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Seedlings obtained by crossing Ulmus minor and U. minor x U. pumila clones
were assessed for flowering, bark beetle damage, vegetative budburst, height
growth and resistance to Ophiostoma novo-ulmi. Ramets and open pollinated
seedlings obtained from the parent trees were assessed for the same traits.
Most progenies had similar traits to their parents, but some presented hetero-
sis in annual growth or resistance to O. novo-ulmi. Leaf wilting was signifi-
cantly lower in progenies with U. minor x U. pumila rather than U. minor as fe-
male parent (21.5 and 30.6%, respectively; P<0.05). Resistance to O. novo-
ulmi increased significantly as a function of increased amounts of U. pumila
germplasm from the female parent, suggesting that resistance to Dutch elm
disease is primarily transmitted from the mother. Budburst occurred earlier in
seedlings with low rather than high growth rates (P=0.0007) and percentage of
wilting was negatively related to early budburst (P<0.0001). Other phenotypic
relations included percentage of flowering trees and annual height growth
(r,=0.44; P=0.0042), percentage of flowering trees and vegetative budburst
(r,=-0.53; P=0.0004) and percentage of beetle-affected trees and annual
height growth (r,=0.60; P<0.0001). Heritability estimates obtained from the
regression and variance components methods ranged from 0.06 + 0.04 to 0.64
+ 0.18, 0.10 + 0.05 to 0.69 + 0.17, and 0.13 + 0.32 to 0.71 + 0.22 for bud-
burst, growth and tolerance to O. novo-ulmi, respectively. Broad- and narrow-
sense heritability values were higher when estimated 60 days post inoculation
(dpi) than 15, 30 or 120 dpi. Heritability estimates and genetic gains reported
indicate a high degree of additive genetic control and show the effectiveness
of selection for Dutch elm disease resistance and rapid tree growth.
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Introduction

The field elm (Ulmus minor) was formerly
a major component of riparian forests and
municipal planting in southern Europe.
Valuable ornamental traits, adaptability to
urban environments and simplicity of esta-
blishment and management are the notable
features of this species. However, U. minor
has virtually disappeared from urban land-
scaping due to the spread of the lethal Dutch
elm disease (DED), which is caused by the
pathogen Ophiostoma novo-ulmi (Brasier
2000, Solla et al. 2008). The fungus is trans-
mitted from diseased to healthy elms by elm
bark beetles, in particular Scolytus scolytus
and S. multistriatus, the two main vectors in

southern Europe. Spray programmes to con-
trol insect vectors are now largely unaccep-
table. Systemic chemicals have proven too
toxic for general use (Martin et al. 2008,
2010, 2012) and biological control treat-
ments appear to be ineffective (Solla & Gil
2003, Vivas et al. 2012a). As a result, re-
planting efforts now focus on other tree ge-
nera.

From a genetic point of view, re-introdu-
cing elms into municipal landscaping ap-
pears to be both desirable and feasible. A ge-
netic basis for disease resistance to DED has
been established in Europe using native elm
species and clones, especially in hybrid com-
binations between and within U. minor and

U. pumila (Mittempergher & Santini 2004,
Martin et al. 2014). Ulmus pumila is not a
European native and was probably intro-
duced into Spain in the 16 century as an or-
namental and into Italy in the 1930s to re-
place dying elms. Natural hybridization with
U. minor trees in these countries has pro-
duced genetic introgression, leading to a
complex taxonomy (Cogolludo-Agustin et
al. 2000).

Screening has been used to identify Euro-
pean elms with low disease susceptibility
(Pinon et al. 2005, Santini et al. 2005, Solla
et al. 2005a). These studies have identified
U. pumila individuals and U. minor x U.
pumila hybrids with low susceptibility and
rapid height growth. As ornamentals, how-
ever, U. pumila and U. minor x U. pumila
have several features that compare unfavo-
rably with U. minor, the species they are in-
tended to replace. Excessively fine bran-
ching, excurrent habit, small leaves, branch
brittleness and twig mortality are normally
undesirable features in urban environmental
planting (Heybroek 1957, Lester & Smalley
1972b). The Spanish elm breeding pro-
gramme has therefore begun a series of back-
crosses using U. minor as the source of im-
proved ornamental traits and U. minor x U.
pumila as the source of disease resistance
and rapid height growth. Fast growth is defi-
nitely a desirable trait for the common land-
scape use of trees in southern Europe. De-
layed vegetative budburst is similarly desira-
ble in areas with spring frosts or where early
defoliating insects such as Euproctis chry-
sorrhoea cause considerable leaf damage.
Flower and seed production are important
characters to study in an F, population, espe-
cially if successive breeding cycles are to be
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Fig. 1 - Components of phenotypic variation, including broad-sense heritability (H?) and

narrow-sense heritability (4?).

performed. Information on the incidence of
elm bark beetles on crossings would allow
breeders to rule out combinations that are
most affected by this pest.

Phenotypic variation can be divided into
two major components, one representing ge-
netic factors and the other representing envi-
ronmental influences or experimental errors
(i.e., stochastic variation). Broad-sense heri-
tability (H?) is the proportion of variance in a
particular trait and population that is due to
genetic components (Fig. 1). A common
simplification in all genetic studies and mo-
dels is to assume that all alleles and all geno-
types act independently of each other. This
type of model, known as an “additive mo-
del”, does not allow for dominant or reces-
sive effects and gene X gene interactions,
even though they are known to be numerous.
Broad-sense heritability can be further divi-
ded into additive genetic components and
gene X gene interaction components (Fig. 1).
The contribution of additive genetic compo-
nents is termed narrow-sense heritability
(h?). In other words, A* is the proportion of
trait variance due to additive genetic factors,
whereas H is the proportion of trait variance
due to all the genetic effects (Falconer &

Mackay 1996). The difference between these
two heritability parameters gives an estimate
of the effect of interactions on a phenotype.
If the difference is zero, it means there is no
interaction and all phenotypic variations can
be explained by additive components. A
non-zero difference between the two heri-
tability parameters suggests the role and de-
gree of interaction effects on the phenotype
(Bloom et al. 2013). Heritability estimates of
vegetative budburst, height growth and resis-
tance to O. novo-ulmi have not previously
been reported for a breeding population of
U. minor and U. pumila elms. In this study it
is hypothesized that heritability estimates of
previous traits will be high enough to justify
selection and breeding. The study was de-
signed to estimate genetic variation and in-
heritance of U. minor and U. minor x U.
pumila hybrids for budburst, growth and to-
lerance to O. novo-ulmi.

Material and Methods

Plant material

Ten clones - eight Ulmus minor (m) and
two U. minor x U. pumila (mp) hybrids -
were used as parents for the mating design

Tab. 1 - Clones and number of controlled pollinated seedlings used in the partial diallel
cross design. (m): Ulmus minor; (mp): U. minor x U. pumila; (-): controlled pollinated
crosses not performed; (0): controlled pollination performed but no seedlings obtained.

(Tab. 1). Each clone comprised one plant.
Parents were randomly selected from the elm
clone bank population at the Forest Breeding
Center in Puerta de Hierro, Madrid (see Ap-
pendix 1). This bank includes more than 200
Iberian elm clones, obtained through vegeta-
tive (root cuttings) or sexual reproduction
from elms selected in the countryside accor-
ding to their good sanitary status, diversity
(geographical, ecological and genetic) and
distinctive ornamental traits. The 10 clones
selected were characterized through isozyme
markers before crossing (Cogolludo-Agustin
et al. 2000).

Selected clones were crossed in 2000 fol-
lowing a partial diallel cross design (Bridge-
water 1992). Forty cross-combinations were
planned (Tab. 1), but 13 failed to provide
full-sib progeny (combinations marked “0”
in Tab. 1) due to the presence of three pre-
viously undetected aborting U. minor indi-
viduals (CC-VG2, M-IN5 and V-JR1) (Lo-
pez-Almansa et al. 2004). Pollination was
conducted through traditional tree breeding
techniques using greenhouse-forced pollen
(Fig. 2a) and isolation bags on trees (Mit-
tempergher & La Porta 1991). When a clone
was used as female parent, the flowers were
chosen on different branches of the same tree
and bagged separately. Pollen from one male
parent was used to pollinate the flowers of
one or two bagged branches. To protect
seeds from birds, bags were not removed
from the branches until mature seeds had
been collected. Isolated flowers were polli-
nated by inserting a syringe into the bag
(Fig. 2b), after checking pollen viability by
fluorochromatic reaction (Heslop-Harrison
& Heslop-Harrison 1970). Flowers in each
bag were pollinated twice when possible, al-
lowing four to five days between pollina-
tions.

Seeds were sown outdoors in a mixture of
sand, perlite and peat (1:1:1) and one-year-
old dormant seedlings were planted in a ran-
domized two-block field design. Each block
had one to six experimental units per cross,
and each experimental unit (i.e., subsample)
comprised three plants. The number of ex-
perimental units for each entry within each
block was the same. The field design (Fig.

Males

— _ — — — = Py — 2c¢) was installed at the Center in Madrid.

g E ) g E ? g E T ) Spacing was 1.5 m between rows and 0.5 m
Female = — ] ~ - w — [\ = = between plants within rows. An elm line bor-

% = j N S ; j (ﬁ 2 E der was included to avoid side effects. To

. - ~ & = < o o) EI o ensure plant growth, the plot was weeded an-

< < © = “ > = © nually, the soil was fertilized once a year
AL-ANI (m) - 6 15 17 9 - - - - - (Osmocote® plus, Scotts, Australia) and
AL-JR1 (m) - - 2 9 6 17 - - - plants were watered weekly in summer.
GR-AL3 (m) - - - 17 20 22 15 - - - In 2000, ramets of six clones (AL-ANI,
M-PZ3 (mp) - - - 29 23 6 11 - - AL-JR1, GR-AL3, M-PZ3, TO-ALI, and V-
SE-CT4 (m) - - - - 17 38 0 10 - JR1) were obtained through root cuttings.
VA-VVS (mp) - - - - - - 22 18 28 23 Cuttings were obtained inside individual 2-1
TO-ALI1 (m) 5 - - - - - - 6 18 4 pots containing a fine sandy loam texture
CC-VG2 (m) 0 0 - - - - - - 0 0 soil and peat (80:20, v/v). Plants from the
M-IN5 (m) 0 0 0 - - - - - - 0 root stocks of the same clone were then
V-JRI (m) 0 0 0 0 - - - - - -
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Heritabilities of Ulmus minor and U. pumila hybrids

Fig. 2 - Methods: (a)
forced pollen sampling
from greenhouse flowering
twigs in February 2000;
(b) controlled pollinations
performed by insufflating
pollen into isolation bags;
(c) plantation of the expe-
rimental plot in March
2002; (d) tree growth as-
sessment in October 2004;
(e) artificial inoculations
with Ophiostoma novo-
ulmi in May 2005; (f) leaf
wilting assessment in July
2005.

transplanted within the plot containing the
cross-pollinated seedlings. At least seven
ramets (mean = 12) per clone were trans-
planted randomly within the two blocks of
the field design. Additionally, seeds (half-sib
progeny) from seven open pollinated clones
(AL-AN1, AL-JR1, GR-AL3, M-PZ3, TO-
AL1, SE-CT4, and VA-VV5) were collected
in 2000, sown in the same conditions and
planted within the plot. At least 15 open pol-

linated seedlings (mean = 18) per clone were
planted.

Tree growth, budburst, flowering and
fructification assessments

All seedlings and ramets shown in Tab. 2
were assessed. Tree growth was recorded by
measuring tree height in October 2004 (Fig.
2d) and dividing by tree age. Phenology was
assessed from February 7 to April 9 2005.

Date of vegetative budburst was taken on 30
buds per tree. Bud development was as-
sessed weekly as follows (Santini et al.
2004): 1= dormant buds; 2= swollen buds,
but scales closed; 3= bud scales open and
extremities of the first leaf visible at the apex
of the buds; 4= extremities of all leaves out;
and 5= two or more leaves completely ex-
panded. Flowering was quantitatively as-
sessed on March 4 2005, when most stami-
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nal filaments had begun extending, from 0=
no floral buds to 5= the whole crown sho-
wing floral buds. Fruit development was
monitored macroscopically using 30 samaras
per tree, when available.

Resistance to Ophiostoma novo-ulmi
and beetle wound incidence

Plants smaller than 0.7 m or affected by
natural infections were not inoculated. All
other plants were inoculated on May 7%
2005 (Fig. 2e). The number of seedlings and
ramets inoculated is shown in Tab. 2. The
pathogen, Ophiostoma novo-ulmi subsp.
americana Brasier, was isolated in 2002 in
Blacos (Soria, Spain; code SO-BL1) from an
infected U. minor tree. This strain was se-
lected because of its high virulence and in
vitro growth (5.8 mm day™’ on MEA at 20 °C
- Solla et al. 2008). The inoculum consisted
of a bud-cell suspension of the fungus grown
in Tchernoff’s medium (Tchernoff 1965).
The suspension was centrifuged to eliminate
the medium and then filtered, and the preci-
pitate was adjusted in sterile distilled water
to 10* spores ml! (Martin et al. 2005). At
midday, a transversal cut was made with a
flame-sterilized scalpel blade in the sapwood
of the trees, 8-10 cm above the soil surface,
on the north side of each tree (Fig. 2e - Solla
et al. 2005b). Two 0.1 ml drops of bud-cell
suspension were applied above the blade
using a hypodermic syringe and the inocu-
lum was immediately drawn into the xylem.
The percentage of the crown showing wilt-
ing or death of the foliage was visually esti-
mated 15, 30, 60 and 120 dpi (days post ino-
culation), using a 5% interval.

A single scolytid trap was installed about
300 m from the plots, as described by Solla
& Gil (2003). The trap was checked weekly
in 2005. On June 15" and 16", two weeks af-
ter the peak of captured beetles, the number
of trunk feeding grooves was quantified for
each tree: 0= no beetle grooves present; 1=
at least one beetle groove; 2= abundant bee-
tle grooves on the trunk; and 3= abundant
beetle grooves on the trunk and branches.

Statistical analyses

Mean values of traits were compared in
two stages. Firstly, mean values were ana-
lysed at clone (ramet) and family levels. Se-
condly, the plant material was divided into
groups according to the genealogy or propa-
gation method: ramets, seedlings from open
pollination (half-sib progenies) and seed-
lings from controlled pollination (full-sib
progenies). The full-sib progenies were fur-
ther divided according to parentage: crosses
between clones of U. minor (m x m in Tab.
1), crosses between clones from U. minor %
U. pumila (mp % mp in Tab. 1) and crosses
between m and mp clones (m x mp and mp X
m in Tab. 1). Angular transformation of wilt-
ing percentages (x) was performed to nor-

malize data before statistical analysis [y =
(x/100)'?]. Vegetative budburst notations,
plant growth and transformed wilting values
were analyzed by multifactor ANOVA, con-
sidering the block and the plant entries as
factors. Post-hoc Fisher’s LSD tests were ap-
plied to compare averages at P < 0.05 and P
<0.01.

Heritability estimates for vegetative bud-
burst, plant growth and resistance to O.
novo-ulmi were calculated in two different
ways. Firstly, the regression coefficients be-
tween parent (ramets) means and offspring
means were computed. Both “ramets vs half-
sib progenies” and “ramets vs full-sib proge-
nies” relations were considered. Estimation
of heritability by the parent-offspring (P-O)
regression method is relatively free of ge-
netic assumptions and is often recommended
as an empirical and reliable method for esti-
mating narrow-sense heritabilities (A* - Fal-
coner & Mackay 1996). The standard error
(SE) for each h* estimate was calculated as

(eqn. 1):
2 l_rfv—o 1_2
SE[ly_0)= P

where n is the number of controlled polli-
nated families. Secondly, we estimated va-
riance components and respective standard
errors after removing the parental genotypes
from the datasets, and analyzed the con-
trolled pollinated seedlings population via
the restricted maximum likelihood (REML)
method. REML analysis is currently the
method of choice for estimating heritability
and variance components, as it does not re-
quire a balanced design (Falconer & Mackay
1996). Variance components for broad-sense
heritability estimates were made under a ran-
dom model by treating the variables family
and block as random factors. Broad-sense
heritability (H*) estimates were calculated on
a single-plant basis via the following equa-
tion (Fehr 1987 - eqn. 2):

) o

2
g

H(plnnlbas[s) @
where o7, is the genetic variance and o° the
experimental error variance. Broad-sense
heritability estimates were calculated on a
family mean basis using the equation (Fehr
1987 - eqn. 3):
2
H? ) =#
(mean basis) O'z, +(o_i/ }’)
where 7 refers to the average number of
seedlings for each family. Approximate SE
of the H* estimates were calculated as SE
[HQ(plam basis)] = SE(O’Zg) / (O’zg + O'Ze) and SE [HZ
(mean basis)]= SE(0%) / [0% + (0% / 1)], respec-
tively (Hallauer & Miranda 1988, Nyquist
1991). Variance components for narrow-
sense heritability estimates were analyzed
under a random model by treating the varia-
bles male, female, block and male x female

interaction as random factors. Narrow-sense
heritability estimates were calculated on a
single-plant basis using the following equa-
tion (eqn. 4):

2

add

o
h =
(plantbasis)— 2 2 2
Uadd+adom+ae
where (eqn. 5):
ol +o
2 _ g, males females
04

2
and (eqn. 6):

2

males * females

2 _
O =40

(Hallauer & Miranda 1988). The term o
again refers to the experimental error va-
riance, but unlike the case of broad-sense
heritability formulas, % is the experimental
error excluding the additive and dominance
genetic variances. Narrow-sense heritability
estimates were calculated on a genotype
mean basis using the equation (eqn. 7):

2
Uadd
2 2 2
Uadd+gdom+(0e/ }")

(mean basis)—

Approximate standard errors (SE) of the A
estimates were calculated using the formulas
SE[hz(plant basis)] = 4 SE(UZmales) / (aladd + Uzdoer
O'ZC) and SE[hz(mcan basis)] =4 SE(szalcs) / [Jzadd
+ 0%om + (6% / )] (Hallauer & Miranda
1988).

Genetic gains (4G) were obtained from AG
= I mean vasis) X (selection differential), where
selection differential is the difference be-
tween the mean value of the trait of selected
individuals and the mean value of the trait of
all individuals (White et al. 2007), including
those selected. The mean value of the trait of
all the individuals was obtained from mea-
surements of this trait in all the open polli-
nated families (N=7).

Pearson correlation coefficients (phenoty-
pic r,) among values of vegetative budburst,
annual height growth and transformed per-
centages of wilting were obtained. Statistics
were performed using Statcrapuics® Plus v.
10, and REML analysis and variance compo-
nents were obtained using the mixed proce-
dure of GEnSTaT® v. 8.

Results

At age five years, only 30 out of 491
seedlings (6.1%) and 10 out of 58 ramets
(17.2%) produced flowers, accounting for
7.3% of total trees (Tab. 2). Two out of six
U. minor % (U. minor x U. pumila) proge-
nies included flowering trees (mean = 2.0%).
However, all seven (U. minor x U. pumila) x
U. minor progenies produced at least one
flowering tree (mean = 10.2%). Approxi-
mately 14.2% of trees had trunk feeding
grooves caused by elm bark beetles (Tab. 2).

Mean leaf wilting percentages (£ SD) 15,
30, 60 and 120 dpi were 19 + 20, 34 + 25,
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Tab. 2 - Mean values of five traits measured on ramets, open pollinated (op) seedlings, and controlled pollinated seedlings from crosses (fe-
male x male) between Ulmus minor (AL-AN1, AL-JR1, GR-AL3, SE-CT4, TO-AL1, CC-VG2, M-IN5 and V-JR1) and U. minor x U.
pumila (M-PZ3 and VA-VVS5) clones. Different letters indicate differences between means (P < 0.01). (a): trees with beetle feeding grooves
on trunk or branches; (b): assessed on April 9 2005 on a scale from 1= dormant buds to 5= two or more leaves completely expanded; (c): as -
sessed on July 7 2005, 60 days after inoculations with Ophiostoma novo-ulmi.

Plant material No. trees Flowering Beetle affected Vegetative Annual height Leaf wilting
: trees (%) trees (%)" budburst” growth (cm) (%)¢
AL-ANI1 ramets 7 0.0 0.0 4.6 21.6° 80.0 ¢
AL-ANI1 op 11 0.0 0.0 4.4 bede 322%® 49.1°
AL-AN1 x AL-JR1 6 333 16.7 4.8 < 37.3% 23.3 b
AL-AN1 x GR-AL3 15 0.0 0.0 4.4 bede 40.4 b 35.0 bede
AL-AN1 x M-PZ3 17 0.0 17.6 4.1°% 45.0 b 38.1
AL-AN1 x SE-CT4 9 0.0 11.1 4.8¢% 35.1 % 413 %
AL-JR1 ramets 11 0.0 9.1 4.9°¢ 25.8° 75.0¢
AL-JR1 op 12 16.7 25.0 4.1 623 36.3
AL-JR1 x GR-AL3 2 0.0 0.0 5.0 % 14.0° 20.0 ®
AL-JR1 x M-PZ3 9 0.0 44 .4 4.8¢% 58.5 4 35.0 bede
AL-JR1 x SE-CT4 6 0.0 16.7 4.4 bede 38.3 30.0 b
AL-JR1 x VA-VV5 17 5.9 17.6 4.6 53.19F 432°
GR-AL3 ramets 13 0.0 0.0 5.0 % 24.0° 2.8°
GR-AL3 op 10 0.0 50.0 4.9°¢ 84.0 55.0®
GR-AL3 x M-PZ3 17 0.0 23.5 4.3 bede 45.9 bede 20.3®
GR-AL3 x SE-CT4 20 25.0 40.0 4.6 585 16.5°
GR-AL3 x VA-VVS5 22 0.0 9.1 3.8 49,1 < 14.5°
GR-AL3 x TO-AL1 15 6.7 0.0 4.8° 33.4® 32.2 bede
M-PZ3 ramets 12 75.0 16.7 29° 75.0F 28.8
M-PZ3 op 24 4.2 12.5 420 48.5 24.0
M-PZ3 x SE-CT4 29 34 17.4 4.8°¢ 50.0 « 19.1%
M-PZ3 x VA-VV5 23 0.0 17.4 4.1°% 47.3 17.7°
M-PZ3 x TO-AL1 6 16.7 50.0 3.1° 65.3 48.3°¢
M-PZ3 x CC-VG2 11 9.1 18.2 4.4 bede 55.0 %F 23.8
SE-CT4 op 14 0.0 0.0 4.7 bede 28.0® 18.8°
SE-CT4 x VA-VVS5 17 5.9 5.9 4.4 bede 39.2 b 40.0 *
SE-CT4 x TO-AL1 38 0.0 0.0 4.5 34.6® 38.8%
SE-CT4 x M-IN5 10 0.0 0.0 4.0" 39.9 abcd 26.7 tede
VA-VVS op 2 0.0 0.0 5.0 % 75 ¢ 10.0 ®*
VA-VV5 x TO-AL1 22 4.5 18.2 4.9°¢ 448 bede 25.2 e
VA-VVS x CC-VG2 18 22.2 11.1 4.5 bede 65.3° 17.0®
VA-VV5 x M-IN5 28 14.3 28.6 4.7 % 62.1°F 15.0°
VA-VVS x V-JR1 23 13.0 17.4 4.8°¢ 56.9 % 17.9*
TO-ALI ramets 7 14.3 14.3 3.7® 4477 bede 40.0
TO-ALI op 5 20.0 20.0 4.8 < 37.6 30.0 2o
TO-ALI x AL-AN1 5 0.0 40.0 4.7 44 bede 20.0 ®
TO-AL1 x CC-VG2 6 0.0 0.0 4.8 < 47.0 b 433 %
TO-AL1 x M-IN5 18 5.6 0.0 4.6 36.3 % 22.1 %
TO-AL1 x V-JR1 4 0.0 0.0 5.0 40.0 7.0
V-JR1 ramets 8 0.0 0.0 4.7 24.1°® 40.0 *
Average 17 7.3 14.2 4.4 45.5 37.1

37 £ 26 and 33 + 31, respectively. Because
vegetative budburst on April 9 and wilting
60 dpi provided the highest F-ratio values in
the ANOVAs (results not shown), these
measurements were used for further statisti-
cal analyses. Means for vegetative budburst,
annual height growth and disease response
for progeny combinations differed at a pro-
bability of 99% for each trait (Tab. 2).
Cross-pollinated families with VA-VVS5 and
M-PZ3 as female parent had the highest an-
nual height growth rates. Lowest height
growth occurred when SE-CT4 was female
parent (Tab. 3). Height growth was greater
when GR-AL3 and AL-JR1 were used as fe-

male rather than male parents (Tab. 3). Con-
trolled pollinated families of U. minor
showed fast growth when CC-VG2 was used
as male parent and low susceptibility when
M-INS was the male parent (Tab. 3). Most
crosses resulted in progenies with similar
traits to their parents or intermediate traits.
However, AL-AN1 x GR-AL3 and AL-JR1
x GR-AL3 showed heterosis in annual
height growth, and AL-AN1 X AL-JR1, M-
PZ3 x TO-ALI, TO-AL1 x AL-ANI1 and
TO-AL1 x V-JR1 showed heterosis in resis-
tance to O. novo-ulmi (Tab. 2). Several elm
trees obtained from GR-AL3 x SE-CT4, M-
PZ3 x CC-VG2 and VA-VV5 x M-IN5

crossings showed growth rates above 80 cm
yr' and wilting levels under 20%. Some
ramets were especially heterogeneous for
certain traits, ie., M-PZ3 for wilting and
TO-ALI1 for growth (Tab. 2).

Ulmus minor ramets showed earlier mean
vegetative budburst, lower mean height
growth rates and higher mean wilting values
than U. minor x U. pumila ramets (P < 0.05
- Tab. 4). Differences in traits between U.
minor and U. minor x U. pumila open polli-
nated progenies were statistically significant
only for leaf wilting, and U. minor x U.
pumila was more resistant than U. minor (P
< 0.05 - Tab. 4). A notable result of con-
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Tab. 3 - Mean values of annual height growth and leaf wilting (60 days after inoculations
with Ophiostoma novo-ulmi) of cross-pollinated families with different female and male par-
ents. Within the same column, different letters indicate differences between means (P <
0.05). (m): Ulmus minor; (mp): U. minor X U. pumila.

Families with a female parent Families with a male parent

Parent Annual height Leaf Annual height Leaf
growth (cm) wilting (%) growth (cm) wilting (%)
AL-AN1 (m) 40.7* 35.9% 422 b 12.7 e
AL-JRI (m) 49.5° 37.9% 37.3° 16.3
GR-AL3 (m) 47.8° 19.1* 37.3° 29.7 e
M-PZ3 (mp) 51.3% 22.0° 48.1"% 20.2 %
SE-CT4 (m) 36.6° 37.9°¢ 49.5"% 25.0*
VA-VV5 (mp) 57.2¢ 19.7° 47.4% 21.5 e
TO-AL1 (m) 38.9° 27.7® 39.4° 26.4°¢
CC-VG2 (m) - - 58.94 25.7
M-INS5 (m) - - 49.9 %t 18.7%
V-JR1 (m) - - 53.2¢ 17.8%

Tab. 4 - Mean values of five traits measured on ramets and open pollinated progenies (op).
Different letters indicate differences between means (P < 0.05). Values within parenthesis
correspond to the range. (a): trees with beetle feeding grooves on trunk or branches; (b) as-
sessed on April 9" 2005 on a scale from 1= dormant buds to 5= two or more leaves com-
pletely expanded; (c) assessed on July 7% 2005, 60 days after inoculations with Ophiostoma
novo-ulmi; (m): Ulmus minor; (mp): U. minor x U. pumila.

Plant ) No. Flowering a]?f(::i?:d Vegetative ~ Annual height ) .Leaf \
material® trees trees (%) trees (%)" budburst growth (cm) wilting (%)
mramets 46 2.2 43 41% (1-5) 27.7° (6-68) 46.4¢ (5-100)
mp ramets 12 75.0 75.0 29 (2-4) 73.3¢ (36-102) 28.8™ (0-70)
m op 52 5.7 17.3 45% (2-5) 453" (7-95) 38.0° (0-100)
mp op 26 3.8 3.8 42 (1-5) 50.5™ (15-80) 22.9™ (0-60)

Tab. S - Heritability estimates (+ SE) of Ulmus minor and U. pumila hybrids for vegetative
budburst, height growth, and resistance to Ophiostoma novo-ulmi obtained from regression
between ramets and open pollinated families, and between ramets and controlled pollinated
families. (a): average values of two x and y clones were correlated to their respective x X y
families.

. Vegetative Height Disease
Plant material budburst growth resistance
Ramets vs open pollinated families 0.38+0.34 0.41+0.32 0.13+£0.32
Ramets vs controlled pollinated families* 0.64+0.18  0.69 +0.17 0.36 £0.35

Tab. 6 - Variance components and heritability estimates (+ SE) in the broad (H?) and narrow
(h?) sense of Ulmus minor and U. pumila hybrids for vegetative budburst, height growth, and
resistance to Ophiostoma novo-ulmi. (a): the average number of seedlings for each family
was assumed to be r = 8.

trolled pollinated seedlings was the leaf wilt-
ing values obtained depending on whether
the male parent was U. minor or U. minor X
U. pumila (21.5 and 30.6%, respectively).
Resistance was higher when U. minor was
used as male parent (P < 0.05).

Heritability estimates from the regression
(Tab. 5) and analysis of variance (Tab. 6)
methods ranged from 0.13 to 0.69 and 0.06
to 0.71, respectively. Disease resistance heri-
tability values were higher when estimated
60 dpi than 15, 30 or 120 dpi (results not
shown). Expected genetic gains for height by
selection in progenies from the M-PZ3 x
TO-AL1 and VA-VV5 x CC-VG2 cross-
combinations would be 3.07 and 3.07 cm,
respectively. Expected genetic gains to re-
duce leaf wilting by selection in progenies
from the M-PZ3 x SE-CT4, VA-VVS5 x M-
INS and VA-VVS5 x V-JRI1 cross-combina-
tions would be 7.16, 9.46 and 7.83%, re-
spectively.

Annual height was phenotypically related
to vegetative budburst, as budburst occurred
earlier in seedlings with low rather than high
growth rates (P = 0.0007 - Tab. 7). Wilting
percentage was negatively related to early
budburst (P < 0.0001). Other significant re-
lations among the controlled pollinated seed-
lings included percentage of flowering trees
and annual height growth (r, = 0.44; P =
0.0042), percentage of flowering trees and
vegetative budburst (7, = -0.53; P = 0.0004),
and percentage of beetle affected-trees and
annual height growth (7, = 0.60; P <0.0001).

Discussion

To our knowledge, this is the first study to
report heritability values and non-additive
genetic variances of vegetative budburst,
height growth and resistance to O. novo-
ulmi in a breeding population of elms. Al-
though the breeding of DED resistant elms
began in the Netherlands in 1928 and the
United States in 1933 (Mittempergher &
Santini 2004), little is known about inheri-
tance of DED resistance in elms (Venturas et
al. 2014). Genetically based resistance of
trees to other forest diseases, such as poplar
leaf rust (Lefevre et al. 1994), birch rust (He-
lander et al. 1998), Armillaria root rot (Zas
et al. 2007) and pitch canker (Vivas et al.
2012b), suggests that breeding trees for re-

Variance components and Vegetative Height Disease sistance is possible. In the Ulmus genus, the
heritability estimates budburst growth resistance response of backcross hybrids of U. pumila,
0%+ SE 0.0602 £ 0.0406 48.2 £26.7 81.3+£25.1 U. japonica and U. rubra hybrids to inocula-
. 0.9030 456.2 270.2 tion with O. novo-ulmi has been reported
H? single-plant basis + SE 0.06 £ 0.04 0.10 £ 0.05 0.23+£0.07  (Lester & Smalley 1972a, 1972b, 1972c¢), al-
H* family mean basis + SE 0.35+0.23 0.46 £ 0.25 0.71£0.22  though heritability values were not quanti-
0P mates = SE 0.0366 +0.011 0.0+£3.8 9.1+7.1 fied. Within a U. minor population, narrow-
females 0.0064 32.0 233 sense heritability for wilting percentages was
‘males x females 0.0669 48.7 0.0 0.54 (Venturas et al. 2014). Heritability va-
O add 0.0860 64.0 64.8 lues reported here confirm the hypothesis
P dom 0.2676 194.8 0.0 that vegetative budburst, height growth and
. 0.3504 47.5 412.1 DED resistance are genetically controlled.
h? single-plant basis = SE 0.12+0.06 0.21 £0.05 0.14 +0.06 Our first assessments of height growth,
h* family mean basis + SE 0.22+0.11 0.24 +£0.06 0.56 £0.24
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Tab. 7 - Phenotypic correlations (above the diagonal) between traits assessed in Ulmus mi-
nor and U. minor x U. pumila controlled pollinated seedlings. (a): indicates significance at

P <0.001.
Annual height Vegetative Leaf
growth budburst wilting
Annual height X 2026 ° 0.06

growth

Vegetative a

budburst ) x 017
Leaf ) ) X

wilting

vegetative budburst and disease resistance in
the controlled pollinated progenies were ba-
sed on plant means. The primary functions
of heritability estimates on a single-plant ba-
sis are to predict genetic progress through
phenotypic selection and provide the relative
magnitude of the genetic basis of height
growth, vegetative budburst and disease re-
sistance. However, the selection of families
is probably based on family means and
therefore the appropriate heritability for pre-
dicting genetic gain is the ratio of the va-
riance component due to families to total
phenotypic variance among family means,
i.e., family mean heritability.

The estimates of heritability for resistance
reported here are probably conservative due
to the moderate levels of wilting obtained.
The cell density used in the inoculum, lower
than the density generally used in resistance
tests for breeding purposes (= 10° conidia
ml" - Santini et al. 2005, Solla et al. 2005a),
was chosen to avoid high mortality. If we
had observed a wider range of wilt symp-
toms, the genetic variability would have
been readily expressed and the heritability
values would probably have been higher
(Strong et al. 1993, Le Cocq et al. 2005). We
acknowledge that the number of replicates
should have been higher, but unfortunately
some clones used for the diallel design,
coded CC-VG2, M-IN5 and V-JR1 and later
characterized as female-sterile trees (Lopez-
Almansa et al. 2003, 2004), provided no
seeds.

Ulmus minor flushes earlier in spring than
other European elms (Richens 1983) and U.
pumila flushes even earlier, at least in the
conditions in Madrid. However, vegetative
budburst occurred later in U. minor x U.
pumila than in U. minor ramets. This finding
must be considered with caution, as the U.
minor x U. pumila sample was constituted
by just one clone (M-PZ3). The late vegeta-
tive budburst in U. minor x U. pumila hy-
brids could be related to the fact that hybrid
ramets have greater fruit production than U.
minor ramets. In the clonal bank at Puerta de
Hierro Forest Breeding Center, it was ob-
served that vegetative budburst is generally
delayed if elms have abundant samara pro-
duction, probably because of the energy cost

required for fruit production. The significant
relation observed between the percentage of
flowering and late vegetative budburst could
support this hypothesis. This relation would
prevent proper comparison of budburst va-
lues between elms at a different juvenile or
adult stage.

The negative association between vegeta-
tive budburst date and plant height, confir-
ming earlier studies (Lester & Smalley
1972c¢), should be considered with caution.
Low trees, with buds close to soil level,
would be exposed to higher temperatures
during the day due to soil irradiation and
would therefore flush earlier than taller trees
(Ziircher 1986). Considering only trees taller
than 1.5 m, unaffected by soil irradiation, the
phenotypic relation between vegetative bud-
burst and plant height is not significant (r, =
0.09; P > 0.1). Similar findings on the phe-
notypic relations between vegetative bud-
burst and susceptibility to DED have been
reported (Lester & Smalley 1972c, Ghelar-
dini & Santini 2009). This relation seems to
be independent of tree height, as the same
calculation made for trees above 1.5 m still
shows significance (r, = -0.15; P = 0.0061).
Elms with early vegetative budburst could be
more resistant because they may develop
latewood earlier than elms with delayed bud-
burst. Early latewood formation has been re-
lated to DED resistance (Pope 1943, Solla &
Gil 2002), as small diameter vessels and pits
are thought to compartmentalize the disease
better and be less vulnerable to cavitation
than large diameter vessels and pits (Solla &
Gil 2002, Martin et al. 2009, Martin et al.
2013).

The high frequency of beetle feeding groo-
ves in elms with U. minor x U. pumila as a
parent may be related to the higher growth
rates found in these individuals and not to
their greater attractiveness to beetles. It
would be interesting to test this hypothesis
when all trees have reached larger size and
maturity.

For most purposes, fast growth of elms is
highly desirable (Heybroek 1957). However,
one difficulty of this is that fast-growing
trees often show high susceptibility to O.
novo-ulmi (Lester & Smalley 1972c¢, Solla et
al. 2005b), although this relation is not uni-

versal (Heybroek 1957, Solla et al. 2005a),
as confirmed here. Annual growth quantifi-
cation of seedlings in the juvenile stage is
sometimes erratic. Moderate growth in youth
may be followed by subsequent fast growth,
whereas fast growth in youth may later de-
cline. Long-term field trials would be re-
quired to properly quantify this trait. Breed-
ers should take advantage of height growth
heterosis and select the most appropriate
combination. Heterosis was observed in elm
growth in crosses where U. glabra and U.
wallichiana were used as parent trees (Hey-
broek 1957), as height was 50% greater in
progenies than in parents.

Response to DED varied significantly de-
pending on whether U. minor x U. pumila
was used as female or male parent. The
higher resistance of (U. minor x U. pumila)
x U. minor hybrids may result from using U.
minor X U. pumila as female parent. This
combination could contain more germplasm
from U. pumila than U. minor x (U. minor %
U. pumila), although this statement needs
experimental support. The result obtained is
of practical interest in breeding programmes
because it provides information about the
optimal choice for obtaining resistant proge-
nies. As crosses are time-consuming, choo-
sing the option of (U. minor x U. pumila) X
U. minor rather than U. minor x (U. minor x
U. pumila) would save both time and effort.
Breeding strategies should therefore concen-
trate on combinations such as M-PZ3 x SE-
CT4, VA-VVS x TO-ALI, VA-VVS x M-
INS and VA-VVS5 x V-JR1. The high ge-
netic variation of height growth and disease
response within some (U. minor x U. pu-
mila) x U. minor combinations (e.g., VA-
VVS5 x TO-AL1) may be of great value in
advanced stages of breeding. The timing of
vegetative budburst should also be taken into
account: in sites with a severe continental
climate or a large population of defoliating
insects, care must be taken with combina-
tions that result in seedlings with early bud-
burst.

In this study, it was possible to obtain sa-
tisfactory gains for the three traits assessed.
Estimated gains for growth and tolerance to
DED were promising and, as far as we know,
they are probably the first to be reported in
an elm population. Further re-selection of
other elm trees for height and disease resis-
tance will improve the existing population,
allowing a considerable increase in the pre-
dicted gains.

Conclusions

Evidence on the effect of genes from U.
pumila in terms of resistance to O. novo-
ulmi is limited but encouraging. This species
has frequently been used in European breed-
ing programmes because of its greater DED
resistance than U. minor. This study con-
firms the suitability of this practice. Resis-
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tance to O. novo-ulmi increased significantly
as a function of increased amounts of U.
pumila germplasm from the female parent,
suggesting that DED resistance may be
transmitted mainly by the mother. In (U. mi-
nor % U. pumila) x U. minor combinations,
with U. pumila contributing approximately
25% to the germplasm, response to DED
was sufficient to recommend this backcross
for breeding purposes. DED resistance heri-
tability estimates and genetic gains reported
here indicate a high degree of additive ge-
netic control and show that selection for
DED resistance and rapid tree growth is ef-
fective.
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