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Abstract

Dense genetic maps, along with quantitative trait loci (QTLs) detected on such maps, are
powerful tools for genomics and molecular breeding studies. In the important woody genus
Eucalyptus, the recent release of E. grandis genome sequence allows for sequence-based
genomic comparison and searching for positional candidate genes within QTL regions.
Here, dense genetic maps were constructed for E. urophylla and E. tereticornis using geno-
mic simple sequence repeats (SSR), expressed sequence tag (EST) derived SSR, EST-
derived cleaved amplified polymorphic sequence (EST-CAPS), and diversity arrays tech-
nology (DArT) markers. The E. urophylla and E. tereticornis maps comprised 700 and 585
markers across 11 linkage groups, totaling at 1,208.2 and 1,241.4 cM in length, respec-
tively. Extensive synteny and colinearity were observed as compared to three earlier DArT-
based eucalypt maps (two maps with E. grandis x E. urophylla and one map of E. globulus)
and with the E. grandis genome sequence. Fifty-three QTLs for growth (10-56 months of
age) and wood density (56 months) were identified in 22 discrete regions on both maps, in
which only one colocalizaiton was found between growth and wood density. Novel QTLs
were revealed as compared with those previously detected on DArT-based maps for similar
ages in Eucalyptus. Eleven to 585 positional candidate genes were obained for a 56-month-
old QTL through aligning QTL confidence interval with the E. grandis genome. These results
will assist in comparative genomics studies, targeted gene characterization, and marker-
assisted selection in Eucalyptus and the related taxa.

Introduction

Genetic linkage maps, dense maps in particular, are powerful tools for genomics and molecular
breeding studies because they allow for dissection of agronomic traits through map-based
localization and isolation of quantitative trait loci (QTLs) or major genes. In plants, high-den-
sity maps have already been constructed for a spectrum of crops, such as rice (Oryza sativa,
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6,591 loci) [1] and maize (Zea mays, 20,931 and 14,524 markers with two separate maps) [2].
Moreover, many economically important QTLs have been identified on genetic maps and
some have even been cloned to identify the causal genes, e.g. in rice [3-5]. In forest trees, how-
ever, dense genetic maps are only recently available with the aid of microarray-based technolo-
gies for a few species, such as Populus trichocarpa (608 markers) [6], Picea mariana (1,111
markers) [7], Cryptomeria japonica (1,261 markers) [8], Pinus taeda (2,466 markers) [9], Euca-
lyptus globulus (569 and 1,060 markers with two maps) [10], E. grandis, and E. urophylla
(1,773-2,484 markers) [11-14]. Furthermore, only a few of studies have used dense genetic
maps for QTL analysis in forest trees, e.g. Populus [15], Picea [16], and Eucalyptus [17-19].

Fast-growing trees like Eucalyptus and Populus serve as an important and renewable source
of wood for furniture, plywood, fiberboard, pulp, and paper industries as well as biomass for
heat, electricity, and bio-fuel production. Quantitative traits such as growth characteristics and
wood density are strongly related with yields of wood and biomass and have been the principal
targets of breeding efforts. In order to explore the genetic mechanisms underlying such quanti-
tative traits and provide valuable information for breeding practices, QTL mapping has been
an attractive approach to investigate the genomic loci of interest [20,21]. Previous studies have
identified numerous QTLs for growth and wood density in forest trees [20-23]. Nevertheless,
these QTLs are often confined to a single segregating population and must be compared to vali-
date consensus genomic regions of importance among populations within or between species
[21]. Whereas map-based positional cloning of causative genes for QTLs remains a challenge
in forest trees, the recent availability of several sequenced genomes will facilitate the identifica-
tion of positional candidate genes by anchoring genetic maps and QTLs onto genome
sequences [24], which may represent a key step towards characterization of causative genes. To
date, positional candidate genes identified in this way have only been reported in Populus
[15,24,25] and Eucalyptus [17,19].

Eucalyptus species and hybrids constitute the most widely planted hardwoods in the world,
with global plantations over 20 million hectares [26]. Eucalypts are generally diploid with
2n = 22 chromosomes and have a relatively small genome size (370-700 Mb) [27]. So far,
many efforts have been dedicated to develop Eucalyptus genomic resources including molecu-
lar markers, genetic linkage maps, expressed sequence tags (ESTs), QTLs and whole-genome
sequences [22,23,28]. In particular, dense genetic maps have been developed for E. grandis, E.
urophylla [11-14], and E. globulus [10], and QTLs for growth and wood density have been
localized on several dense maps [17-19]. Moreover, E. grandis whole genome sequence has
been published recently [28]. However, few studies have attempted to compare the genomic
regions containing QTLs between different eucalypt species despite of the prevalence of geno-
mic synteny and colinearity within Eucalyptus [10,13].

This paper presents dense genetic maps of E. urophylla and E. tereticornis with novel QTLs
related with growth and wood density. The objectives are 1) to compare the synteny and colin-
earity with previous diversity arrays technology (DArT) marker based Eucalyptus maps and
the E. grandis genome sequence, 2) map QTLs for growth and wood density, and mine the
positional candidate genes from the E. grandis reference genome.

Materials and Methods
Mapping Population, Trait Measurement, and Statistical Analyses

The mapping population was derived from a cross between E. urophylla (Ur, genotype UX-30)
and E. tereticornis (Te, genotype T43-05). A set of 132 full-sibs were used to replace the earlier
mapping progeny whose size had been decreased during field maintenance [29]. The full-sibs
were clonally propagated for field test.
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Cuttings of the mapping cross were planted at Gonghe Town, Guangdong Province (112°
51'14" E, 22°34'24" N, and around 30 m above sea level) in April 2006. The field trial was laid in
a randomized complete block design with six replicates of single tree plots at 2 x 3 m spacing.
Tree height (H, m) was measured at 10, 23, 32, 44, and 56 months of age (H,¢, H,3, H35, Hya,
and Hsg, respectively), and diameter at breast height (D, cm) was measured at 23, 32, 44, and
56 months (D,3, D35, D4, and Dsg, respectively). Wood density was indirectly measured at 56
months (WDs¢) using Resistograph F-400S (Instrumenta Mechanik Labor GmbH, Wiesloch,
Germany) as described [30].

Statistical analyses on trait data were carried out in software SAS/STAT™ 8.0 (SAS Institute
Inc., Cary, NC, USA). For a given trait, analysis of variance (ANOVA) was performed with
Proc MIXED (method REML) to test the significance of variation among genotypes (full-sibs),
following a mixed linear model with replicate and genotype (full-sib) as fixed and random
effects, respectively. Genotypic and error variance components (Vg and Vg, respectively) were
estimated with Proc VARCOMP (method REML) following the same mixed linear model as
ANOVA, and clonal repeatability (H?) was calculated as Vg/(Vg + Vi / 6). Phenotypic correla-
tion coefficients between traits were determined with Proc CORR.

Ethics Statement

No specific permissions were required for the field location/activities because Research Insti-
tute of Tropical Forestry, Chinese Academy of Forestry establishes and manages tree planta-
tions at several locations including the one used in the present study at Gonghe Town,
Guangdong Province. These plantations are dedicated to research activities, where field trials
were performed strictly following the guidelines formulated by Research Institute of Tropical
Forestry, Chinese Academy of Forestry. The field trial did not involve endangered or protected
species.

Molecular Marker Assays

Three molecular marker assays were performed across the mapping population, namely, sim-
ple sequence repeats [SSR, including genomic SSR (gSSR) and EST-SSR], EST-derived cleaved
amplified polymorphic sequence (EST-CAPS), and DArT. A subtotal of 839 SSRs were tested
with the two mapping parents for polymerase chain reaction (PCR) amplification, including
465 EST-SSRs [31-33], 300 gSSRs named with the prefix EMBRA [34], 12 gSSRs with the pre-
fix EMCRC [35], and seven gSSRs with the prefix EUCgSSR [36] as well as 8, 8, 26, and 13
gSSRs with prefixes En, Es, Eg, and El, respectively ([37-39],http://www.ffp.csiro.au/tigr/
molecular/eucmsps.html). The SSR genotyping was conducted as reported earlier [40], with
MgCl, concentration and melting temperature (T},,) depending on marker. SSRs polymorphic
between the parents were then used for genotyping across the mapping population. A set of 91
EST-CAPS markers reported earlier [29] were also included. The DArT array composed of
7,680 informative features was the same as reported earlier [10,12,13]. Low-quality DArT
markers were removed based on filtering parameters of > 90.0% reproducibility, > 75.0% call
rate, and > 70.0% marker quality Q value. The DArT sequences were as deposited in GenBank
(accessions HR865291-HR872186, http://www.ncbinlm.nih.gov/nucgss) [12].

Genetic Map Construction and QTL Analysis

Genetic maps were constructed for each of the parents using the regression approach for cross-
pollinated population in software JoinMap 4.1 [41]. Marker segregation was tested with a chi-
square test, and the distorted markers were included in further mapping given that segregation
distortion had little impact on map order or length [42]. The Kosambi mapping function was
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used to convert recombination frequency into map distance in centiMorgan (cM). A minimal
logarithm-of-the-odds (LOD) score of 4.0, a recombination frequency threshold of 0.325, and
a ripple value 1.0 were employed to determine linkage groups (LGs) and marker orders. For
each LG, the marker order was determined after three or more runs of the three-round regres-
sion algorithm, in which problematic markers, especially those mapped in the third round of
the algorithm per run, were removed prior to the next run based on marker quality (exclusively
for DArTs) and diagnostic statistics. The LGs were designated according to Brondani et al.
[34]. Redundancy of the mapped DArT sequences was estimated with a multiple alignment
algorithm implemented in NCBI Blast 2.2.25" (default gapping and an E-value of 10, ftp://
ftp.ncbi.nlm.nih.gov/blast/executables/blast+/2.2.25/). Functional annotation for all the
mapped markers was performed by BlastX searches against NCBI database of non-redundant
protein sequences with a cutoff E-value of 107, Total genome length and map coverage were
estimated using the method IV of [43].

For each trait, a value of best linear unbiased prediction (BLUP) was calculated for each
full-sib over the six replicates with Proc MIXED in SAS/ STAT® 8.0. When necessary, BLUP
values of a trait were subjected to Box-Cox transformation for subsequent QTL analysis. The
redundant and 3:1 segregating markers were removed from both linkage maps prior to QTL
scans. QTLs and their significance were scanned initially using interval mapping (IM) and sub-
sequently by multiple QTL mapping (MQM) under default parameters in software MapQTL
6.0 [44]. Putative QTLs were declared in IM at a specific LOD threshold (between 3.2 and 3.4
for the various traits) calculated from 1,000 permutations at 95% confidence level, and the clos-
est markers were selected as cofactors to carry out MQM analysis. Generally, additional runs of
MQM were performed until the QTLs were stably observed.

Comparative Genomics Analysis

The genetic maps were compared with three earlier maps constructed with SSR and DArT
markers in Eucalyptus, including the Full map with an E. grandis x E. urophylla F, pedigree
(GU1) [13], the consensus map with an E. grandis x E. urophylla pseudo-backcross F, pedigree
(GU2) [12], and the E. globulus Lighthouse F, map (Glob) [10]. As LGs of all the maps were
numbered according to Brondani et al. [34], synteny was defined as common markers that
shared the same linkage group. Non-colinearity was determined where order of common
markers differed between two maps in an interval more than 1.0 cM [10].

The genetic maps were also compared with the genome sequence of E. grandis (version 1.1,
http://www.phytozome.net/eucalyptus.php). Sequence of each mapped marker was searched
with BlastN at an E-value of 10~'* and the minimum sequence identity of 80.0%. When a
marker provided two or more matches, only the highest hit with an E-value less than one tenth
of the next was assigned. Again, the threshold of 1.0 <M in a genetic map was set for non-colin-
earity determination.

The QTL regions identified herein were compared with those of the comparable ages
mapped on SSR- and DArT-based maps of E. grandis, E. urophylla [17], and E. globulus [18].
For each QTL, the physical distance between flanking markers was deduced by marker
sequence alignment with E. grandis genome, and the QTL approximate physical position
(APP) was computed from QTL location relative to the flanking markers.

Searching for Positional Candidate Genes for QTL Confidence Intervals

Positional candidate genes for QTL confidence intervals were investigated for traits at the latest
age, namely, Hsg, D56, and WDs4. Each QTL confidence (95%) interval was aligned to the E.
grandis genome sequence based on conversion of genetic and physical distances between the
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Table 1. Genotypic and error variance components (Vg and Vg, respectively) and clonal repeatability (H?) for growth and wood density traits of the
E. urophylla x E. tereticornis mapping population.

Variance Hqo Ha3 H3» Hya Hse D33 D3, Dya Dsg WDse

component

e 0.26 1.07 1.52 6.30 9.46 0.87 2.24 5.00 7.64 12.46

Vg? 0.43 1.21 1.75 6.01 6.50 1.37 2.38 4.96 6.06 10.41

H? (SE) 0.78 0.84 0.84 0.86 0.90 0.79 0.85 0.86 0.88 0.88
(0.07) (0.06) (0.06) (0.05) (0.05) (0.07) (0.05) (0.05) (0.06) (0.06)

@ Both Vg and Vg estimates for each trait were significant at 0.001 level.

doi:10.1371/journal.pone.0145144.t001

flanking markers, and a subset of genes were then extracted from the genomic coordinate of
the confidence interval (ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Egrandis/
annotation/Egrandis_201_gene.gff3.gz).

Results
Phenotypic Analyses

Mean values, standard deviations, and ranges for growth and wood density traits measured in
the mapping population are shown in S1 Table. ANOVA analysis suggested that all traits stud-
ied exhibited highly significant variation among the clonal full-sibs (P < 0.001; S2 Table), con-
sistent with the highly significant variance component Vg (P < 0.001; Table 1). Clonal
repeatability was high (0.78-0.90; Table 1). Phenotypic correlations between traits were also
highly significant (P < 0.001; S3 Table). Clonal repeatability in growth traits H and D (Table 1)
and phenotypic correlation between H and D (S3 Table) appeared to increase with age.

Dense Genetic Maps

A total of 1,693 markers were generated for the mapping population, including 1,187 DArTs,
181 gSSRs, 234 EST-SSRs, and 91 EST-CAPSs (S4 Table). Of these, 626 (37.0%) and 554
(32.7%) markers showed polymorphic alleles unique for maternal E. urophylla (Ur) and pater-
nal E. tereticornis (Te) parents, respectively, while 513 (30.3%) markers showed polymorphic
alleles for both parents. A relatively high proportion of markers distorted from the expected
Mendelian segregation ratios, e.g. 433 markers (25.6%) segregating aberrantly (P < 0.05; S5
Table).

The linkage map constructed for E. urophylla consisted of 700 markers defining 540 inde-
pendent loci in 11 LGs (Table 2, SI Fig and S6 Table). The size of the LGs ranged from 69.3
(Ur_LG1) to 167.7 cM (Ur_LG8), averaging at 109.8 cM per LG. The number of loci per LG
varied from 26 (Ur_LG4) to 79 (Ur_LG3). The average interval between loci ranged from 1.3
(Ur_LG3) t0 3.3 cM (Ur_LG4 and Ur_LG11), with a general mean of 2.3 cM. The total map
length reached 1,208.2 cM, covering 95.8% of the estimated genome size (1,261.4 cM). There
were eleven gaps of 10.0 cM or higher in length, with the largest being 20.3 cM on Ur_LG11.
Of all the mapped markers, 148 (21.1%) were homologous to known or putative genes and 106
(15.1%) were homologous to predicted, hypothetical, or unknown proteins while 388 (55.4%)
produced no significant match (E < 107 S6 Table).

The linkage map of E. tereticornis consisted of 585 markers (92 being common and syntenic
with Ur map) defining 471 unique loci across 11 LGs, with a total length of 1,241.4 cM and a
mean interval of 2.7 cM between loci (Table 2, S1 Fig and S7 Table). The map coverage was
estimated to be 95.2%. The LGs ranged from 75.5 (Te_LG4) to 168.4 cM (Te_LGS8) in size,
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L1 - —

averaging at 112.9 cM per LG. The number of loci per LG varied from 26 (Te_LG9) to 69
(Te_LG8), and the average interval between loci per LG ranged from 1.9 (Te_LG3) to 4.6 cM
(Te_LGY). Nine gaps were 10.0 cM or higher, with the maximum of 16.9 cM on Te_LG2. Of all
the mapped markers, 138 (23.6%) were homologous to known or putative genes and 59
(10.1%) were homologous to predicted, hypothetical, or unknown proteins while 354 (60.5%)
produced no significant match (E < 107%; S7 Table).

DATIT sequence redundancy was relatively high, that is, 29.8% (142/476) and 32.3% (126/
390) of the mapped DArTs being redundant in Ur and Te, respectively, at an identity threshold
of 80.0% (data available on requrest). Accordingly, clusters of DArT markers were observed in
both maps. For instance, there were six and one major DArT clusters in Ur and Te maps,
respectively, in which five or more markers were mapped within 0.01 cM and their sequence
identity ranged from 31.9% to 99.5% (S8 Table). Those markers with extremely low sequence
identities, say, less than 50.0%, may not represent the same locus. Moreover, pronounced

EU_LG4 EU_LGS EU_LG6E

Fig 1. The 31 and 22 QTLs detected in E. urophylia (Ur) and E. tereticornis (Te), respectively. Bars and lines represent 1- and 2-logarithm-of-the-odds
(LOD) ratio support intervals, respectively. For each QTL, the LOD peak position and 1-LOD (approximately 95%) confidence interval are also indicated in

Table 3.

doi:10.1371/journal.pone.0145144.9001
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clustering of distorted markers was also identified in several LGs of both maps, e.g. Ur_LG5,
Te_LG3, and Te_LGS8 (S1 Fig).

There were a total of 92 common and syntenic markers between Ur and Te maps (S1 Fig, S6
Table and S7 Table). Each of Ur LGs could be co-aligned with its counterpart in Te or vice
versa, with two (LG5) to eighteen (LG3) markers shared by each pair of LGs. Of these syntenic
markers, 83 (90.2%) showed colinearity in map position, while the rest nine (9.8%) were non-
colinear as compared with the alternative LG, including seven and one cases of single- and
two-marker rearrangements, respectively.

QTL Analyses

Trait BLUP values for the clonal full-sibs are shown in S9 Table. In total, 31 and 22 QTLs were
detected for all the traits across nine LGs in Ur and four LGs in Te, respectively (Fig 1 and
Table 3). Twelve regions (six in each of Ur and Te) influenced multiple traits, reducing the
total non-overlapping QTL regions to 27 (15 in Ur and 12 in Te). One to four QTLs were iden-
tified for each trait on either of the maps, ranging in LOD score from 3.4 (D3, on Te_LG2) to
7.1 (Hyo on Te_LG3). These QTLs explained between 8.3% (Dsg on Ur_LG5) and 18.9% (D3,
on Ur_LG5) of the total phenotypic variation in the respective traits. For a given trait, QTLs
were located on separate LGs of either Ur or Te map, with only one exception being two QTLs
for Hss on Ur_LG8. The QTLs located within homologous LGs between Ur and Te appeared
to represent discrete genomic loci regarding their relative positions on genetic maps (Table 3)
and physical distance on E. grandis main scaffolds (data available on request). Wood density
QTLs were independent to growth QTLs, except for one coincident QTL region for WDs¢, Hsg,
and D54 on Te_LG2 (Fig 1, Table 3 and S2 Fig). In most cases, consistent QTLs were identified
for height and/or diameter variables at multiple ages, reflecting the relatively strong correlation
of growth traits. Also, such consistent QTLs may indicate the stable QTL expression for height
or diameter over years, though the magnitude varied with age, e.g. the coincident QTL on
Ur_LG5 explaining 10.5-18.3% of the phenotypic variation for height over ages of 23, 32, 44,
and 56 months (Table 3). However, QTLs for height or diameter that were expressed at only
one age were identified, including those for H;o on Ur_LGs 1 and 5, D3 and Hss on Ur_LG3,
and Hy, on Ur_LG8 in Ur as well as H,3 on Te_LGs 1 and 5, D3, and Dy, on Te_LG2, and H3,
on Te_LG3 in Te (Fig 1 and Table 3).

Comparative Genomics Analysis

When compared with the SSR- and DArT-based linkage maps reported earlier for Eucalyptus,
the maternal Ur map demonstrated a higher level of similarity in intra-section comparison
than inter-section comparison (Fig 2 and S10 Table). For instance, 285 and 264 markers were
shared in Ur map with GU1 map [13] and GU2 map [12], respectively, within the same section
Latoangulatae, whereas only 140 markers were in common with Glob map (section Maide-
naria) [10]. Of the common markers, four (1.4%), eight (3.0%), and eight (5.7%) were non-syn-
tenic, and 76 (27.0%), 37 (14.3%), and 12 (9.1%) were non-colinear to GU1, GU2, and Glob
maps, respectively. On the other hand, the map of paternal Te (section Exsertaria) had less
common markers, namely, 212, 216, and 91 shared with GU1, GU2, and Glob maps, respec-
tively, including 6 (2.8%), 9 (4.2%), and 6 (6.6%) being non-syntenic as well as 45 (21.8%), 22
(10.6%), and 3 (3.5%) non-colinear to the respective maps (S11 Table). For all the comparisons,
most non-colinear markers extended across small distance though a few non-colinear occur-
rences spanned over larger map length (e.g. the top and second markers on Ur_LG3 relative to
GU1, GU2, or Glob; Fig 2). Overall, synteny and colinearity were well conserved among the
three Eucalyptus sections. In addition, both Ur and Te maps had a large number of unique
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markers as compared to those earlier maps, e.g. a total of 257 and 265 markers being exclusive
to GU1, GU2, and Glob maps, respectively (S12 and S13 Tables).

A set of 639 and 544 mapped markers from the Ur and Te maps, respectively, could be
aligned to E. grandis genome assembly v1.1 with the exception of those markers either unavail-
able in nucleotide sequence (55 unique in Ur, 31 unique in Te, and three in common) or with
no hit (two unique in Ur, six unique in Te, and one in common; S14 Table). A high level of syn-
teny and colinearity was observed between both of our maps and E. grandis genome. All the
LGs could be aligned to the 11 main scaffolds (Fig 3A, 3B, 3C and 3D). Of those aligned mark-
ers, 32 (5.0%) and 173 (27.1%) markers in Ur and 24 (4.4%) and 98 (18.0%) in Te were non-
syntenic and non-colinear, respectively. The Ur and Te maps covered 588.5 (97.1%) and

Table 3. QTLs for growth and wood density detected in E. urophylla (Ur) and E. tereticornis (Te).

Trait

Has

LG Position

Ur

o 01N © o ol =

o

© 00 OO 0O O NV O OGN © 0 U1 © U1 W W o U1 Ww o o N

(cM)

62.8
57.7
143.4
62.9
48.0
63.9
143.6

63.7

48.2
63.9
143.8
63.4
63.9
5.4
143.6
7.7
56.2
60.3
64.1
143.4
60.6
48.5
55.7
5.5
48.5
55.6
5.4
7.9
64.1
49.2
93.9

LOD

5.3
6.8
5.0
4.9
3.5
5.3
3.5

5.8

3.5
4.4
3.8
4.4
4.4
3.8
3.6
4.3
6.5
45
6.0
3.5
4.0
4.8
4.9
4.2
4.3
3.6
5.4
4.4
5.0
5.0
4.0

Confidence interval Variance LG Position LOD Confidence interval Variance

(cMm)? explained (%) (cM) (cM)? explained (%)
Te

62.3-63.3 11.2 2 37.6 4.7 34.0-37.7 11.7

56.6-58.9 17.4 3 41.8 71 40.7-43.4 18.1

142.9-144.8 11.5 5 24.9 4.3 23.3-26.3 9.8

59.5-63.6 11.6

47.6-48.4 9.2 1 29.9 40 29.2-31.6 9.1

63.4-64.8 14.0 2 37.6 3.7 35.9-37.7 8.4

143.3-144.6 8.9 3 42.9 6.7 41.1-434 16.0
5 2.0 46 0.0-36 10.3

63.4-64.8 18.3 2 34.7 3.6 32.2-37.2 10.2
3 49.1 3.6 48.5-494 10.5
5 25.4 3.5 24.6-26.3 9.2

47.7-48.5 9.4 3 53.0 4.1 52.8-53.5 13.2

63.5-64.8 11.9

143.4-144.4 9.0

63.2-63.5 8.4 2 121.7 3.7 120.9-122.5 10.0

63.4-64.8 10.5 3 53.0 3.6 52.8-53.5 11.0

3.4-6.0 9.3

143.2-144.5 9.3

6.6-10.8 10.8 3 47.5 3.9 458-47.7 11.9

54.2-56.6 171

59.4-62.8 9.7

61.9-62.4 18.9 2 19.7 3.4 19.0-20.2 9.9

143.1-143.9 9.4 3 46.8 4.8 44.6-47.7 14.3

59.6-62.7 10.6

47.6-48.6 10.8 2 13.3 3.7 12.8-14.6 11.0

54.2-56.6 11.4 3 47.4 4.0 44.9-47.7 11.8

3.0-6.3 9.4

47.7-48.6 10.9 2 120.7 4.2 117.8-122.2 12.7

54.6-56.3 8.3 5 255 41 24.2-26.9 13.0

2.7-6.4 12.7

4.5-8.2 10.9 2 120.8 3.9 118.7-121.8 9.6

63.4-65.9 104 5 62.4 6.4  58.9-65.3 17.2

48.2-51.5 11.2

91.3-94.6 9.5

& 1-logarithm-of-the-odds (LOD) ratio support interval.

doi:10.1371/journal.pone.0145144.1003
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Fig 2. Synteny and colinearity of E. urophylla (Ur) and E. tereticornis (Te) maps with prior DArT-based genetic maps of Eucalyptus. The prior maps
include E. grandiis x E. urophylla F1 Full map (GU1) [13], E. grandis x E. urophylla pseudo-backcross F, consensus map (GU2) [12] and E. globulus
Lighthouse F, map (Glob) [10]. Besides top and bottom markers for each linkage group, only positions of common markers between maps are shown.

doi:10.1371/journal.pone.0145144.9002

593.7 Mbp (97.7%) of the E. grandis genome (605.8 Mb), and the mean physical distance per
cM was 487.1 and 478.2 kb/cM in Ur and Te, respectively, varying with LG from 337.1
(Te_LG9) to 784.0 kb/cM (Ur_LG3; S14 Table).

QTL comparison was conducted for the closest ages across similar studies using SSR and
DArT markers in Eucalyptus. None of the QTLs for Dss or WDs¢ was common in APP with
those of E. globulus (age 7) [18], E. grandis or E. urophylla (age 4) [17], demonstrating the nov-
elty of these QTLs (S15 Table).

Positional Candidate Genes for QTL Confidence Intervals

For traits Hsg, Dsg, and WDsg, the number of positional candidate genes within a QTL confi-
dence interval ranged from 11 (Hss on Ur_LG3) to 585 (WDss on Te_LG5) depending on QTL
(S16 and S17 Tables). The total number of positional candidate genes was 255, 577, and 1185,
including 83, 253, and 437 in E. urophylla and 172, 324, and 748 in E. tereticornis, for Hsg, Dsg,
and WDsg, respectively. Functional annotation showed that 95 (37.3%), 157 (27.2%), and 351
(29.6%) of the positional candidate genes were homologous to known or putative genes, and
136 (53.3%), 371 (64.3%), and 727 (61.4%) corresponded to predicted, hypothetical, unnamed,
or uncharacterized proteins while 24 (9.4%), 49 (8.5%), and 107 (9.0%) produced no significant
match (E < 107> S16 and S17 Tables) in Hsg, Dse, and WDsg, respectively. Moreover, some
known genes involved in cell expansion, starch accumulation, leaf resistance, and/or pro-
grammed cell death appear to affect growth, and some genes participanting in phenylpropa-
noid and lignin biosynthesis pathway seem to influence wood density (see Discussion below).

Discussion
Dense Genetic Maps for the Important Tree Genus Eucalyptus

The E. urophylla and E. tereticornis dense maps reported here make a significant contribution
to eucalypt genomics resources. The E. tereticornis map is the first dense map for the important

PLOS ONE | DOI:10.1371/journal.pone.0145144 December 22, 2015 10/19



@ PLOS | one

Genomic Comparison and Novel QTLs in Eucalyptus

(A) (B)
11 [ 1 ,
10 /"’ 10 vl
9 . . R i 9 -
8 j’- . . ;“.’"“
= | — e = —
27 A =7 ¥ .
aQ T T o i
&6 . @5 5
_‘g T )“ ™ __g 1 -t !
g 5 i . § 5
i { . o
S | 34
3 A 3 /
2| | j 2 | ,,.". ’
10#7 . vail T
& That
1 2 3 4 5 6 7 8 9 10 N 1 2 3 4 5 6 7 8 9 10 1N
Ur linkage group Te linkage group
(C) o o SRl ey, (D) ot

Lt
S
| w% \ !

Sealort 6

Fig 3. Syntenic relationships of individual linkage groups (LGs) of E. urophylla (A, C) and E. tereticornis (B, D) with E. grandis genome sequence.
In (C) and (D), each curve represents a similarity match between a LG and an E. grandiis scaffold, with each thick orange curve showing a case of non-
synteny and the different colours reflecting different LGs and the corresponding scaffolds.

doi:10.1371/journal.pone.0145144.9003

section Exsertaria. Both maps contain unique markers that have never been mapped in any
prior maps, such as the newly developed EST-SSRs and EST-CAPSs. In total, 1,193 markers
were linked in both of our maps (700 in E. urophylla and 585 in E. tereticornis including 92
common ones). When compared with prior DArT-based maps in Eucalyptus, though the total
number of markers mapped here is less than that of the consesus map using two backcrosses
between E. grandis and E. urophylla (2,290 markers) [12], it is comparable to those of consen-
sus maps based on single inter- (e.g. 1,029 markers for E. grandis x E. urophylla F, framework
map) [13] or intra-specific crosses (e.g. 1,060 and 569 markers for E. globulus F; FAM4 and F,
LH maps, respectively) [10]. This indicates the relatively high level of polymorphisms in our
mapping population. Also, the total map length is similar to other DArT-based eucalypt maps
published, e.g. 1,107.6 cM for E. urophylla BC map [12] and 1,303.9 cM for GU1 map [13], sug-
gesting the similarity in parental recombination rates. On the other hand, considering the
markers common with one or more of the prior maps (443 in E. urophylla and 320 in E. tereti-
cornis; S10 and S11 Tables), all the dense maps could be merged to form an ultra-dense com-
posite map for Eucalyptus. Moreover, our maps were enriched with newly developed EST-SSR
and EST-CAPS markers (124 in E. urophylla and 120 in E. tereticornis including 46 common
ones) that were distributed throughout the 11 LGs. This set of gene-derived markers represents
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the first step towards development of a sequence-tagged site based transcript map of the Euca-
lyptus genome.

DArT clustering was observed in both of our maps. This may be attributable to DArT
sequence redundancy [45], apart from intrinsic recombination reduction [46] and local chro-
mosomal rearrangement [47]. Similar observations have also been reported in other plants
including eucalypts [10]. Also, the dominance nature of DArT markers has consequences in
their predictive ability for linkage, allele frequency, and marker-trait association [48]. It is thus
necessary to intergrate more non-redundant co-dominant markers into the current DArT-
dominating maps. Recently, an Infinium® chip with more than 60,000 SNPs has been devel-
oped in Eucalyptus [49]. In addition, advances in next generation sequencing have offered the
feasibility of genotyping by sequencing for genetic mapping of heterozygous genomes, e.g.
maize [50]. All these advances could be highly conducive for further improvements in genetic
mapping in Eucalyptus.

Comparative Genome Mapping in Eucalyptus

The high levels of genome synteny and colinearity presented here corroborate the findings of
Hudson et al. [10] who made intra- and inter-sectional comparisons between DArT-based
maps of E. globulus, E. grandis, and E. urophylla. In comparisons within section Latoangulatae,
98.6% and 97.0% of common markers were syntenic in our E. urophylla map to the GU1 [13]
and GU2 [12] maps, with 27.0% and 14.3% being no-colinear, respectively (S10 Table). In
inter-sectional comparison, slightly higher degrees of non-synteny (2.8-6.6%; S10 and S11
Tables) were observed in our E. urophylla and E. tereticornis maps, with 3.5-21.8% of syntenic
markers being non-colinear. Similarly, Hudson et al. [10] found map non-synteny percentages
of 0.8%, 1.3%, and 6.6% and non-colinearity of 4.7%, 6.8%, and 6.3% within section Latoangu-
latae, within Maidenaria, and between the two sections, respectively. Such non-synteny and
non-colinearity could result from multiple factors, such as intra- and inter-chromosomal locus
duplication, genome rearrangement, transposon-mediated marker transposition, discrepancy
in recombination rate among different genomic regions, small mapping population size, com-
promised marker orders in a consensus map, missing data, and genotyping errors [10,42,46].
Nevertheless, the non-synteny level agrees well with taxonomic relationships. As sections
Exsertaria and Latoangulatae are very close and should probably be combined into a single sec-
tion [51], it is not unexpected that their synteny level (E. tereticornis vs GU1 or GU2) is compa-
rable to that within Latoangulatae (E. urophylla vs GU1 or GU2) and both sections have a
similarly less synteny with Maidenaria (E. globulus). However, the proportion of non-colinear
markers appears to decrease with taxonomic distance, e.g. 27.0% for E. urophylla vs GU1 but
9.1% for E. urophylla vs Glob (S10 Table). In addition to the potential factors described above,
this may be attributed to the markedly smaller number of syntenic markers in Glob relative to
GU1 and GU2, resulting in larger map intervals for co-linearity analysis where occurrence of
marker rearrangements could be less possible.

High levels of synteny and colinearity were also revealed when compared to E. grandis
genome assembly. Of all the mapped markers, only three (0.5%) in E. urophylla and seven
(1.3%) in E. tereticornis did not have a significant match to E. grandis genome (S14 Table).
Such missing matches could imply the presence of specific sequences that may not have been
assembled in E. grandis genome or represent novel loci evolving in the specific species. Thus,
the maps presented here would add independent information to the current E. grandis genome.
Also, 32 (5.0%) and 173 (27.1%) markers in the Ur map and 24 (4.4%) and 98 (18.0%) in the
Te map were non-syntenic and non-colinear, respectively, to the E. grandis genome (S14
Table). Considering that E. grandis genome has more tandem duplicates than other plants
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[28], a marker may be aligned to an alternative physical region of a duplicate and thus can give
rise to non-synteny and non-colinearity. In addition, the mean physical distance per cM was
less than the estimate of 513 kb/cM reported by Petroli et al. [13], but substantially higher than
some selfing plants like rice (c. 244 kb/cM) [52]. This may pose a challenge for map-based clon-
ing, though recombination frequency can vary largely with position along the chromosome
[52].

QTLs and Positional Candidate Genes for Growth and Wood Density

Taking both parents together, the number of QTLs detected for wood density is the same as or
very close to that of growth (D or H) at the same age, as is expected from the similar magnitude
of H” estimates (Table 1). The moderate proportion of the phenotypic variance (8.3-18.9%)
explained by individual QTLs is generally parallel with those reported previously in trees, e.g.
Eucalyptus [17,18], Populus [15], and Pinus [53]. This indicates the polygenic nature of the
traits analyzed. Moreover, growth (H or D) and wood density QTLs were located in different
regions in both parental genomes, except for Dss and WDs4 on Te_LG2 (Fig 1 and Table 3).
Also, in addition to co-locating QTL(s) for growth and wood density, separate QTLs were iden-
tified for both trait types in other tree species, such as E. grandis [54,55] and Pinus radiata [53],
reflecting the independence of major QTLs affecting the two types of traits despite occasional
co-locating loci due to pleiotropic effects and/or tight linkage between QTLs. Furthermore, for
highly correlated growth traits, like H and D at the same age or either variable over two or
more ages, consistent QTLs identified may indicate the existence of pleiotropic genes or the
stable expression of genes over time. Though stable QTLs between traits or over time are not
frequent in forest tree literature, several studies have reported QTL stability, e.g. a QTL in E.
globulus for one-year-old height as well as two- and six-year-old diameters [56], and a number
of QTLs overlapping among bud flush, bud set, and height traits and/or among years in Picea
glauca [16]. Even so, no QTL was significant in our study over all ages of growth and the
observed number of co-locating loci was lower than expected. On the other hand, given the rel-
atively small population size used here, the number of QTLs for a specific trait may have been
underestimated and their phenotypic effects overestimated [56-58]. In forest trees, due to
mostly the limitations in manageable population size, QTL mapping has generally been carried
out in small populations and much has been learned about complex trait architecture such as
the number, position, and size of effects of QTLs [21]. For instance, families each with around
100 genotypes have been recently used for QTL detection in Populus [59] and Eucalyptus [18].
Nonetheless, larger populations of the same cross or different pedigrees will be useful to vali-
date the effects of QTLs identified in the present study and detect additional QTLs.

We failed to detect QTLs common with those mapped on DArT-based maps of E. grandis,
E. urophylla [17] and E. globulus [18]. This may be due to the lack of segregation at QTLs in
alternative populations and/or due to differences in environment and developmental stage
[18,21]. Meanwhile, those novel QTLs detected here would add significantly to the list of geno-
mic regions affecting growth and wood density in Eucalyptus trees. Moreover, the relatively
high H? values (Table 1) suggest that genetic gain could be obtained through selection in
growth and wood property traits. As traditional phenotypic selection is laborious and time-
consuming, marker assisted selection (MAS) provides an efficient method for selecting geno-
types of interest. In this respect, the identification of novel QTLs would be valuable for future
MAS programs.

The released E. grandis genome sequence allows for investigating positional candidate genes
within each QTL confidence interval in silico. A number of positional candidate genes identi-
fied herein had known functions. For Hss and Dse, some candidate genes involved in cell
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expansion, starch accumulation, leaf resistance, and/or programmed cell death appear to affect
growth. For example, wall associated kinase (Eucgr.E03106.1; S16 and S17 Tables) and xyloglu-
can endotransglycosylase (Eucgr.C02203.1; S17 Table) are required for cell expansion [60,61],
glucose-1-phosphate adenylyltransferase (Eucgr.B01108.1; S16 Table) functions during starch
accumulation and carbon allocation [62], stem-specific protein TSJT1 (Eucgr.B01123.1; S16
Table) expresses differently during H,O,-induced programmed cell death [63], and stearoyl-
ACP desaturase (Eucgr.H00294.1-00307.1 except 00302.1-00304.1; S16 Table) modulates the
activation of plant defense signaling pathways such that the mutant plants of a stearoyl-ACP
desaturase gene SSI2 are dwarfed [64]. For WDs, lignin seems to play an important role in
trait formation as a range of candidate genes are participants in phenylpropanoid and lignin
biosynthesis pathway, such as lignin-forming anionic peroxidase precursor (Eucgr.102714.1;
S16 Table), cinnamyl alcohol dehydrogenase (Eucgr.E02559.1; S17 Table), hydroxycinnamoyl-
CoA shikimate/quinate hydroxycinnamoyltransferase (Eucgr.E02701.1; S17 Table), and caffeic
acid 3-O-methyltransferase (Eucgr.E03146.1 and 03148.1; S17 Table). Also, several genes were
identified earlier to link lignin traits in Populus [24], e.g. NAC domain-containing protein
(Eucgr.E03226.1; S17 Table), glycosyltransferase (Eucgr.H00262.1 and E02950.1; S16 and S17
Tables, respectively), and cytochrome P450 (Eucgr.E02618.1 and 02619.1; S17 Table). In addi-
tion, F-box family protein may affect wood density in Eucalyptus as shown in Kullan et al. [17]
and this study (Eucgr.E02620.1; S17 Table).

Conclusions

Dense genetic maps of E. urophylla and E. tereticornis were constructed using genomic SSR,
EST-SSR, EST-CAPS, and DArT markers. As compared with the dense maps of Eucalyptus
reported earlier and the E. grandis genome sequence released recently, high levels of genomic
synteny and colinearity were revealed for both of our maps, which would assist in composite
map construction and cross-species QTL mapping in the important hardwood genus Eucalyp-
tus. Novel QTLs associated with growth and wood density were detected on the maps, adding
promising targets for future MAS programs. Positional candidate genes for each 56-month-old
QTL confidence interval were identified, in which relatively low numbers of positional candi-
date genes were found for certain QTLs. This will facilitate functional characterization of spe-
cific causative genes for tree growth and wood density. Larger populations are under
development to increase the statistic power of QTL mapping and target more economic traits.
As Eucalyptus genome serves as the pivotal representative of the large dicotyledonous woody
family Myrtaceae [23], results from this study would provide a valuable resource for genomics
studies and directed breeding of other closely related genera in the family.

Supporting Information

S1 Fig. Genetic maps of Eucalyptus urophylla (Ur) and E. tereticornis (Te). Linkage groups
(LGs) are designated according to Brondani et al. [34]. Accumulated map distances (cM) and
locus names are presented to the left and right of each LG, respectively. Common markers in
both maps are connected by a line. Marker segregation distortions are marked with *

(P <0.05), " (P <0.01), and *** (P < 0.001).

(PDF)

$2 Fig. QTL analysis for 56-month-old height (Hs), diameter at breast height (Ds¢), and
wood density (WDse) in Eucalyptus urophylla (Ur) and E. tereticornis (Te). Each linkage
group is the same as shown in S1 Fig A black dashed line indicates the LOD threshold (usually
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as compared with prior DArT-based genetic maps of Eucalyptus, including E. grandis x E.
urophylla F, Full map (GU1) [13], E. grandis x E. urophylla pseudo-backcross F, consensus
map (GU2) [12], and E. globulus Lighthouse F, map (Glob) [10].
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map (GU2) [12], and E. globulus Lighthouse F, map (Glob) [10].
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