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Mycosphaerella leaf disease: genetic variation
in damage to Eucalyptus nitens, Eucalyptus
globulus, and their F, hybrid

H.S. Dungey, B.M. Potis, A.J. Carnegie, and P.K. Ades

Abstract: Severity of Mycosphaerellu leaf disease was assessed on the adult and juvenile foliage of both controlled crossed
and cpen-poilinated families of Eucalyptus globulus ssp. globulus Labill,, Eucalypius nitens (Deane & Maiden) Maiden,
Eucalyptus globulus ssp. bicostata (Maiden, Blakely & J. Simm.) Kirkpatr., and their F; hybrids in a irial in northwest
Tasmania, Australia. Within ssp. glebujus, digease was more severe on oneé provenance, Taranna, than another, King Island.
For interprovenance hybrids, differences between parents were inherited in an additive manner, whereas interspecific hybrids
were generally more susceptible than predicted intraspecific midparent values and oceasionally, were more susceptibie than
the more susceptible parent. Within populations, the narrow-sense heritabilities for Mycosphaerella disease severity were low
to moderate (0.004-0.506), but were consistently higher for adult than for juvenile foliage despite disease severity being
higher on juvenile foliage. Parental breeding values and heritabilities estimated from open-pollinated progeny were similar to
estimates obtained from controlied crosses involving the same parents. Complex genetic interactions were detected between
growth, vegetative phase change, and disease severity. It is possible that selection for rapid growth in an environment without
disease may result in indirect selection for susceptibility.

Résumé ; La sévérité de la maladie de feuilles causée par Mycosphaerella a éé évalude sur le feuillage adulte et juvérile de
familles de Eucalyptus gicbulus ssp. globuius Labill, Fucalyptus nitens (Deane & Maiden) Maiden, Eucalyptus globulus ssp.
bicostata {Maiden, Blakely & J. Simm.) Kirkpatr. et leurs hybrides de prernmre génération obtenus par poliinisation conirélée
et libre dans un essai mené dans le Nord-Ouest de ia Tasmanie en Australie. A Iintérieur de la sous-espéce globulus, Ia
maladie était plus sévére sur la provenance de Taranna que sur celle de King Island. Dans le cas des hybrdes
inter-provenances, les différences entre les parents étaient iransmises de facen additive, tandis que les hybrides
interspécificues étajent généralement plus sensibles que le prédisaient les valeurs intraspécifiques mitoyennes entre les parents
et étaient oceasionnellement plus sensibles que le parent le pius sensible. A Uintérieur des populations, les héritabilités
génétigues pour fa séveérité de la maladie causée par Mycosphaerella variaient de faibles 2 modérées (0,004 4 0.506), mais
elles étaient sysiématiquement plus élevées pour le feuillage adulte que pour le feuillage juvénile méme si la maladie était plus
sévere sur le feuillage juvénile. Les valeurs en croisement et les héritabilités des descendances de poliinisation libre étaient
sembiables a celles de pollinisation contrélée avec les mémes parents. Il y avait des interactions génétiques complexes entre la
croissance, le changement de phase végétative et les niveaux de sévérité de la maladie. Il est possible que la sélection pour la
capacité de croissance dans un environnemnen: exempt de maladie sélectionne indirectement pour la sensibilité & la maladie.

[Traduit par la Rédaction]

introduction

Eucalyptus nitens (Deane & Maiden) Maiden and Eucalyptus
globulus ssp. globulus Labill. (hereafter referred to as
E. globulus), are two of the most important eucalypts for planta-
ticns in termperate Australia (Tibbits 1986; Eldridge et al. 1993).
Eztcalyptus globulus is the more widely planted of the two
species (e.g., Volker and Orme 1988; Davidson 193%;
Eldridge et al. 1993). It occurs naturally in coastal regions of
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Tasmania, the Bass Strait [siands, and southern Victoria (Kirk-
patrick 1975; Jordan et al. 1993). Eucalyptus nitens naturally
occurs from central Vietoria to northern New South Wales in
a number of widely disjunct populations (Pederick 1979;
Neish et al. 1995). Eucalvptus nitens is becoming increasingly
important as a plantation species, particularly in Tasmaniz,
largely because of its high level of frost resistance compared with
E. globuius (Tibbits and Reid 19874, 1987b; Volker et al. 1994).

Eucalyptus globulus and E. nitens are both susceptible to My-
cosphaerella leaf disease, which causes leaf necrosis and defolia-
tion (Park and Keane 19825; Wilcox 1982; Purnell and Lunddquist
1986; Lundquist and Pumell 1987, Camegie et al. 1994). Leaf
damage can be severe and highly detrimental to growth (Park
and Keane 1982a; Lundquist 1985; Lundqulst and Purnell
1987; Carnegie et al. 1994). Two species of Mycosphaerella
have been recorded as causing significant disease on £, globuius:
Mycosphaerella molleriana {Thizm.) Lindau (Syn. M. nubilosa
(Cooke) Hansf., Crous et al. 1991}, which occurs on the juve-
nile foliage, and Mycosphaerella cryptica (Cooke) Hanst,
which occurs on both juvenile and adult foliage (Park and
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Table 1. The number of individuals in each controlled-cross and open-pollinated family for E. globulus inira- and inter-provenance Crosses,
E. nitens ¥ E. globulus F, hybrids and E. nitens half-diailel in the hybrid trial at West Ridgley in 1952,

(AY E. globulus factorial

Male parents
Female T T T T T T T T T T T T T T T T K K K K K K K X K K G3OP
parsms 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
K-a 20 19 19 18 20 18 20 16 20 19 20 20 20 18 20 20 20 19 19 20 20 20 20 20 20 17
K-b 26 20 20 19 18 10 16 14 19 20 317 19 20 17 32 14 20 20 16 17 20 13 20 20 19
K-c 20 13 16 12 13 18 12 18 11 18 20 17 14 1% 20 20 19 20 1% 18 20 20 14
SF-d 20 19 20 16 17 20 19 20 20 15 11 20 14 9 19 20 20 20 20 20 20 20 20 20 20 20
T-e 18 19 15 20 13 17 18 18 15 18 20 16 13
T-f 15 11 15 15 & 10 15 15 14 7 12 13 14 17 4 14 17 15 13 16
T-g 18 20 20 15 19 18 20 20 20 20 19 19 20 18 18 20 20 20 20 20 20 20 20 20 18
T-h 17 16 12 i5 13 16 12 16 12 15 13 19 17 19 16 i1
GOP 15 18 19 20 16 10 23 19 9 16 15 14 17 16 1% 1§ 20 20 18 20 20 20 20 19
(B) F, hybrid factorial

Male parents
Fepgle T T T T T T T T T T T T T T T T X K K K K K K K K K GSOF
pare:ts 1 2 3 4 35 6 7 '8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 126
TO-i 14 11
TO-j 1% 20 12 10 9 20 7 15
TO-k 20 9 5 12 14 17 9
TO-1 12 20 17 14 11 17 8
TO-m 17 16 10 10 9
TO-n 15 19 7 12 4
{C) E. nitens half-diallel
Female Male parents
parents TO-k TO-1 TO-m TO-n TO-0 TO-p TO-q TO-r N3OP
TO- 20 i3 i1 20 20 17 17 20 20
TO- 20 18 19 20 20 18 20 20
TOXk 20 20 19 17 19 20
TO-1 20 20 18 15
TO-m 20 20 14 17 20
TO-n 20 20 20 20 17 20
TO-0 14 20 20
TO-p 20 20

Note: Parents from the Taransa (T), King Island (K), and South Flinders Island (SF) provenances of E. globuius
and from the Toorongo provenance of £. nitens (TQO) were included. GSOP is E. globulus open-poliinated progeny
from a seedling seed orchard, GOP is E. globulus open-pollinated progeny from parenis in naturaj stands, and
NSOP is open-pollinated pregeny from an £. nitens seedling seed orchard (see Volker et al. 1994).

Keane 19825; Carnegie et al. 1994). Disease of both the juve-
nile and adult foliage of E. nitens in Australia is believed to be
caused by M. cryptica (Carnegie et al. 1994).

In eucalypts, studies of genetic variation in resistance to
fungal pathogens have concentrated on differences between
provenances (Marks and Idczak 1977; Dianese 1984). Prove-
nance variation in resistance to Mycosphaerella leaf disease
has been reported in E. globulus (Carnegie et al. 1994), £. nitens
(Purnell and Lundquist 1986; Lundquist and Purnell 1987),
Eucalyptus regnans (Wilcox 1982; Dick and Gadgil 1983},
and Eucalyptus delegatensis (Dick and Gadgil 1983). Signifi-
cant differences between families within a provenance have

also been reported in E. globuius (Reinoso 1992) and E. reg-
nans (Wilcox 1982), but there have been few detailed studies
of the genetic control of resistance to Mycosphaerella leaf dis-
ease. Reinoso (1992) reported individual narrow-sense herita-
bitities (A2) of 0.31 and 0.32 for Mycosphaerella leaf disease
on open-pollinated progeny from a single provenance of

E. globulus grown at two sites. However, because of unpre-

dictable, and possibly differential, inbreeding in open-poliinated
progeny, the accuracy of such estimates has besn questioned
(Hardner and Potts 1995; Potts et al. 1995; Hodge et al.1996).
Accurate estimates of genetic parameters often require fully
pedigreed controlled crosses (Potts et al. 1995; Hodge et al.
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Table 2. The number of families and individuals of each
cross type in the trial at West Ridgley.

No. of No. of
Cross type families  individuals
E. globulus pooled 168 3486
E. globulus (King Island) 28 579
E. giobulus (Taranna) 35 1096
E. globulus OP 25 516
E. globulus seed orchard OP 8 155
E. nitens (Toorongo} 36 714
E. nitens seed orchard OP 9 154
E. nitens X E. globulus F, hybrid 43 663

Note: OP, open poliinated. Provenanees are in parentheses
following species names. Eucalyptus globuius pooled contains
all the E. globuius imter~ and intra-provenance crosses in the trial.

1996), They also provide an indication of the importance of
nonadditive genetic variation in the genetic control of a trait.

The aim of this study was to examine the inheritance of
severity of Mycosphaerella leaf disease occurring in intra- and
inter-specific crosses of E. globulus and E. nitens. In addition,
we compare the accuracy of genetic parameters and breeding
values derived from open-pollinated and fully pedigreed
progenies.

Materials and methods

Field trial
Disease was assessed in a field trial containing progeny from an in-
complete 8 x 26 £. globulus factorial, an incomplete 10 x 10 E. nitens
half-dizllel, an incomplete 6 x 14 E. nitens x E. globuius F, hybnid facto-
rial, and open-pollinated progeny (see Table 1 and Volker et ai. 1994).
The E. globulus parents were from three provenances: Taranna (T},
King Island (K), and South Flinders Island (SF) (provenances are
detailed in Volker and Omme 1988; Jordan et al. 1993, Potts and Jor-
dan 19944), The faciorial included both intra- (T and K) and inter-
provenance (7 x K, K x T, SF x T, or SF x K) crosses {Table 1). All
E. globulus males were growing in native stands at Taranna or King
Island. All £ globulus females were from open-pollinated progeny
growing in a seedling seed orchard in northwest Tasmania and origi-
nated from native stands at either Tarannz, south Flinders Island, or
King Isiand (Volker et al. 1990, 1994). Because of the lack of repli-
cation for the provenance, progeny of the single female from the SF
provenance were excluded from all apalyses (see Table 1). All the
£. nitens parents were from the Toorongo provenance {Pederick
1979) and were growing in seedling seed orchards or in plantations in
northwest Tasmania. Cpen-poilinated {OP) progeny of all the males
{native stand OP) and females (seed orchard OP) were also included.
The E. nitens x E. globulus F| hybrids included E. globulus males
from both King Island and Taranna provenances. All males used in
the E. nitens xE. globufus hybrid factorial were also used in the
E. globulus factorial, and alt females were used in the £, nifens half-
diallel. In addition fo the control-cross and open-pollinated material,
some unpedigreed E. globulus ssp. bicostata (Maiden, Blakely &
J. Simm.) Kirkpatr. (hereafter calied E. bicostata), and E. bi-
costata X E. globulus F| hybrids were included in the trial (four and
six families, respectively), but there were insufficient families to esti-
mate genetic parameters for these cross types.

The number of families and individuals in each cross type are given
in Table 2. and trial details are given in Table 3 and Volkeret al. (1954).
The trial was established by CSIRQ Division of Forestry and North
Fores: Products, at West Ridgley in northwest Tasmania. The irial
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contained approximately 6000 mrees and was based on an alpha lattice
design (Patterson and Williams 1976). Each of the four replicates of
1500 trees comprised 15 incomplete blocks, with 20 line plots of
5 trees per incomplete block {see also Hodge et al. 1996),

Disease assessment

Disease severity on leaves still retained on the frees was agsessed
separately for both the juvenile and adult portions of the crown, using
percent damage diagrams adapted from Carnegie et al, (1994) and
Lundquist and Pumnell (1987) to account for the lower disease severity
in the trial. The severity classes used were 0, 1,2.5, 5, 7.5, 10, 15, 20,
25, 30, 40, 50, and 60% leaf area killed, averaged over the cancpy.
Microscopic examination of lesions indicated that both M. cryprica
and M molleriana were equally important on juvenile leaves of
E. globulus, damage to E. nitens was caused exclusively by M. cryp-
tica, and the F, hybrids were intermediate, but with M. cryprica pre-
dominating (A.J, Carnegie, unpublished data}. However, field
assessment of the two pathogens separately is not feasible and, fol-
lowing previous studies {e.g., Carnegie et al. 1594), only toial disease
severity was assessed. Trees were assessed in mid-March 1993, when
they were approximately 3 years old. There was no significant disease
damage in the previous year and that present at the date of assessment
had become apparent in the 1992-1993 summer season. My-
cosphaerella spp. cause both ieaf necrosis and later, defoliation. It
appears that these responses are independent and are measures of
different components of susceptibility (C. Reinoso and P. Ades, sub-
mitted). At the time of assessment, minimal defoliation due to M-
cosphaerelio disease had occurred and our results only refer to the
first component of susceptibility, termed disease severity by Camegie
et al. (1994).

The relationship between percent disease severity and tree size
immediately prior to the onset of infection (height, DBH, and volume
1992) and subsequent growth (increments from 1992-1993) were
examined, The correlation between percent disease severity and size
of the juvenile canopy was also investigated. Measuremenis were
taken in August 1992 (2 years) and September 1993 (3 years), for
diameter at breast height (DBH) and height to phase change {the
transition between juvenile and adult foliage, Potts and Jordan
19944). Tree height was measured only in the second and third years
(August 1992 and September 1993). Individual conic volume was
calculated following Potts and Jordan {1994a).

" Data analysis

All runts and plants with highly abnormal phenotypes were excinded
from the analyses (8.2% of the total number of individuals). All data
were then log transformed to improve the distribution of the residuals.
The E. globulus factorial, E. nitens half-diallel, and E. nifens »

'E. globulus F, factorial were analysed separately. Genetic parameters

for disease severity and genetic correlations with growth characters
were calculated following Volker et al. (1994) using REML VCE
(Groeneveld 1995}, The individual tree model used was

1T y=Xc+Xr+Zia+ s+ b+ Zypte

where v is an 7 % 1 vector of individual Mvcosphaerella spp. damage
observations, ¢ is a vector of fixed cross-type effects, r is a vector of
fixed replicate effects, @ is a vector of additive genetic effects
{i.e., breeding values of individuals and parents), s is a g x 1 vector of
random genetic effects common to sach full-sib family (i.e., specific
combining ability), b is a b % 1 vector of random etfects common to each
incomplete block (within each replicate), p is a px 1 vector of random
effects common to each plot (i.e., plot effect), and e is an w X | vector
of residuals, expected to include mainly the remaining three-quarters
of the dominance variance and environmental effects. X, X5, Z;, 2o
Z,, and Z, are known incidence matrices relating observations in y {0
effects in ¢, r, a, 5, b, and p, respectively. Where specific cross types
were examined (e.g., E. nitens, or within E. giobufus Taranna or King
Island provenances only), the cross effect was omitted from the
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Table 3. Establishment, climatic, and measurement details for the E. nitens x E. globuius
hybrid trial near West Ridgley, northwest Tasmania.

Details West Ridgley fleld trial
Latitude (S) 41°09"

Longitude (E) 145°46°

Altitude 183m

Estabiishment date July 1690

Avg. annual rainfail 1200 mm

Avg. max. temp. 15.3°C

Avg. min. temp. 7.3°C

Warmest month
Coldest month
Geology

Soil

No. of replicates

No. of incomplete blocks/replicate
No. of plots/incomplete block

No. of trees/plot

Spacing

Feb. (avg. daily max. 22°C, min. 13°C)

Tuly (ave. daily max. 10.5°C, min. 4°C)

Tertiary basalt

Krazmozem derived from tertiary basalt.
Deep, weil structured, fertile and
well drained.

4

15

20

5

Ix4m

Fig. 1. Least squares means estimates of percent Mycosphaerella
spp. damage on juvenile {a) and adult {(b) foliage. All cross type
means were estimated using the MIXED procedure in SAS Institate
Inc. (1992). Cross types included the Taranna (T} and King Island
(K} provenances of E. globulus, interprovenance crosses within

E. globulus T x K (incorporating beth T < K and K x T crosses),

E nitens (N), interspecific crosses between E. nitens and

E. globulus (N x T and N x K), E. bicostata (B), and interspecific
crosses between E. bicostata and E. globulus (B x G). Specific
contrasts and their significance are given in Table 4.

8.0 (a) Juvanila {b) Adult
® 4.0
g 6.0+
g 3.0
7]
=
o
@ 4.0
H 2.0+
]
|
&
3204 1.0+
=1
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NxK
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model. Open-pollinated progeny were analysed using model [1], ex-
cluding the full-sib family term (Z,s).

Estimates of additive (a2), SCA (o?), incomplete block (a2), plot
(02), and error {g2) variance components were used to calculate indi-
vidua} narrow-sense heritabilities (A*) and the proportion of domi-
nance variance (d°) as follows:

o

2 h-’-:.______.m.._...

[2] 02+ 0F +0h+ 0%
GZ

EYEE d

Git+Ol+al+ O
where o3 = 462 (Falconer 1986). Estimates of heritability for the open-

pellinated populations were calculated as in {2] but excluding o2.
Such estimates assume that the open-poliinated families are half-sibs

(r = 0.25). However, this estimate was adjusted (hﬁp) to account for
selfing within open-pollinated families of Fucalyprus by multiplymg
the #* estimates by 0.625. This adjustment follows Griffin and Cotterill
(1588) and Volker et al. (1990} and assumes an average outcrossing
rate of 70% and a genetic correlation (r) among open-pollinated sibs
of 0.4. Standard errors were estimated following Becker (1983).

Cross type least sguares means were determined using the MIXED
procedure in SAS Institute Inc. {1992} using model {1]. Contasts
were undertaken to test differences between cross types and whether
hybrids were significantly different from the expected midparent
value using PEST (Groeneveld et al. 1992), which performs an F test
based on estimates of the error variance (Kennedy 1989).

Best linear unbiased predictions (BLUPs) of parental breeding
values {BVs) were calculated with PEST, using variance component
estimates from REML VCE. BVs were calculated separately for the
E. globulus, E. nitens, and F, hybrid controlied cross populations and
the E. globulus and E. nitens open-pollinated populations, This al-
lowed direct comparison of parental BV's estimated in pure species
and hybrid combination as well as under open pollination. The model
used in these analyses was the same as [1], but the cross-type effect
was excluded for the £. globulus parents to enable parental breeding
values to be estimated across provenances. Parental breeding values
were similarly estimated for the E. globulus males using the open-
pollinated and hybrid populations, and these estimates were com-
pared with those determined from controlled intraspecific crossing.

Results

Cross-type effects

There was significant provenance variation within E. globulus,
with Taranna (T) having a significantly higher average disease
severity than the King Island (K) provenance on both juvenile
{P< 0.01) and adult foliage (P < 0.001) (see Table 4 and
Fig. 1). The interprovenance crosses between Taranna and
King Island parents {T x K and K x T) exhibited intermediate
severity and were not significantly different from the mid-
provenance value in either juvenile or adult foliage (Table 4).
Disease severity on juvenile foliage of the Toorongo prove-
nance of £. nitens (N) was not significantly different from that
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Table 4. Contrasts between cross types for damage to Mycosphaerella spp. on juvenile and adult
foliage of all the cross types within the hybrid wials.

Juvenile Adult
Contrast Difference Difference
(cross 1 vs. cross 2) P vaiue {means) P value {means)
Pooled glob vs. N 0.2524 —.557 0.00¢00 1.448
Pooled glob vs. B 0.0004 1.614 0.1671 0.604
Poocled glob vs. BxG 0.0904 -0.828 0.0000 -1.406
Pooled glob vs. Fy (NxT and TxN} 0.0443 ~2.367 0.3503 0.215
Tvs. K 0.0062 1.415 0.0000 1963
T vs. (TxK and KxT) 0.0048 0.889 0.0600 1.237
K vs. (TxK and KxT) 0.0881 —0.526 0.0001 -0.726
Mid T & K vs. pooled TXK & KxT 0.4016 0.88% 0.1258 0.256
Nvs. T 0.5562 -{.211 0.0000 ~2.515
Nvs. K 0.0341 1.204 0.0190 -0.352
NxT vs. N 0.0000 2.684 0.0000 1.566
NxK vs. N 0.0856 0.936 0.0000 0.900
NxTvs. T 0.0007 2.473 0.0018 -0.949
NoK vs. K 0.0604 2.139 0.2302 0.348
N vs, (NxT and NxK) 0.0003 -1.810 0.0000 -1.233
Mid N & K vs, NxK 0.0014 -1.537 0.0016 -0.624
Mid N & T vs. NxT 0.0600 -2.578 0.0060 -0.308
B vs. BxG 0.0000 -2.442 0.0000 -2.010
Mid B & pooled glob vs. BxG 0.0005 -1.635 (.0000 -1.708

on E. globujus from Taranna, but was significantly (P < 0.05)
higher than on the King Island provenance. On adult foliage,
disease severity on E. nitens was significantly lower than for
any other cross type (P < 0.05). Disease severity was signifi-
cantly lower on the juvenile foliage of E. bicostata when com-
pared with E. globulus (P < 0.001). However, on aduit foliage
severity was not significantly different between E. bicostata
and E. globulus (P=0.167).

In general, the disease severity on juvenile foliage of the
E. nitens x E. globulus F| hybrids was significantly (P < 0.05)
greater than for either E. nitens or E. globuius (see Fig. 1,
Table 4), regardless of whether the provenances of £. globulus
were pooled (except N x K vs. N (not significant}). The disease
severity on the adult foliage of the F, hybrids was significantly
greater (P < 0.001) than on E. nitens. However, the N x K
hybrids had similar severity to the King Island provenance,
while the N x T hybrids were intermediate, with significan{ly
less disease than the Taranma provenance. The E. bicostata X
E. globulus hybrids (B x G) had the higher disease severity on
adult foliage than any other cross type in the trial, including
both parent species (P < (.001). On juvenile foliage, the
E. globulus % E. bicostata hybrids had significantly higher se-
verities than E. bicostala, but were not significantly different

from the pooled E. globulus provenances (King Island and

Taranna). In contrast with the £ globulus interprovenance
crosses, the interspecific crosses of E. globulus with E. nitens
or E. bicostata exhibited disease severities significantly
(P < 0.01) greater than the predicted midspecies values for
both adult and juvenile foliage types (Table 4). In ali cross
types, disease severity was greater on juvenile than adult foli-
age (Fig. 1).

Genetic parameters
Controlled-cross estimates of individual narrow-sense hentability
(") of the percentage of leaf area damaged ranged from 0.115

to 0.343 for E. globuius and 0.004 to 0.208 for L. nitens
(Table 5). Heritability estimates for adult foliage were always
greater than those for juvenile foliage, despite the disease se-
verity being greater on juvenile foliage (see Table 3, Fig. 1).
There was a tendency for estimates of »* in both aduit and
juvenile foliage to be lower for E. nitens than for E. globulus.
Furthermore, when the provenances of E. globulus were sepa-
rated, the 4 for the King Island population (juvenile 0.115,
acdult 0.343) were comparable with those obtained for the
Taranna population (juvenile 0.120, adult (.250). The proper-
tion of dominance variation (d%) was low (Table 5), particu-
larly for the E. nitens population, and in most cases was less
than half of the 42 estimate. The A#* estimate for damage on
juvenile foliage in the King Island population was the lowest
of the E. globulus estimates, and this was the only case where
the d? estimate exceeded #<. These results suggest that in most
cases, there is little nonadditive genetic variation for suscepti-
bility in these eucalypt populations and most of the genetic
variation is due to additive effects. Estimates of d* for the F,
hybrid population were comparable with those obtained for the
pure species. In contrast, the #* estimate for juvenile foliage
was nearly double that found in any of the pure species popu-
lations. Estimates of 4% for disease severity on the adult foliage
of the F; hybrids were consistent with the pure species esti-
mates. Estimates of 4% based on the open-poliinated progeny
(hgp) collected from the £ globulus males were comparable to
those obtained from controlled crossing {Table 5). In both
E. globulus and E. nitens the hﬁp estimates for juvenile foliage
were larger than the /7 estimates, whereas those obtained from adult
foliage were smaller. However, the standard errors of the k2 esti-
mates would suggest that these differences were not significant.

Genetic correlations between disease severity scores and
growth traits are given in Table €. The percent severity in the
adult canopy was highly genetically correlated with severity
in the juvenile canopy in all populations {0.52 to 0.74, se¢
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Table 5. Componens of variance, proportion of dominance variation (d%), and individual narrow-sense heritability
estimates (A7) and their approximate standard errors {SE} for Mycosphaerella spp. resistance in E. globulus,

E. nitens, and their F, hybrid.

Components of variance

Incomplete Family

Cross type Addstive biock Plot (SCA) Residual 42 H=SE
E. globulus pooled

Juveniie 0.008 0.008 0.011 0.001 0.047 0.060  0.115+0.024

Adult 0.017 0.006 0.610 0.002 0.046 0.107  0.227x0.032
E. globulus (King Island),

Juvenile 0.006 0.009 0.003 0.003 0.040 0231 0.115%0.058

Adult 0.024 0.001 0.008 0.001 0.637 0.057  0.3431£0.101
E. globulus (Taranna)

Juvenile 0.009 0.010 0.012 0.000 0.034 0.000  0.120+0.042

Aduit 0.020 0.012 £.011 0.003 0.046 0.150  0.250+0.060
E. globulus open pollinated

Juvenile 0.019 0.003 0.013 0.001 0.034 ne 0.177£0.072

Adult 0.020 0.004 8.011 0.004 0.030 ne 0.192+0.076
E. nitens

Juvenile $.005 0.022 0.004 0.000 0.032 0.000  0.122£0.052

Adult 0.026 0.006 0.023 0.002 0.083 - 0.059  0.194+0.065
E. nitens open pollinated

Juvenile 0.018 G.0l6 0.004 0.001 0.031 ne 0.208+0.058

Adult 0.008 0.011 0.000 0.000 0.117 ne 0.004£0.0353
E. globulus < E. nitens

Juvenile 0.044 0.022 0.008 0.001 0.634 0.046  0.50620.010

Aduit 0.011 0.004 0.012 0.062 0.037 0120 01770057

Note: ne, not estimable, The phenotypic variance used to calculate @ and #? did not include the variance component due to

incomplete biocks.

Table 6). In the E. globulus population, neither the adult nor
juvenile severity was genetically correlated with tree size at
the presumed time of infection, as genetic correlations between
damage and height or DBH in 1992 were low (Table 6).
Growth, measured as the increment in DBH, height, or volume
over the summer season in which the infection occurred, was
consistently positively genetically correlated with severity in
the juvenile canopy. This correlation indicated that at the ge-
netic level, increased Mycosphaerella damage was associated
with an increass in subsequent growth. While contrary to what
may be expected, this appears to be due o the delayed phase
change in E. globulus being geneticaily associated with both
increased growth (r, =0.61 between HTPC and sectional area
at age 4 years; P. Volker, unpublished data) and increased
damage to the juvenile canopy {r, = 0.54, Table 6). In contrast,
correlations of incompletz block effects between damage to
the juvenile foliage and subsequent growth traits, which reflect
an environmental correfation, were consistently negative

{—0.26 10 ~0.38) as would be expected if disease was havinga .

direct deleterious effect on growth.

In the E. nitens population, there was a general negative
correlation between disease on both the adult and juveniie fo-
liage and tree size at the presumed time of infection. The ge-
netic correlations between disease severity on the juvenile
foliage and subsequent growth were inconsistent, but negative
for adult foliage (Table &). Within the £. nitens x E. globulus
F| hybrid population, severity of disease on both the juvenile
and adult foliage were positively correlated with all the growth
traits measured. Tree size at the time of infection {DBH and

height at 2 years) appears to have had a profound effect on
disease severity, with faster growing hybrids having higher
scores for both juvenile and adult foliage (Table 6). A larger
juvenile canopy (larger HTPC) was strongly genetically cor-
related with severity on both the juvenile and adult foliage.
This contrasts with both E. globulus and E. nitens, where high
severity in the adult canopy was generally associated with 2
smaller juvenile canopy (HTPC).

Correlations of parental breeding values

Parental breeding vaiues (BVs) for disease severity on either
juvenile or adult foliage were similar for E. globulus (Pear-
son’s correlation coefficient, r = 0.69, see Table 7}, consistent
with the high genetic comelation given in Table 6. Likewise,
parental BVs estimated from controlled-cross progeny and
open-pollinated progeny were highly corfelated in both
E. globulus and E. nitens (Pearson’s correlations of 0.73-0.75
and 0.50-0.73 respectively, Table 7). The distinction between
E. globulus parents from the King Island provenance (which
generally had lower BVs, corresponding to lower disease se-
verity) and parents from Taranna for these correlations can be
seen in Fig. 2. The correlations between parental BVs calcu-
lated from controlied-crossed progeny were peorly correlated
with those calculated from parents in hybrid combination for
either species (Table 7). Correlations between parental BVs
cbtained for E. nitens In any combination were consistently
lower than those obtained for E. globulus, perhaps because of
the low number of parents (11} and the single provenance origin
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Table 6. Genetic carrelations between disease severity on juvenile and adult foliage and growth traits

prior to infection and incremental growth after initial infection, for £, nitens, £. globulus, and

E. nitens x E. globulus hybnids.

E. nitens %

E. globulus pocled E. nitens E. globulus
Juveniie Adult Juvenile Adult Juveniie Adult
Damage o adult 0.570 1.000 0.521 1.000 0.735 1.000
Height at 2 years -0.122 0.302 ~{.342 -0.307 0.53% 0.386
DBH at 2 years 0.195 0.045 -0.119 ~1.000 0.777 0.610
Growth (height 2-3 years) 0.540 0.048 0.368 —0.816 0.616 0.524
Growth (DBH 2-3 years} 0.702 0.256 -0.135 —0.754 0.703 0.560
Growth {vol. 23 years) 0.469 0.105 0.012 ~0.870 0.738 0.548
HTPC (3 years) 0.538 -0.311 0617 0593 0.717 0.501

Note: Eucalyprus globulus pooled estimates inciuded both the King Island (K) and Taranna (T} provenances as
well as the interprovenance crosses (both K x T and T % K). DBH, diameter at breast height; HTPC, the height to

vegerative phase change (i.e., the height at which juvenile foliage changed to adult foliage).

Table 7. Pearson’s correlation coefficients (£8E) between controlied cross estimates of breeding
values and those estimated for the same parents in open pollination and in hybrid combination for

E. nitens and E. globulus.

Controlled cross Significance
E. nitens
Juvenile Hybrid 0.2610.48 0.50<P=<0.20
Open pollinated 0.734£0.26 0.02<P<{).01
Adult Hybrid 0.3140.39 0.50<P<x0.20
Open pollinated 0.50+0.33 0.10<P<0.05
Juvenile vs. adult Controiled cross 0.40+0.31 0.20<P<0.10
E. giobulus
Tavenile Hybrid 0.24+0.27 0.50<P<0 .20
Open pollinated 0.75+0.14 P<0.001
Adult Hybrid 0.40+0.25 0.20<P<0.10
Open poliinated 0.73+0.14 P<0.00]
Juvenile vs. adult Controlied cross 0.69+0.15 P<0.001

Note: Standard errors and significance levels were calculated according to Zar (1984).

and therefore limited wvariability of the E. nmirens parents
{Toorongo).

Discussion

There was a signiftcant difference in the severity of damage
from Mycosphaerella spp. lesions between the two prove-
nances of E. globulus, King Island and Taranna. King Island
was less damaged, and this is consistent with there having been
more intense natural selection for resistance to My-
cosphaereila disease in that area. Warm, wet weather is con-
ducive to Mvcosphaerella outbreaks (Park 1988; Carnegie
et al. 1994). The wetter maritime climate on King Island
(1015 mm annual rainfall) would suggest a general climatic
regime more {avourzble to Mycosphaerella spp. than that of
Taranna (892 mm annual rainfall, Fig. 3). The lower suscepti-
bility of E. globulus provenances from areas with high summer
rainfall was noted by Camegie et al. (1994). Eucalvptus bi-
costata (Mansfield provenance) has previously been found to
have very high disease severity when compared with £. globu-
fus (Camnegie et al. 1994), The E. bicostata in the trial studied

here had the lowest disease severity on juvenile foliage but on
adult foliage, had similar damage levels to E. globulus. The
relative resistance of E. bicostata in the West Ridgley trial
appears to conflict with the severe disease on E. bicostaia
noted by Camegie et al. (1994). However, the unknown origin
of material in this experiment and the low number of families
means that the two results can not really be compared. Fuca-
Iyptus bicostata is widespread and occurs in areas with both
winter and summer rainfall regimes. Provenance variation in
this subspecies has not been comprehensively tested in Austra-
lia, s0 it is not possible to generalize about its susceptibility
relative to &. globulus.

Disease severity was higher on interspecific hybrids than
on parental populations, both on the juvenile {E. nifens X
E. globulus) and adult (E. bicostata x E. globulus) foliage. In-
terspecific hybrids performed at least as badly as the worst
performing parent in terms of the levels of damage and were
consistently more damaged than the predicted midparent
value. In contrast, the disease severity on the interprovenance
bybrids of E globulus was imermediate to those on both the
Taranna and King Island provenances and was not significantiy
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Fig. 2. The comelation of breeding vaiues of E. globulus parents in
open-poliinated and controlied-cross combination for {a} juvenile
and (b) adult foliage. Breeding value estimates included differences
hetween the Taranna () and King Island {7} provenances of

E. giobulus. Corresponding Pearson’s correlation coefficients are

given in Table 7.
0.3 0.6+
{a) Juveniie = {b)y Aduit
B .4+ .
T
=
K] 0.2+
a.
= 01
2 o
Q
-0.24
=]
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-0.2 «0.1 a 0.1 0.2 -0.2 Q 0.2

Contreiled-cross estimates

different from the midparent values. The tendency for greater
susceptibility of interspecific hybrids is consistent with other
observations, suggesting that interspecific hybrids may be
more susceptible to pests (Whitham 1989; Fritz et al. 1994
Strauss 1994).

Within populations, low to moderate heritabilities (h?) were
obtained for both E. globulus and E. nitens. Heritabilities ob-
tained for juvenile foliage were usually lower than those for
aduit foliage, despite mean severity levels being greater on
juvenile foliage. The E. nitens x E. globulus hybrids had,
overall, the most severe disease (juvenile foliage 8%) and the
highest heritability (0.40). Our heritability estimates for juve-
nile foliage were generally lower than the 0.32 reported for
open-pollinated progenies by Reinoso (1992). The severity of
Mycosphaerella leaf disease was greater at their sites, with
average damage up to 16.4%, whereas at at the present site
average disease severity for E. globulus was less than 6%. The
expression of genetic variation in disease resistance may also
be dependent on the level of infection (White and Hodge
1989), and it is possible that larger heritabilities would have
been obtained with greater damage on the trees used in the
present study. Our heritability estimates may also be lower
because of the lower infection levels resulting in susceptible
individuals escaping infection. However, this effect would be
random and averaged out at the parent, family, and cross-type
level. Tt is unlikely that the heritability estimates of Reinoso
(1992) are inflated as a result of the use of open-pollinated
progeny, since the present study has shown such estimates to
be comparable with those obtained from controlled crossing.
In contrast, open-pollinated versus controlled-cross estimates
have been shown to be inflated for growth traits (Hodge
et al. 1996).

The high correlations obtained between parental breeding
values estimated from open pollination and controlled crossing
of E. globulus clearly indicate that determining the best or worst
parents for Mycosphaerella damage from open-pollinated
progeny would be an acceptable strategy in this instance.
This is an important finding, as breeding values calculated
from open-pollinated progeny and controlied-cross progeny
for growth traits are not always well correlated (see Hodge
et al. 1996), and, as controlled crossing is expensive, this
would significantly reduce the cost of any breeding pro-
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Fig. 3. Average monthly mintmurn (-} and maximum {(—)
temperatures (°C) and rainfall (mm) for the Taranna (W) and King
Istand (') provenances of E. globuius. All data were obtained from
ESOCLIM (H.A. Nix, I.P. Busiey, M.F. Hutchinson, and

J.P. McMahon; Hutchinson 1991).
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gram. Comparabie correlations calculated for the E. nitens
parents were also high, but were not significant for adult foli-
age. This is most likely due to the relatively low number of
parents involved in the half-dialle] mating design used and the
fact that all parents were from the same provenance
{Toorongo). In contrast, the comelation between parental
breeding values estimated in hybrid and pure species cosmibi-
nations was always low and not significant. Hence, selecting
the best parents from pure species populations for hybrid com-
bination would not necessarily produce the best performing
hybrid progeny.

Heritability estimates and breeding values derived from this
trial refer to disease severity caused by a complex of two spe-
cies, M. cryptica and M. molleriana, although only M. cryp-
tica was recorded from E. nitens (AJ. Camegie, unpublished
data). These two species generally co-occur on £. globulus in
southeastern Australia {Cammegie et al. 1994), and thus
E. globulus selections undertaken for breeding would integrate
responses to both pathogens. Parents with breeding values for
low disease severity are likely to be resistant to both pathe-
gens, whereas parents with high disease severity may be sus-
ceptible to one or other, or both pathogens. How the genetic
parameters for disease severity will change with differing con-
tribution of the two pathogens to the disease outbreak and
damage is complex and unclear at present. Isolation of the
pathogens from the experiment indicates that damage to adult
foliage of E. globulus was entirely due to M. cryptica, whereas
both pathogens contributed to damage on the juvenile foliage
(A.]. Carnegie, unpublished data). The presence of both patho-
gens may mask a close genetic association between host and
pathogen and could explain the generally lower heritabilities
and higher levels of damage recorded on juvenile compared
with adult foliage of £. globulus. Contribution of each species
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of pathogen to damage of juvenile leaves of each cross type is
currently being quantified for a subset of these crosses. Nev-
ertheless, positive genetic correlations were observed between
disease severity on adult and juvenile foliage in the present
study, strong genetic correlations across different sites were
observed for disease severity on juvenile foliage by Reinoso
{1992), and significant correlations across seasons have been
reported at the provenance level by Camegie et al. (1994).
These results suggest a correlated response to selsction across
disease outbreaks; however, detaiied studies with artificial in-
oculations under greenhouse conditions are required to parti-
tion the response to either pathogen alone and together.

Previous reports have suggested that a reduction in growth
rate of £. nitens will not oceur unless defoliation of the juve-
nile crown by Mycosphaerella exceeded 25% (Lundquist and
Purnel] 1987). While the percent damage scores used here dif-
fer (see Lundquist and Purnell 1987; Reinoso (1992), our re-
sults support this idea. In our trial, growth may well have been
reduced by Mycosphaerella leaf disease, but genetic cormela-
tions berween growth and disease severity of the juvenile fo-
liage were predominantly positive, that is, the greater the
growth rate the greater the disease severity score. Previous
work has suggested that in E. nirens at least, trees with juvenile-
persistent foliage are the fastest growing (Beadle et al. 1989).
Trees with juvenile-persistent foliage also appear to be more
susceptible to Mycosphaerella disease, possibly as a result of
the greater opportunity for disease increase within the larger
crown. Genetic cormrelations with the height to phase change
provided support for this interpretation, as delayed transition
to adult foliage (i.e., a larger juvenile canopy) was consistently
positively correlated with disease severity. However, in the
present case, disease does not appear to have been sufficiently
severe to counteract the positive effect of the larger juvenile
canopy on growth, possibly because of the low levels of sever-
ity observed. Indeed, the level of disease severity observed in
the present outbreak is low compared with that reported for
other sites {Carnegie et al. 1994; C. Reinoso and P. Ades, sub-
mitted). For example, Carnegie et al. (1994) report mean dis-
gase severity of ca. 30% on juvenile foliage of the King Island
provenance of E. globulus compared with less than 4% in the
present study. It seems that trees with a larger canopy or leaf
area index have a greater likelihood of experiencing severe
Mycosphaerella disease than trees with a small canopy. Reinoso
(1992) suggested that one means of increasing resistance to
Mycosphaerella damage would be to select for early transition
to adult foliage. This would reduce the period in which the
plantation is highly susceptible to the disease and result in
increased growth rate on sites favourable to epidemics. How-
ever, this may have an overall negative impact on growth by
reducing the more productive juvenile canopy (Beadle et al.
1989). The fact that most tree breeders select for growth in the
absence of disease (e.g., Borralho et al. 1992; Jarvis et al.
1995) means that breeders may be indirectly selecting for more
susceptible trees, which may have important economic impli-
cations when the stock is planted where severe disease is
likely.
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