Mb) present with a higher copy numbePimigraand 154 CNVs (~24.6 Mb)
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with the opposite signature. In addition, 117 regiocorresponding to a total of 13.9
Mb, exhibit an intraspecific pattern of copy numiariation. On average, we identified
~80 regions of copy number variation, correspondmgl13 Mb when comparing two
individuals of a different species and ~30 CNV (#)Mvhen comparing individuals of
the same species (Table 5. 2). As expected, CNVs miere frequent between the two
species than within species. In addition, intragpe€NVs showed a mean log2 ratio
of ~2 (Figure 5. 2), that was sensibly higher thizat observed comparing individuals
of the same species. This may suggest that CN\fgifidel between different species
are more likely to be homozygous than those dedectenparing individuals of the
same species. We also identified many extendeansgdf the genome that showed
little or no variation between the two speciesgéneral, these conserved regions are
rich in genes and poor in repetitive sequencesth®rother hand, in CNVs we found a
high level of repetitiveness and diminished genetexat, as compared with the rest of
the genome. Transposable elements make up a haponbion of repetitive DNA,
indicating a possible contribution of these elermdntthe gain and loss of sequence in
the poplar genome. In poplar, the LTR retrotranepegepresent the most active class
or transposable elements (see Chapter 4). LTReletrients have been previously
shown to be major contributors to genome size énolun rice (Ma and Bennetzen,
2004). Transposable elements may also be importamtew gene formation and
genome evolution. For exampldelitron-related transposable elements have been
shown to carry pseudogenes in maize and to cotgrifauthe expansion and evolution
of the maize genome (Yang and Bennetzen, 2009).

Our analysis showed that the regions of copy numaeration had a lower-than-
average gene content. However, some categorie©adke@ns, such as those related to
defense against stresses, cell death, transferasatya of phosphorus-containing
groups, molecular transducer activity, glucosidassivity and protein binding
transcription factor activity, were overrepresentechpared to the rest of the genome.
Overall, in the regions of copy number variation Mentified 2661 predicted genes.
Three of them are genes involved in the lignin yandlsesis pathway: two encoded for a
Cinnamoyl CoA Reductase 1 (CCR1) and the other daatdor a 4-Coumarate CoA
Ligase 2 (4CL2). To date, there is no proof of $@iption in differentiating xylem for
these genes (Slet al, 2010); however an analysis of differential expr@s between
individuals carrying a different number of copiestbese genes will be of help to

investigate a possible effect on lignin biosynthesi
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A large fraction of the genes included in CNVs atefor disease resistance proteins,
such as the Nucleotide Binding Site-Leucine Riclpd® (NBS_LRR) gene family.
Fisher's exact test showed that the regions of capyber variation are significantly
enriched in disease resistance genes with respebetrest of the genome. In maize,
evidences that disease resistance genes exhibjt member variation for different
haplotypes have already been reported (Sreitlal, 2004). In addition, the over-
representation of disease resistance genes innge@b structural variation between
different species has already been reported fer(krwitzet al, 2010). Evidences of
the high variability of disease resistance gene® ieeen also reported férabidopsis
thaliana (Clark et al, 2007). InA. thaliang tandem duplications and losses have been
found to play the dominant role in affecting copymber of disease resistance genes
(Cannonet al, 2004). We observed that in the regions of copylmer variation genes
were often organized in clusters. Tandem duplicafiocesses are considered to be a
major cause for the generation of cluster of da@pid genes and for the expansion of
some genes families. For example, the extant bligtan and diversity irArabidopsis
genome of the NBS-LRR sequences has been gendmatextensive duplication and
ectopic rearrangements that involved segmentalichifuins (Meyerset al, 2003).
Unequal recombination occurring when interspersguktitive elements promote non-
homologue crossing-over is thought to be the prynmaechanism driving the expansion
of gene clusters (Leister, 2004). After the dugi@ma each paralogue gene may retain
the same function as the ancestral copy or maytheseriginal function and/or obtain a
new function. Genes that confer a selective adgentae thus maintained by natural
selection. Therefore, the genes that we have foorxe over-represented in the CNVs
may reflect recent gene acquisition events occurreche of the two poplar species and
are candidate markers of interspecific divergemeeplants, interspecific CNVs may
contribute to heterosis (Springet al, 2009). In this study we identified hundreds
genomic regions showing a different copy numbewbenhP. nigra andP. deltoides
accessions. In hybrids these regions will be inbérwith a large number of different
combinations, providing the opportunity for noveéng complements and trans-
interactions with respect to the parents.

In summary, with this study we obtained a catalogfieCNVs across the poplar
genome. These regions may be useful tools to explhe mechanisms of speciation in

poplar and understand the molecular basis of h&eho poplar hybrids.
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