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Abstract Ceratocystis wilt caused by the fungus Ceratocystis
fimbriata, is currently one of the major diseases in commercial
plantations of Eucalyptus trees in Brazil. Deployment of
resistant genotypes has been the main strategy for effective
disease management. The present study aimed at identifying
genomic regions underlying the genetic control of resistance
to Ceratocystis wilt in Eucalyptus by quantitative trait loci
(QTL) mapping in an outbred hybrid progeny derived from
a cross between (Eucalyptus dunnii x Eucalyptus grandis) *
(Eucalyptus urophylla x Eucalyptus globulus). A segregating
population of 127 individuals was phenotyped for resistance
to Ceratocystis wilt using controlled inoculation under a
completely randomized design with five clonal replicates per
individual plant. The phenotypic resistance response followed
a continuous variation, enabling us to analyze the trait in a
quantitative manner. The population was genotyped with
114 microsatellite markers and 110 were mapped with an
average interval of 12.3 ¢cM. Using a sib-pair interval-mapping
approach five QTLs were identified for disease resistance,
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located on linkage groups 1, 3, 5, 8, and 10, and their estimated
individual heritability ranged from 0.096 to 0.342. The QTL on
linkage group 3 overlaps with other fungal disease-resistance
QTLs mapped earlier and is consistent with the annotation of
several disease-resistance genes on this chromosome in the
E. grandis genome. This is the first study to identify and at-
tempt to quantify the effects of QTLs associated with resistance
to Ceratocystis wilt in Eucalyptus.

Keywords Genetic mapping - Quantitative trait loci -
Eucalyptus - Sib-pair interval-mapping - Ceratocystis
fimbriata

Introduction

Fast-growing species of Eucalyptus are currently planted
across more than 100 countries worldwide due to their
remarkable adaptability to different climatic conditions, rapid
growth, high coppice capacity, and production of wood for
diverse purposes (Iglesias and Wiltermann 2009). Along with
the continued expansion of planted areas, many diseases have
emerged causing economic losses, particularly those caused
by pathogenic fungi (Alfenas et al. 2009). Among these,
Ceratocystis wilt caused by Ceratocystis fimbriata Ellis and
Halsted is currently one of the most important diseases that
affect Eucalyptus plantations in Brazil (Fernandes et al. 2014).

Ceratocystis fimbriata is a soilborne ascomycete fungus
and was originally described as the causal agent of black rot
of sweet potato (I[pomoea batatas) in New Jersey, USA
(Halsted 1890). Currently, C. fimbriata is recognized as a
complex of many fungal species (Harrington et al. 2011).
However, all strains in Brazil are considered to belong to a
single species with a very broad host range that includes iso-
lates varying greatly in aggressiveness to many cultivated
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hosts (Oliveira et al. 2015a, b). C. fimbriata mainly affects the
xylem, where important symptoms are observed in stem cross
sections exhibiting radial and longitudinal dark stripes. The
pathogen infects the plant through fresh wounds in the trunk
and roots causing wilting symptoms commonly followed by
plant death (Ferreira et al. 2000).

The fungus was first reported in Brazil in 1997 in eu-
calypt clonal forests in southeastern Bahia, where planta-
tions dominated by one particular hybrid combination
(Eucalyptus urophylla x Eucalyptus grandis) displayed
mortalities exceeding 40 % (Ferreira et al. 1999).
Subsequently, the disease was reported in the Republic
of Congo (Roux et al. 2000), Uganda (Roux et al.
2001), Uruguay (Barnes et al. 2003), South Africa
(Roux et al. 2004), and China (Li et al. 2014). In addition
to Eucalyptus, C. fimbriata infects other woody species of
economic importance, such as mango (Mangifera indica),
sycamore (Platanus spp.), gmelina (Gmelina arborea),
coffee (Coffea arabica), rubber tree (Hevea brasiliensis),
fig (Ficus carica), and acacia (Acacia spp.) (Baker et al.
2003; Harrington et al. 2011).

The management of Ceratocystis wilt is extremely difficult
because of the vascular nature of the disease, the different
forms of transmission, the long persistence of the fungus in
the soil, and because the pathogen is native in many regions of
Brazil (Ferreira et al. 2011). The existence of inter- and intra-
specific genetic variability for resistance to Ceratocystis wilt
in different species and clones of Eucalyptus has allowed the
selection of resistant hybrid clones (Guimaraes et al. 2010;
Alfenas et al. 2004), and is currently the main method for
managing the disease (Fonseca et al. 2010).

Genetic studies using hybrid progenies of E. grandis x
E. urophylla showed that resistance to Ceratocystis wilt
displays a high degree of additive genetic control with
seemingly low dominance (Rosado et al. 2010a).
Nevertheless, the identification of genomic regions in-
volved in the resistance response to Ceratocystis wilt
could help understand the genetic architecture of heritable
resistance underlying the overall resistance phenotypes
and possibly help accelerate the selection of resistant trees
(Grattapaglia and Kirst 2008). Markers linked to resis-
tance quantitative trait loci (QTL), once validated across
additional pedigrees, could be used for the practice of
early and indirect selection and for the identification of
resistance genes in the now-available Eucalyptus genome
sequence (Myburg et al. 2014). In this report, we describe
the identification of genomic regions underlying the resis-
tance response to Ceratocystis wilt in Eucalyptus using a
QTL mapping approach by constructing a genetic map
with transferable microsatellites and phenotyping trees
with a controlled inoculation bioassay across biological
replicates. Additionally, we show that the QTL detected
for Ceratocystis wilt maps to the same genomic interval
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where major-effect QTL for Puccinia psidii rust resistance
were recurrently mapped in earlier independent studies.

Materials and methods
Plant material

Genetic map construction and QTL mapping was carried out
using an outbred full-sib family of 127 plants originated from
a cross between two interspecific F1 hybrid parents:
[Eucalyptus dunnii (D) x E. grandis (G)] % [E. urophylla
(U) x Eucalyptus globulus (GL)], generated during the
Genolyptus Project (Grattapaglia 2003). Each plant of the
DG x UGL mapping progeny was cloned via stem cuttings
to enable inoculation on five replicates per individual. The
cuttings at 90 days after setting were transplanted to pots of
2 L capacity containing a sterilized mixture of soil/sand/ma-
nure (3:1:1). The fertilizer Ouro Verde® (15-15-20 NPK) was
applied once a week (100 mL plant ' at 7.5 ¢ L™") up to
60 days after transplanting until the plants reached the stage
of development suitable for inoculation.

Inoculation and disease evaluation

The isolate SBS-1 of C. fimbriata used in this study was
obtained in 2007 from a hybrid E. grandis x E. urophylla
clone exhibiting typical symptoms of the disease in the region
of Teixeira de Freitas, Bahia, and used previously (Rosado
et al. 2010a). The isolate was maintained in the mycology
collection of the Forestry Pathology Lab at the Universidade
Federal de Vicosa (UFV) in Brazil, on malt agar media at
—80 °C. The fungus was grown in Petri dishes (9 cm diameter)
containing MYEA (2 % malt extract, 0.2 % yeast extract and
2 % agar) for 8 days at 28 £+ 1 °C under a photoperiod of 12 h
(light intensity of 40 pmol s ' m2). Sterile distilled water was
added to the plates to collect the spores (conidia + ascospores),
and after scraping, the surface of the colony with Drigalski,
the spore suspension was filtered through a double layer of
cheesecloth. The inoculum concentration was determined
using a Neubauer chamber in an optical microscope calibrated
to 2.5 x 10° spores mL™'. The plants were wounded by mak-
ing a 3 mm deep downward-slanting cut from the outer bark
into the wood with a sterile scalpel at 2 cm above the ground
line, and 0.5 mL of the spore suspension was then placed into
the wound, which was subsequently covered with Parafilm®.
A total of ten plants of the hybrid clone HGU1172 (E. grandis
x E. urophylla) were used as susceptible controls. The inocu-
lations were conducted in 2008 in a nursery at the
Universidade Federal de Vigosa. Plants were evaluated for
disease severity (%) 60 days after inoculation. Disease sever-
ity (%) was obtained by dividing the lesion length by plant
height and multiplying by 100.
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Microsatellite genotyping

DNA of the two parents and the progeny individuals was
extracted according to the protocol described earlier
(Grattapaglia and Sederoff 1994). The extracted DNA was
resuspended in 50 puL of sterile distilled water and the con-
centration adjusted to 20 ng uL~'. Microsatellite genotyping
was conducted as described by Faria et al. (2011), using mul-
tiplex systems of four to six co-amplified loci labeled with
specific fluorochromes (FAM, HEX, or NED). PCR reactions
in multiplexed systems were carried out using 1 pL of 10x
QIAGEN Multiplex PCR Buffer (QIAGEN Inc., Valencia,
CA, USA), equal final concentration of 0.1 uM for all primers
of all microsatellite markers co-amplified, 1.0 pL of Q-
Solution, 2.0 ng of genomic DNA, and RNase-free water to
a final reaction volume of 10 pL. The recommended
QIAGEN Multiplex PCR Handbook cycling protocol was
used with an annealing temperature of 60 °C and 30 PCR
cycles. Following PCR amplification, 1 pL of the reaction
was added to 8 puL of Hi-Di formamide (Applied
Biosystems) and 1 pL of size standard labeled with ROX
(Brondani and Grattapaglia 2001). The DNA samples were
denatured (95 °C for 5 min) and immediately placed on ice.
Thereafter, the reaction was subjected to capillary electropho-
resis on an ABI 3100XL automated sequencer (Applied
Biosystems) according to the standard protocol used in the
laboratory for the detection of fragments. The software pro-
grams GeneScan and Genotyper (Applied Biosystems) were
used to analyze the raw data, and AlleloBin (Indury and
Cardon 1997) was used to calibrate the allele size values in
the base pairs to integers.

Linkage analyses and construction of the genetic map

Testing for departures from Mendelian assumptions
(Mendelian segregation with no segregation distortion)
for segregating markers was performed using a chi-
square test (x*) with a 20 % probability of type I error
for the entire genome (experiment wise). This error rate
is acceptable from a genome-wide standpoint. In addi-
tion, Bonferroni multiple testing correction was applied
at the individual-marker level. The integrated map was
constructed using the software GQMOL (Cruz 2008).
Linkage group numbering followed the Eucalyptus refer-
ence map (Brondani et al. 2006), which in turn corre-
sponds to chromosome numbering in the Eucalyptus
reference genome (Myburg et al. 2014). Maximum
recombination frequency of 30 % and minimum LLR
score (logarithm of the likelihood ratio) of 3 were used
to determine linkage between markers. The distances be-
tween markers (in cM) were calculated using the Haldane
mapping function.

QTL mapping

QTL detection was carried out with the previously constructed
maps by single-marker analysis (ANOVA and contrasts be-
tween means or multiple comparisons, using trait means of the
different locus-specific genotypic categories for each parent)
and interval-mapping using the sib-pair approach described by
Fulker and Cardon (1994). Analysis of variance (ANOVA)
was performed to check for significant differences compared
to the mapping population average, grouped according to the
marker genotypic classes, allowing for multiple comparisons.
QTL detection using ANOVA was carried out using a simple
linear model with only one factor to decompose the variation
among and within genotypic classes of markers:

y,j:u+M,+5U

where

vy Characteristic value in the j-th individual (=1, 2 ... n,)
carrier of the ith marker genotype (i =1, 2, 3, 4 - to fully
informative families);

it Mean of the population;

M; Effect of the ith allele of the markers;

e; Random error~N(0, o).

With fully informative markers (i.e., all four genotypic
classes discernible, with three or four alleles segregating) the
statistical test associated with the ANOVA is an F test with 3
degrees of freedom.

To decompose the influence of the alleles from each parent
over the trait, contrasts were done by testing alleles individu-
ally. The contrast between means (J) based on the ¢ statistic
was used to assess the existence of significant differences
between means for individuals with specific alleles.

To test H,: =0, we used the statistic 7 defined by the
expression:
t = :5 — lltl*lllz

\/m \/V(/1|>+V(ﬂ'2>

degrees of freedom,

, associated with n; + n, — 2

Where:
7(0) Variance of contrast between means;
n; and n, Number of individuals in the full-sib family
having the A and A, alleles, respectively;
V(141) and Variance of individuals in the full-sib family
V(o) having the A; and A, alleles, respectively.

Analogously, the contrast was evaluated considering the
marker information coming from the second parent.

For the sib-pair interval method, the proportion of identical
by descent (IBD) alleles in adjacent markers on a linkage
group was used to estimate the proportion of alleles IBD at a
putative QTL over the interval between the markers. The
position that provides a better fit of the regression was taken
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as the estimated position of the QTL on the linkage group.
Thus, it was possible to separately obtain estimates of the
effect of the QTL on the additive genetic variance and its
position (Cruz et al. 2009). This methodology is based on
estimates of the IBD alleles of two linked markers, M; and
M, at ry, centimorgans, denoted m jand ™ j, to estimate the
values of the rate of IBD alleles among sibling pairs for the
site O, defined by ;.

In positions with a better fit of the regression model, the
estimated Bq, which was associated with the optimal choice
criterion of the regression equation, was used to infer the most
likely position of the QTL and to estimate the value of the
contribution of the QTL to the additive variance of the trait,

given by G5qr, = —% The heritability of the QTL within

families of sibs was estimated by the expression:

2
héTL = ”2%:, with 0% as the phenotypic variance within

family and aiQTL as the additive variance of the QTL. QTL
detection using this sib-pair regression method of Fulker and
Cardon (1994) was performed using the software GQMOL
(http://www.ufv.br/dbg/gqmol/gqmol.htm).

Results

The variation of resistance response to Ceratocystis wilt in the
DG x UGL family was continuous, with no clear separation
between resistant and susceptible plants (Fig. 1). The progeny
showed a disease average phenotypic severity of 12 %, with
minimum and maximum values equal to 4 and 44 %, respec-
tively. The susceptible comparator (clone HGU1172) had a
disease severity of 47 %, demonstrating that the conditions
were favorable to infection. The minimum severity value
found (4 %) in some plants was equivalent in length to the

Fig. 1 Severity of Ceratocystis 50

wilt in 127 individuals of the
mapping family DG x UGL
(E. dunnii x E. grandis) x
(E. urophylla x E. globulus)
inoculated with isolate SBS1 of 35
Ceratocystis fimbriata. Each gray
bar represents the mean severity
of five replicates of each
genotype. The black bar
corresponds to the susceptible
comparator HGU1172
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injury caused as a simple response to the wound made during
inoculation. The plants with a disease severity greater than the
minimum value exhibited typical symptoms caused by
C. fimbriata, such as xylem discoloration, wilting, die-back,
and in some cases, eventual death of the plant (Fig. 2).

Of the 114 microsatellite markers genotyped, 110 were
mapped, 89 (78 %) were completely informative (segregating
1:1:1:1), 6 were informative only in the male parent UGL (1:1
segregation), and 19 were informative only in the female par-
ent DG (1:1 segregation). Using the x statistic, we found that
24 of the 110 mapped markers (21 %) showed segregation
distortion (SD) from the expected genotypic proportions. Of
these, 9 had gametic distortion for both parents (DG and
UGL) and/or the parent in which it was informative. The other
15 had gametic distortion only in one parent: two markers had
distortion in the gametes from female parents, and 13 had
distortion in the male parents (Table 1). The test of gametic
segregation in markers with SD showed that this occurs in a
higher percentage in the male parent compared to the female
(86 and 13 %, respectively) when considering only the fully
informative markers (Table 1). The 110 markers were mapped
on 15 linkage groups (LGs), whose lengths varied from 12.3
to 191.5 cM. The greatest distance between two markers (gap)
was 43.1 cM. The total map length was 1352 cM with an
average interval of 12.29 ¢cM between markers.

QTL analysis via single-marker analysis of variance based
on the data of individual phenotype severity identified four
markers (Eg98, Embra22, Embra388, and Embra674) with sig-
nificant effects (¢ test, P < 0.05). Mean comparisons based on
the contrast method, showed two of these markers (Eg98 and
Embra388) associated with effects inherited from the female
parents (DG) and two others (Embra22 and Embra674) associ-
ated to effects inherited from the male parent (UGL) (Table 2).

The sib-pair method of Fulker and Cardon (1994), con-
firmed the existence of the four QTLs identified by single-

Family DGXUGL genotype
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Fig. 2 Symptoms of Ceratocystis wilt caused by Ceratocystis fimbriata
on Eucalyptus spp. a Initial development of wilt symptoms (white arrow).
b Plant with wilt symptoms 45 days after inoculation. ¢ Outer
discoloration of the stem. d Xylem discoloration

marker analysis, in addition to the identification of another QTL
on LGI associated with marker EN6 (Table 3 and Fig. 3). This
QTL is located between markers En06 and Embrall, with es-

timated heritability (izéTL ) of 0.11. The estimated effect of
allelic replacement in the female and male parents was 1.84
and 0.09, respectively. In other words, this allele contributed
an average of 1.84 and 0.09 % increase in lesion length depend-
ing on the parent. On LG3, the QTL was mapped between

markers Embral656 and Eg98, with the highest value of izéTL
(0.34). The estimated effect of allelic replacement in the female

parent was —4.53, thus contributing to the reduction of lesion
length by 4.5 % on average. On LGS, the QTL was mapped

between markers Embra388 and Embra41, with lAzéTL of 0.16.
The estimated effect of allelic replacement in the female and
male parents was 3.89 and 0.12, respectively. The QTL de-
tected on LG8 was mapped between markers Embra674

and Embra203, with iléTL of 0.9. The estimated effect of

allelic replacement in the male parent was —3.19. The
QTL on LG10 was mapped between markers Embra22

and Embral27, with izéTL of 0.11. The estimated effects of
allelic substitution in female and male parents were —1.42 and
—4.37, respectively.

The total genetic variance of the trait from phenotypic anal-
ysis was 114.9 and the sum of the variance of significant QTL
effects was 106.4, which matches with the estimate for the trait
genetic variance. The respective total heritabilities were 0.88

Table 1  Test of the gametic segregation of markers that showed
segregation distortion

Marker Parent Gamete TI Gamete T2 x° Probability
Eg24 Q11* 335 - - -
412 138 197 10.39  0.001
Embra28 Q12 163 130 372 0.05
434 99 194 30.80 <0.001
Embra37 Q@12 102 201 32.35 <0.001
434 159 144 0.74 039
Embra42 @12 190 120 15.81 <0.001
434 143 167 1.86 0.17
Embra44 Q11 247 - - -
423 191 56 73.79 <0.001
Embra53 Q12 224 96 51.20 <0.001
434 139 181 551  0.02
Embra58 Q@12 116 191 18.32 <0.001
434 158 149 026 0.61
Embralll @12 200 111 25.47 <0.001
434 172 139 3.50 0.06
Embral28 Q12 151 102 9.49  0.002
434 138 115 2.09 0.15
Embral55s Q12 208 129 18.52 <0.001
413 162 175 0.50 048
Embral68 @12 115 200 22,94 <0.001
434 150 165 0.71 040
Embra202 @ 12 207 97 39.80 <0.001
434 138 166 258 0.11
Embra204 @12 185 143 538 0.02
434 193 135 10.26  0.001
Embra205 Q12 132 166 3.88 0.05
434 170 128 592 0.02
Embra208 @ 12 85 195 4321 <0.001
434 151 129 1.73  0.19
Embra209 912 223 105 42.45 <0.001
434 152 176 1.76 ~ 0.19
Embra214 Q12 234 87 67.32 <0.001
434 164 157 0.15 0.70
Embra390 212 119 198 19.69 <0.001
434 123 194 15.90 <0.001
Embra651 Q12 220 80 65.33 <0.001
434 165 135 3.00 0.08
Embra668 212 114 99 1.06 030
d 34 78 135 15.25 <0.001
Embra954 Q@ 11 341 - - -
412 213 128 21.19 <0.001
Embra979 @ 12 197 117 20.38 <0.001
434 167 147 1.27 026
Embralll4 @ 11 293 - - -
412 120 173 9.59  0.002
Embral851 @ 11 328 - - -
423 193 135 10.26  0.001
* Allelic configuration
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Table 2 Significant associations between markers and resistance to Ceratocystis wilt based on single-marker analysis

Marker Parental N1 N2 Mean (p¢1) Mean (11,) V(M) V(M) t P value
Eg98 Q12x22 65 44 10.28 14.81 0.56 2.35 —2.66 0.008
Embra22 Q12 x34 55 58 11.30 12.72 0.89 1.27 —-0.97 0.667
Embra22 41234 66 47 10.21 14.58 0.63 1.70 —2.86 0.0050
Embra388 Q12x34 54 62 14.34 10.45 1.55 0.80 2.54 0.012
Embra388 412 %34 62 54 1231 12.19 0.87 1.61 0.08 0.937
Embra674 d11x21 28 33 7.98 11.17 0.56 1.68 —2.13 0.035

N1 and N2 are the number of individuals in the full-sib family having the M, and M, alleles, respectively. ;11 and (2 are the severity averages (%) of
individuals with M and M, alleles, respectively. V(M) and V(M,) are the variance of individuals with M; and M, alleles, respectively. Negative signs

when 1) < 1

t statistics (Student’s # test) for 1 = .

and 0.82 for the trait and sum of QTL effects, respectively,
which are coherent.

Discussion

Five QTLs associated with resistance to Ceratocystis wilt
were identified and their effects tentatively quantified in a
hybrid full-sib family of Eucalyptus spp. Three QTLs identi-
fied on LG3, LGS, and LG10 involved alleles positively con-
tributing to the resistance response to Ceratocystis wilt. The
two QTLs identified on LG1 and LGS, on the other hand,
contributed negatively to resistance in the population studied.
These alleles targeted by specific microsatellites could be fur-
ther investigated toward its use in breeding. The QTL effects
on LG3 were inherited from the female parent, while the QTL
on LG8 originated from the male parent. Allelic effects from
both parents were detected for the QTL on LG10. These re-
sults demonstrate that both parents (DG and UGL) and their
respective species compositions were able to contribute with
usable variation in resistance response to Ceratocystis wilt.

Table 3

Thus far, QTLs associated with disease-resistance in
Eucalyptus have been described for Mycosphaerella leaf spot
(Mycosphaerella cryptica), rust (P. psidii), and Calonectria
leaf blight (Calonectria pteridis) (reviewed by Grattapaglia
et al. 2012). With the exception of rust, in which only one
QTL located on LG3 was identified (Mamani et al. 2010;
Rosado et al. 2010b), QTLs for Mycosphaerella leaf spot
and Calonectria leaf blight were found distributed across dif-
ferent LGs (Freeman et al. 2008; Zarpelon et al. 2015). This
same pattern of distribution of QTLs across different LGs was
found for Ceratocystis wilt, suggesting that resistance to these
three diseases is more likely polygenic.

Interestingly, the QTL found in our study was mapped on
LG3 in essentially the same genomic segment as the major-
effect QTL Pprl for P, psidii resistance initially detected by
Junghans et al. (2003) and later positioned on LG 3 (Mamani
et al. 2010). Microsatellite markers Eg98 and Embral656
flanked the Ppri QTL in that study as well as the QTL for
Ceratocystis wilt mapped in this study. One of the five QTLs
detected for Mycosphaerella resistance was also mapped to
the same genomic region in E. globulus, although the interval

QTLs for resistance to Ceratocystis wilt detected by a sib-pair interval-mapping analysis

LG Associated marker Position (cM) Markers flanking the QTL

~2

Effect of @ allele Effect of & allele Genotype @ x &

a2

aqQrL  /lQTL

1 En06 0.09 En06 — Embrall 147 0.1 1.84° 0.09° A1A2 x A3A4
3 Eg98 0.00 Embral656 — Eg98 442 034 —4.53 - B1B2 x B2B2
5  Embra388 0.04 Embra388 — Embra41 205  0.16 3.89 0.12 C1C2 x C3C4
8  Embra674 0.11 Embra674 — Embra203 124 0.096 - -3.19 DIDI x D2D1
10 Embra22 0.01 Embra22 — Embral27 146 0.11 -1.42 —4.37 E1E2 x E3E4

Total QTLs 1064 0.82+0.05

Phenotypic trait - - 1149  0.88=+0.06

LG linkage group based on the map of Brondani et al. (2006), UiQTL additive variance, hén heritability of QTL

" Disease severity averages (%)
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Fig. 3 Linkage groups with the respective QTLs for resistance to
Ceratocystis wilt in the mapping family DG x UGL (Eucalyptus
grandis X E. dunni) x (E. urophylla x E. globulus). Black bars indicate

for its most likely position was wider (Freeman et al. 2008).
These results taken together apparently point to a syntenic
fungal disease-resistance locus on linkage group 3 across
Eucalyptus species. This finding is in line with the recent
description of the unique features of Eucalyptus chromosome
3, which corresponds to LG3. It is the only chromosome not
showing inter-chromosomal segmental duplications, while
containing nearly exclusively the ancestral eudicot chromo-
some and thus a much conserved gene content and order even
when compared to Populus. More importantly, however, is the
fact that this chromosome was found to contain several
clusters of shared syntenic genes related to perennial habit,
including several syntenic sets of disease-resistance genes
(Myburg et al. 2014).

The hypothesis of the existence of genes with pleiotropic
action conferring resistance to multiple pathogens in
Eucalyptus as P. psidii, Teratoshaeria nubilosa, and
C. fimbriata is not unanticipated. There are several examples

the most likely QTL locations, and th is the heritability of the trait.
Distances (in cM) were calculated using the Haldane mapping function

of genes conferring multi-pathogen resistance. For example,
loci Lr34/Yr18/Pm38 and Lr46/Yr29/Pm39 simultaneously
confer resistance to stripe rust and powdery mildew in wheat
(Lillemo et al. 2008). The Mil gene in tomato confers resis-
tance to root-knot nematodes, aphids, whitefly, viruses,
bacteria, and fungi (Milligan et al. 1998). The Dm3 gene in
lettuce (Meyers et al. 1998) confers resistance to downy mil-
dew and aphid; and the Pto gene in tomato, when
overexpressed, confers resistance to Pseudomonas syringae
pv. Tomato, Xanthamonas campestris pv. vesicatoria, and
Cladosporium fulvum (Chen and Roland 2011; Tang et al.
1999). However, the most likely polygenic nature of disease-
resistance and the limited resolution of QTL mapping data
collectively indicate that there is a reasonable probability of
only apparent co-location of resistance loci to different diseases.

QTL detection was carried out using two alternative
methods: single-marker analysis (ANOVA) and the sib-pair
regression method of Fulker and Cardon (1994). Although
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ANOVA allows the detection of markers associated with
QTLs, it does not identify which of the parents contributes
favorable alleles to the resistance phenotype. Thus, an addi-
tional analysis based on contrasting the average effects is
necessary to identify the effect of the segregating alleles from
each parent on resistance.

A high number (21 %) of the mapped markers showed
segregation distortion (SD) from the expected genotypic pro-
portions. This was not unexpected, considering that the two
parents were interspecific hybrids themselves, respectively of
E. dunnii with E. grandis and E. urophylla with E. globulus.
Potential problems in the pairing of homologous chromo-
somes might happen during meiosis in such interspecific
hybrids resulting in segregation distortion; although there is
evidence that the genome of eucalypt species are largely
syntenic and collinear (Hudson et al. 2012). However, small
differences between species are possible and indeed, two
putative small translocations or duplications were reported
between E. grandis and E. globulus linkage maps (Hudson
et al. 2012). Our rate of segregation distortion (21 %) is
consistent with a segregation distortion amounting to 27 %
of the markers reported in backcross families involving an
E. grandis x E. globulus F1 hybrid parent (Myburg et al.
2004). The gametic segregation test carried out also revealed
that SD occurred in a higher percentage in the E. urophylla x
E. globulus male parent. This could be explained by a variety
of genetic factors such as the presence of lethal genes and
sterility hybrid mismatch, a combination commonly called
as the partial lethal factor (Cheng et al. 1998). On the other
hand, the extent of distortion (21 %) was equivalent to the type
1 error (20 %) rate adopted, therefore warranting further
investigation.

The genetic map built in this study was based on a joint
analysis that considered both the fully informative markers
segregating 1:1:1:1 together with the partially informative
pseudo-testcross 1:1 markers. A single integrated map for
both parents was built, which subsequently allowed a more
informative QTL mapping analysis with the sib-pair interval-
mapping approach using exclusively the fully informative
markers. It is important to note that when the partially infor-
mative pseudo-testcross markers are used and QTL mapping
is carried out in separate parental maps, the QTL analysis is
less powerful (Cruz et al. 2009). The observation of four
additional linkage groups relative to the expected haploid num-
ber of chromosomes of Eucalyptus spp. was likely due to the
absence of sufficient segregating markers in certain genomic
regions precluding the linkage of these additional smaller groups
to the expected 11. Nevertheless, this did not impact the quality
of the maps and the subsequent QTL analyses because the order
of the mapped markers was maintained when compared to the
reference map for Eucalyptus (Brondani et al. 2006).

In conclusion, this is the first study to map QTLs for
Ceratocystis wilt resistance in Eucalyptus. It represents the

@ Springer

initial step toward understanding the genetic architecture of
the resistance response to C. fimbriata in species of the genus.
The microsatellite markers linked to the QTLs identified in
this study shall contribute to direct future QTL validation ef-
forts in unrelated pedigrees. Clearly, however, as pointed out
before (Zarpelon et al. 2015), QTLs mapped in single bi-
parental pedigrees, while useful to demonstrate that discrete
genomic regions can make relatively important contributions
to trait variation, they may not be directly applicable in
marker-assisted selection at the population level due to the
uncertainties of the QTL effects across genetic background
and environments. The within-family analysis uses only co-
segregation information and so, it is expected to be useful only
for within-family selection. However, if denser marker panels
and multiple families are used, results could include popula-
tion level linkage disequilibrium information (Azevedo et al.
2015), and potentially become applicable across the breeding
population. Furthermore, if the QTLs mapped in this study
ultimately get validated across families, they could provide
grounds for assigning additional weight to markers located
in those regions in genomic prediction models (Zhang et al.
2014), possibly increasing accuracy of genomic selection for
disease-resistance.
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