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ABSTRACT - InBrazl therust caused by Puccinia psidii Winter stands out as the most important disease of eucalyptus. The use
of resistant genotypes is the main control method, which makes the detection of markers linked to rust resistance essential to the
selection of resistant genotypes. In this study, an F; progeny of 131 plants from interspecific crossings of Eucalyptus was used to
identify markerslinked to resistance genesfor this pathogen. An integrated map was constructed for linkage group three based on
microsatellite markers. For QTL mapping two methodol ogies based on all el esidentical-by-descent (I1BD) were used: single marker
analysis of Haseman and Elston and the interval mapping procedure of Fulker and Cardon. Both methods showed significant
association for the Embra 125 marker.The QTL that explained 42 % of the phenotypic variation was mapped to 0.02 cM of this
marker by the Fulker and Cardon. Marker Embra 125 has potential use in assisted selection, thus increasing the efficiency of the

sel ection of resistant genotypes.
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INTRODUCTION

Eucalyptus is one of the most important generafor
the cellulose and paper industries, besides its good
adaptability and standing at the beginning of its
domestication. These aspects awaken the interest for a
better yield, product quality, and disease and stress
resistant perspective (Picoli et a. 2004). Rust (Puccinia
psidii Winter) is one of the most severe diseases of
eucalyptus in Brazil (Alfenas et al. 2003). The most
effective control method for rust of eucalyptusis genetic
selection for resistance (Booth et a. 2000, Glen et al. 2007),
identifying genes/QTLsisessential for breeding programs.
Nevertheless only one study of gene mapping for rust
has been performed until today (Junghanset al. 2003a). In

this study, agene, named Ppr-1, was mapped with RAPD
markersin afamily of full siblings of Eucalyptusgrandis.
Junghans et al. (2003a) demonstrated that the marker
RAPD AT9/917 iscompletely linked to the gene Ppr-1 and
suggested the potential use of this marker in assisted
selection. However, because of the limitationsinherent to
the RAPD technique, use of the linkage information about
Ppr-1 was restricted to the pedigree used in its mapping
which limits the effective use of the AT9/917 marker in
assisted selection.

A moreeffective strategy is mapping alarge number
of codominant multiallelic microsatellite (SSR) markers
(Brondani et al. 2002, Ottewell et al. 2005, Brondani et a .
2006). Thecurrent availability of transferable SSR markers,
makesit possibleto determinethe synteny of interspecific
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QTLs, and facilitates the targeted search for new allelic
variations in a QTL known inside and between eucalypt
species, thus expanding the opportunitiesfor introgression
and marker-assisted selection (MAS) in theimprovement
by hybridization (Grattapaglia2004). Through this strategy
E. Mamani et a. (2010), employed the same E. grandis
progeny used by Junghans et al. (2003a) and using
microsatellite markers, verified the existence of factorial
linkage between Ppr-1 and the microsatellite marker Embra
227 of linkage group three from the reference map of
Eucalyptus (Brondani et al. 2006). Positioning Ppr-1inthe
reference map opened up the possibility of carrying out
searchesfor rust resistant genesin interspecific crossings
with the microsatellite markers of linkage group three.

The studies of detection of genes/QTL associated
with rust resistance (Junghans et al. 2003a, Mamani et al.
(2010),) were performed using theinformation derived from
pseudo-testcross maps which, in spite of itsrelevancein
several mapping studies, hasthe disadvantage of segregating
markersanalyzed separately for each parent and excluding
themarkersthat segregeateintheproportion 1:2:1. Inexogamic
populations as Eucalyptus, as many asfour alleles can be
segregated for each marker locus and for the QTL,
hindering the linkage analyses between marker pairs. In
thiscase, itisnecessary to employ methodol ogiesand genetic
delineations specific to exogamic populations for the
complete use of genetic information.

Considering all the above, the purpose of this study
wasto test whether theresistanceto rust in aninterspecific
family of Eucalyptusis controlled by the same genomic
region that controlsresistanceto rust in E. grandisthrough
a mapping strategy that has greater statistical power for
identifying QTLsin exogamous popul ations.

MATERIAL AND METHODS

Phenotyping

An F; progeny of full siblings of 131 plants derived
fromaninterspecific crossing [(E. grandis) x (E. urophylla

x E. grandis)] was used. Greenhouse-grown eucalyptus
seedlings (4-5 months old) were inoculated by spraying
to run-off the upper and lower surface of the third and
fourth apical leaveswith 2x104 uredinio-sporesmL -1 of a
single pustule-isolate of P. psidii (UFV-2). This isolate
was obtained from E. grandis in the State of S&o Paulo,
and is available upon request. Inoculated plants were
incubated for 24 h in amist chamber at 25 °C in the dark
and then transferred to agrowth chamber at 22 °C anda12
h photoperiod, at 40 mM photons m—2s light intensity.
Disease severity was evaluated 12 and 20 days after
inoculation (d.a.i.) using the rating scale proposed by
Junghans et al. (2003b), with four degrees of severity (SO
=immuneor hypersensitive reaction, with necrosisor fleck;
S1 = punctiform pustules; S2 = medium-size pustul es, with
sporulation more abundant than in S1; and S3 = large
pustules and intense sporulation on both leaf surfaces)
(Table ). For the QTL analysisthefour phenotypic classes
were considered separately, instead of converting it to a
binary standard (resistant vs. susceptible). Thus, the
techniquesfor QTL detection were applied to the data of
onediscrete, multicategoric variable.

Genotypying of microsatellites

Genotyping was based on pre-positioning of Ppr-1
onlinkage group 3 by Mamani et a. (2010). The progeny
was genotyped with 23 microsatellite (SSR) oligonucl eotides
belonging to linkage group three, devel oped by Brondani
etd. (2006). Amplification reactionswere performed according
to Brondani et a. (2006) with modificationsin theannealing
temperature and in the time of the amplification cycles.
The amplifications were carried out in a thermal cycler
(Programmable Thermal Contraller - 100, MJResearchInc.)
programmed for an initial step at 94 °C for 5 minutes,
followed by 36 cycleswith the following steps: 1 minute
at 94 °C, 1 minute at the temperature established for each
oligonucleotide, and 1 minuteat 72 °C. After afinal step of
7 minutesat 72 °C, the temperaturewas decreased to 4 °C
until sampleswere collected.

Table 1. Segregation of rust resistance in F1 progeny 7074x1213 inoculated with P. psidii evaluated 12 days after inoculation and

confirmed 20 days after inoculation

Nr of plants/Severity class

Progeny

S0: S1: S2: S3

a Expected 2

R:S ratiob X

P value

7074 x 1213 36 23 25 47

59:72 1:1 0.9 0.35

@ Resistant:Susceptible ratio is based on R=S0+S1 and S=S2+S3.

b The resistance was hypothesized to be controlled by a major dominant gene.
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Geneticmapping

The SSR markersof linkage group three were mapped
by integrating information from the parental meioses and
theintegrated map constructed with software Ggmol (Cruz
2009). The maximum recombination frequency of 30 % and
theminimumvalueof LOD (log likelihood ratio) of 3.0 were
the parameters used to determine linkage between markers.
The distances between markers in cM, were calculated
using the Kosambi mapping function.

Geneticmappingof QTLs

QTL analyseswere carried out from integrated maps
previously constructed for linkage group three by the IBD-
based methodol ogies described below. All analyses were
performed with the software Ggmol.

Singlemarker analysisproposed by Haseman and
Elston (1972)

This strategy bases on a regression in which the
dependent variant (Y)) is determined by the square of the
phenotypic difference among the individuals of the jt
sibling pair, and the independent variant is given by the
valueof allelesidentical-by-descent (IBD) of theconsidered
sibling pair.

The adopted model was:

Y= Bo+ Bim + g, inwhich

Yj =(X1j - ij)z, with Xll and le bemg the values
observed for the characteristic in the first and second
sibling of thejt pair;

m=fj1+ fip, withfj; being the probability that thejt"
sibling pair hasoneBD allele, and fj, the probability that
the jt sibling pair has two IBD alleles. 3, and j3; are the
model parameters.

Since Xy and Xy are the values observed for the
characteristicinthefirst and second siblings, respectively,
inthejt pair the following general model was assumed:

Xqj= e+ gyj + ey and Xy = 11+ gy + &

in that: u = average mean value; g; = genetic effect
associated to the individual i of the jt sibling pair;
e; = environmental effect on the individual i of the jt
sibling pair.

In thismodel, it was assumed that the population is
in Hardy-Weinberg equilibrium, and that only two aleles,
Q; and Q,, with frequencies p and g, respectively, are
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involved in the determination of g;. Also the scale of
genotypic values a, d and — a, was assumed, for Q;Qy,
Q1Q2 and Q,Q,, respectively.

Putting together the information of the square
differences (;) and expected frequencies for each pair of
siblings conditioned by 7;, it was possibleto calculate the
following expectation:

E(Y; | m) = (o + 207) - 207

which can be rewritten by the model:

ECY;[m)= o + Bur

inwhich
Bo= 0?2+ 207
B1=-20?

Thus, knowing 7; it is possible to adjust a linear
equation by regression based on the model
E(Y;lm) = Bo+ B, inwhich-%2 3, isanon-biased estimator
of &2

Whenthe QTL and marker are not completely linked,
the expected IBD proportion of the QTL must beindirectly
estimated by the marker IBD, whose information is
available in molecular analyses. Thus, when substituting
m by 7, thefollowing model is obtained:

ECY17) = Bo+Pi 7

Considering the special case of the absence of
dominance and complete information about the genitors,
thisis obtained:

Br=-2(1- 20207

in which r is the percentage of recombination among the
marker loci and the controller of the analyzed characteristic.

A fraction of the QTL heritability was estimated with
thefollowing expression:

h2=(1-2r)2h2=- b

E

inwhich, 83 isthe phenotypic variance of the characteristic

I nterval mapping proposed by Fulker and Cardon (1994)

For application of this methodol ogy, which isbased
on Haseman and Elston (1972), the IBD proportion of
adjacent marks in a linkage group were used to estimate
the proportion of IBD alleles of one possible QTL along
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the interval between the marks. The position that offers
the best regression adjustment was assumed as the
estimated QTL positionin the linkage group. Thisway, it
was possible to separately obtain estimates for the QTL
effect on the additive genetic variance, as well as for its
position.

This methodology is based on the use of estimates
for /r\lj and ﬁzj in order to assess the proportion of IBD
allelesamong the sibling pairsfor thelocus Q, defined by,
considering a value range for the recombination
percentage between theloci M and M. Estimation of 7
is done using the regression equation:

775qu =Po+ Bu 7FA1]+ Brz 775/\2] t g

The solution for the system above is given by:

A (1-2r)P-(1-2r)2(1-2r)
= 1(1-2r)"

A (1-2r)P-(L-2r)2(1-2r)
w2~ 1(L-2r)"

and ~ N ~ N Y N N
Bo= 7Il'\q -Bm 7/7:'1' Bro w®= (1-Bu-Br)2

After obtaining the estimate of ﬁqj for agiven position
of thelocus Q, thisvalueisused asan independent variable
intheregressonmodel Y; = By + f3; 7. Itisnoted that, for
a certain position between M, and M,, estimates of ﬁqj
must be obtained for C2 combinations of sibling pairs. In
thisway, it is possible to perform the regression based on
the values of Yj; and 7%qj estimated for each sibling pair.

For each value of r; and r,, assumed inside the
interval rq, for the position of Q, an estimate of ﬁq is
obtained based onthemodel Y; = By + B, 7. If thisintervAal
isdivided X times, there will be X sets of estimatesfor f3,.
Itispossibleto perform X regressions, permitting the choice
of the equation inside the interval that shows the lowest
sum of residual squares or with the highest adjustment
R2. At thisposition, the estimate for ﬁAq, which corresponds
to the optimal criterion for choosing aregression equation,
makes it possible to determine the QTL position and the
contribution of the QTL for the additive variance oZ of the
character, estimated by - 3,/2.

So that a complete analysis of the linkage group
three could be executed, it was enough to obtain estimatives
of ﬁq for al the intervals in the group. These values were
plotted on agraphic, setting the value of R? for the estimates
ﬂAq of on the ordinate axis, and the distance valuesin the
intervals on the abscissa axis.
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QTL heritability was estimated using the expression:
ﬂq )
207

h? =

with 82 being the phenotypic variance of the studied
characteristic.

The statistic F was used in order to evaluate the
existence of QTLs in the intervals inside linkage group
three. For declaration of the QTL the value of critical
F=10.828 and asignificancelevel of 0.1 % was adopted.

Resultsand Discussion

Out of the 23 markers that compose linkage group
three of Eucalyptus, only seven amplified distinct and
segregated alleleswerein the analyzed progeny, thusbeing
employed inthe QTL detection. The distance estimatedin
cM of Kosambi between the marker loci is shown on
Figure 1.

The total length of the linkage group three was
57.14 cM. Thelongest distance between two markerswas
23.13¢cM and occurred between Embra 122 and Embra 189.

Using the methodology proposed by Haseman and
Elston (1972), the variance of the phenotypic values was
established as 1.7028 and IBD mean values, measured with
SSR markers, varied from 0.50 to 0.65, being near the
expected for families of full siblings. The estimates of F
were significant for markers Embral25, Embral81 and
Embra227, with the highest F value (F = 67.31) verified for
marker Embral25. The results indicate that there is a
relationship between the square of the phenotypic
difference of individuals, taken in pairwise, and the IBD
valuefor these markers. However, it isnot distinguishable
whether the existence of this relationship is due to high
linkage of these markerswith the QTL or to the high value
of .

Additionally, it was possible to predict the estimate
for the heritability fractions, dependent upon the distance
between the marker and the QTL, associated to each marker
locus (Table 2). It can be observed that the largest value
of h was estimated for the locus Embral25 (37%),
evidencing a possible linkage to the QTL responsible for
rust resistance.

The method of Haseman and Elston (1972) has often
been used in human genetics (Gray-McGuire et al. 2006,
Wang and Elston 2006, Stein et al. 2007), where obtaining
largefamiliesfor genetic mapping isvery difficult. In plants,
this methodology is being applied for thefirst time at the
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Figure 1. Display generated demonstrating the QTL for rust resistance, mapped employing the Fulker and Cardon regression, in linkage
group three. Axis Y: F value; Axis X: intervals between the markers group three. The significance level defined was 0.1% (F =10.8).

Table 2. Coefficient of regression of Haseman and Elston (1972) in a family of full siblings of eucalyptus, genotyped with seven markers

from linkage group three

Markers IBD Bo Bi R? (%) F Prob hﬁ,
Embra 227 0.61 3.33 0.32 0.091 4921 0.02° -0.09
Embral89 0.65 3.59 -0.07 0.009 0.353 1.0 0.02
Embral22 0.63 3.70 -0.25 0.049 2.674 0.10 0.07
Embral71 0.52 3.58 -0.71 0.002 0.10 1.0 0.20
Embral25 0.51 4.19 -1.27 1.653 67.31 0.0” 0.37
Embra239 0.51 3.36 0.06 0.004 0.1678 1.0 -0.017
Embral81 0.50 3.64 -0.23 0.083 6.150 0.01" 0.067

hf] = heritability fraction of the QTL *: value below the specified critical level (5%).

present work. It was verified that it is possible to detect
QTL inonesinglefamily of full siblingsand that, despite
not being possible to determine its position, this analysis
isvalid for an exploratory analysis of the data, especially
when designing genetic linkage maps is not possible.
For the interval mapping procedure of Fulker and
Cardon (1994), it was necessary to usethelinkageinformation
concerning the microsatellite loci of linkage group three
(Figure 1). The results indicated that the position
corresponding to Embral25 was the one that presented
the highest value of R? (2.15 %), and in this position the
estimative of 3, was-1.45. Thus, the additive variance at
this point can be calculated using the estimate

Crop Breeding and Applied Biotechnology 10: 321-328, 2010

o2 = f4/2 = 0.72. Based on the phenotypic variance of the
characteristic, it was possible to estimate the QTL
heritability using h2 = (62/6?) x 100 = 42%.

The method of Fulker and Cardon (1994), besides
identifying the QTL effect on the additive variation, also
identified the QTL position in linkage group three. This
position is demonstrated by the graphic showing the value
of the statistic F on the ordinate and, on the abscissa, the
intervals between the markers contained in linkage group
three (Figure 1), incM. Inthisfigureit can a so be observed
that the QTL was mapped very near the locus Embral25
(distance of 0.02 cM), between the markers Embral71 and
Embra239.
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The highest value of R? (2.15%) obtained in the
analysis of Fulker and Cardon (1994) is still low, when
compared to the methods described for endogamic
populations. However, these values are not comparable,
because R? in endogamic populations are estimated in a
way that itsvalue explainshow much of thegenetic variance
accountsfor the phenotypic variation of the characteristic.
By analysisof Fulker and Cardon (1994), which considers
exogamic populations, R? represents how much the IBD
variance explainsthe square of the phenotypic difference,
that is, vector inthiscaseisasquare component that generates
low, non-comparable R2.,

QTL mapping by the strategy of Fulker and Cardon
(1994) is also used very often in human genetics (Zhao
2000, Amos 2001, Gorlovaet al. 2003). The methodology
of Fulker and Cardon (1994) can be explored, not only in
perennial plant species, for which obtaining classic mapping
delineationsislessfeasible, but alsoin annual speciesfor
multiplefamilieswith many breeding generations (Yang et
al. 2000). Themain difficulty inthis strategy would bethe
establishment of an integrated map that better explains
the recombination frequencies of the markersinthedifferent
meiotic sets(crossings). However, the program Ggmol (Cruz
2009) aready contains a gorithms capable of executing the
calculations of recombination frequency considering the
simultaneousinformation concerning the meioses of both
heterozygotic parents, in order to produce an integrated
map.

Inthisstudy, the QTL for rust located using theinterval
mapping procedure of Fulker and Cardon (1994) wasalso
identified using the methodol ogy based in single marker
analysisof Haseman and Elston (1972). Thisdemonstrates
that aportion of the variability in rust resistance is dueto
genetic effects, i.e. there is heterozygosity for the QTL and
theallelesat theseloci exhibit effects sufficiently different
to be detected as significant inasmall full-sib family. Both
methods showed significant association on marker Embra
125,

The QTL that explained 42 % of the phenotypic
variation was mapped to 0.02 cM of this marker by the
interval mapping of Fulker and Cardon (1994). Junghans
et al. (20038) studying afamily of full siblingsof Eucalyptus
grandis demonstrated that the AT9/917 RAPD marker is
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completely linked to the rust gene (Ppr-1). Mamani et al.
(2010), using microsatellite markers, positioned the gene
Ppr-1inlinkagegroup three of Eucalyptus, near the marker
Embra227 (12cM). Inthe present study, the genetic distance
fromthe QTL to Embra227 was 50 cM. Even though the
crossing used inthisstudy was different from that employed
by Junghanset al. (2003a), the possibility that the resistance
gene mapped isallelic to Ppr-1 cannot be excluded, since
these QTLswere identified in the same region of linkage
group 3. Differences in position can be attributed to the
different mapping strategies and differencesin effect can
beattributed to thefact that the QTL detected in theintegrated
mapping came from information of both parents whereas
the QTL detected in the pseudo-testcross mapping came
from information of only one parent. Indifferent, whether
closely linked genes or alleles from the same gene, the
existence of alleles for rust resistance in distinct species
of E. grandisrepresents new genetic variability for breeding
programs that aim at the development of eucalypt clones
showing rust resistance.

We expect with this study that the marker Embra 125
has potential use in breeding programs based on marker-
assisted selection (MAS). The microsatel litesflanking the
QTL detected can be used as guidesin selections assisted
by markers, with the favorable aleles of this QTL being
possibly selected. Furthermore, the physical proximity
between the marker Embra 125 and the QTL for rust
resistance, associated with the physical map and the
complete genome sequencing of E. grandis (Eucagen
2009), will possibly be used in the accomplishment of
positional cloning of resistance genes, intensifying the
use of genetic manipulation inthe molecul ar improvement
of Eucalyptus
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Deteccéo de QTL associado a resisténcia a ferrugem em
populacdes exogamicas de Eucalyptus spp. usando
metodologias baseadas em IBD

RESUM O - No Brasil, a ferrugem causada por Pucciniapsidii Winter destaca-se como a maisimportante doenga do eucalipto. O
uso de gendtipos resistentes é o principal método de controle, o que torna a deteccao de marcadores ligados a resisténcia a
ferrugem essencial para a selecéio de gendtiposresi stentes. Neste estudo, uma progénie F, composta por 131 plantas derivadas de
um cruzamento interespecifico de Eucalyptus.Um mapa integrado foi construido para o grupo de ligacdo trés com base em
marcadores microssatélites. Para detecgdo de QTL foramutilizadas duas metodol ogias baseadas em al €l osidénticos por descendéncia
(IBD): marca simples de Haseman and Elston e mapeamento por intervalo de Fulker and Cardon. Ambas as metodologias
evidenciaram associagdo mais significativa para o marcador Embra 125. O QTL que explicou 42 % da variagao fenctipica foi
mapeado a 0,02 cM desse marcador pela metodologia de intervalo de Fulker and Cardon. O marcador Embral25 tém potencial

utilizagdo em sel ecdo assistida, com conseqiiente aumento na eficiéncia durante a sel ecao de gendtipos resi stentes.

Palavras-chave: Puccinia psidii, Eucalyptus grandis, Eucalyptus urophylla, mapeamento de QTL, marcador molecular.
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