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NOTES

Genetics of cold hardiness in a cloned full-sib
family of coastal Douglas-fir!

T.S. Anekonda, W.T. Adams, S.N. Aitken, D.B. Neale, K.D. Jermstad, and
N.C. Wheeler

Abstract: Variation in cold-hardiness traits, and their extent of genetic control and interrelationships, were investigated
among individuals (clones) within a single large full-sib family of coastal DouglasPfee(dotsuga menziesiar.
menziesii(Mirb.) Franco) from Oregon. Cold injury to needle, stem, and bud tissues was evaluated in fall 1996 and
spring 1997 following artificial freeze testing of detached shoots collected from 4-year-old ramets (rooted cuttings).
Variation among clones in cold-injury scores was significgn&(0.01) for all shoot tissues in both fall and spring and
averaged about three times the magnitude previously observed among open-pollinated families of this species. Thus,
improving cold hardiness by within-family selection appears to hold much promise. Striking similarities in relative
magnitudes of heritability estimates and genetic correlations in the full-sib family, compared with breeding populations,
support the following hypotheses about the quantitative genetics of cold hardiness in this spebiestapility of

cold hardiness (both broad-and-narrow-sense) is stronger in the spring than in thi)fabbjd hardiness of different

shoot tissues in the same season is controlled by many of the same geneis;) ayehétic control of fall cold hardi-

ness is largely independent of cold hardiness in the spring.

Résumé: La variation entre individus pour les caracteres associés a la tolérance au froid, ainsi que le degré de con-
tréle génétique et d'inter-relations, ont été étudiés sur des clones appartenant a une seule grande fratrie de douglas
(Pseudotsuga menziesiar. menziesii(Mirb.) Franco) cétier originaire de I'Oregon. Les dommages au froid observés

sur les aiguilles, sur la tige et sur les tissus des bourgeons ont été évalués a I'automne de 1996 et au printemps de
1997 a la suite d'un test de gel artificiel sur des pousses excisées recueillies sur des ramets agés de 4 ans (boutures
enracinées). La variation observée dans les dommages au froid parmi les clones était significat®@1) pour tous

les tissus des pousses a I'automne et au printemps et était en moyenne trois fois plus élevée que celle observée parmi
les familles de cette espece issues de la pollinisation libre. Ainsi, 'amélioration de la tolérance au froid par une sélec
tion a lintérieur d'une famille apparait prometteuse. Les fortes similitudes observées dans le niveau relatif des estimés
d’héritabilité et de corrélations génétiques entre la fratrie et les populations qui interagissent supportent les hypothéses
suivantes quant a la génétique quantitative de la tolérance au froid de cette espdtgritabilité de la tolérance au

froid (au sens large et au sens strict) est plus forte au printemps qu’en autoe;t¢lérance au froid de différents

tissus des pousses est contrdlée, pour une méme saison, par plusieurs des mémes genksgcenifole génétique

de la tolérance au froid a 'automne est largement indépendant du méme contréle au printemps.

[Traduit par la Rédaction]

Introduction

Much has been learned in recent years about genetie varireeze testing of shoot samples from sapling-age trees in prog
ation and control of cold hardiness in coastal Douglas-fireny tests (Aitken and Adams 1996, 1997; Aitken et al. 1995).
(Pseudotsuga menziegiMirb.) Franco) based on artificial Considerable variation among families within popidas for
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Table 1. Comparison of genetic (clonal) variation within a single full-sib family with variation among open-
pollinated families within breeding populations of coastal Douglas-fir, for fall and spring cold injury (% damage) to
three shoot tissues.

Within single full-sib family? Within breeding populatiofts

Season Tissue Mean Range Jo\')% H2d Mean Range CV(%)® h?f

Fall Needle 75 30-95 87 0.21 52 25-82 17 0.34
Stem 82 25-95 85 0.14 24 10-49 27 0.21
Bud 62 10-95 137 0.16 20 5-42 37 0.14

Spring Needle 71 19-95 107 0.45 45 32-62 16 0.49
Stem 65 43-90 72 0.27 48 14-86 42 0.77
Bud 63 41-90 78 0.20 36 22-73 56 0.56

“Based on 186 clones (mean of 3.5 rooted cuttings per clone) of progeny in the fall and a subset of 171 of these clones (mean of
3.3 rooted cuttings per clone) in the spring.

PBased on two western Oregon breeding zones (40 families sampled per zone).

“Coefficient of variation in clonal means, (C\¥ (02)*%X,), wherec? is the estimated clonal variance component Xpds the
mean over all clones.

YEstimated individual-tree broad-sense heritability.

Coefficient of variation in family means, (G\t (6#)*%X,), wherea? is the estimated family variance component a4 the
mean over all families.

‘Estimated individual-tree narrow-sense heritability.

shoot cold injury in both spring and fall indicates there isTable 2. Comparison of estimated genetic correlations in a single

much room for improving cold hardiness in conventionalcloned full-sib family with measurements from two breeding

breeding programs. This is especially true for spring coldoopulations of coastal Douglas-fir for cold-injury scores between

hardiness, as indicated by the strong narrow-sensdifferent tissues in the fall (above diagonal) and spring (below

heritability estimates for this trait (Aitken and Adams 1997). diagonal), and between the same tissue in the two seasons (on
In this note we describe genetic variation for cold-hardinesshe diagonal).

traits within a single full-sib family of Douglas-fir with par-

ents originating from western Oregon. This three-generatiol Within single full-sib Within breeding

: ; : family? population8
pedigree was created to genetically map and estimate magr
tudes of effects of quantitative trait loci (QTLs) controlling Needle Stem  Bud Needle Stem  Bud
adaptive traits including bud phenology, growth rhythm, andyeedle  0.26 0.75 0.60 < 0.78 0.85
cold hardiness (Jermstad et al. 1998). Because individuasiem 0.47 _0.43 072 089 _025 0092
were vegetatively replicated by rooting cuttings, it is possi-gyg 0.69 0.84 -0.40 0.88 0.98 o

ble to quantify genetic variation within this family and com = .

pare it with levels of variation reported previously for cold- bﬁgfg\;vs_zgf]gec?;rdﬂ%t\',%r;sgﬁnelatiorﬁx

hardiness traits at the population level. We were also inter cgstimates were not available. '

ested in the degree to which the genetic control of cold-

hardiness traits and genetic relationships among traits in this

family compare with those observed in breeding popula october 7) and in spring of 1997 (April 8) prior to bud burst. Not

tions. all 192 clones had sufficient numbers of ramets for sampling. In
the fall, one or two ramets from each of 186 clones were sampled
Material and methods in two of the four blocks (mean number of ramets per clone from

both blocks = 3.5). In the spring, one or two ramets from each of

Clonal materials and freeze testing 171 clongs. included in the fall collection were sampled in each of

The second filial generation gFwas constructed by crossing the remaining two blocks (mean number of ramets per clone from
two individuals in the first filial generation (8); and the ks were ~ Poth blocks = 3.3). Different blocks were utilized in each season to
first created by crossing two pairs of unrelated parents from-westMinimize damage to the trees.
ern Oregon, with the parents in each pair having contrasting timing Details on freeze-testing procedures are presented elsewhere
of bud burst (early versus late). The origing) family had 298  (Aitken and Adams 1996, 1997; Aitken et al. 1995), so we give
progeny, of which 48 were used for DNA isolation from needles toonly a brief outline here. On each date, shoot samples from each
construct a preliminary linkage map (Jermstad et al. 1998): Cutramet were subjected to four freezing temperatures chosen from
tings from seedlings of 192 of the remaining 250 progeny werepreliminary tests to inflict a range of injury scores, from high to
successfully rooted (Ritchie 1990) in the spring of 1993 and translow (-9 to —15°C in fall, =12 to —18°C in spring). Samples were
planted to a bare-root nursery for one season. The rooted cuttingsut into a programmable freezer (at —2°C) which was slowly re
were then outplanted in the spring of 1995 at two test sites, one iduced in temperature until the test temperature was reached. After
western Washington, and the other in Oregon. At planting, eaci h, the samples were removed, stored overnight at 2°C, and then
clone was represented by a row plot of three ramets in each of foukept in the dark at room temperature for 7 days to allow cold-
randomized complete blocks on each site. injury symptoms to develop. Needle, stem (phloem and cambium),

All sampling for cold-hardiness testing was from the Washing and bud tissues were visually assessed by two individuals and
ton test site. Four lateral-shoot tips (5 cm long) were harvestegcored independently into 10 damage classes based on the propor
from each sampled ramet, 4 years after rooting, in the fall of 199@ion of tissue showing injury symptoms (browning).
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Statistical analysis (i,e., (L7, + 3/ANR)I(LI3V,) = 3/, + 9/4(Vp/V,)) the

An initial analysis showed that the clonal component of injury variance among open-pollinated family means. The large co
to all tissues was significanp(< 0.05) only for the two intermedi efficient of variation within this one family relative to that
ate freezing temperatures on each sampling date (~11 and ~13°C §hserved among open-pollinated families within breeding
fall; 14 and —16°C in spring) as damage levels were 00 high aboneg may, at least, partially be due to the fact that the-num
the lower temperature and too low at the higher temperature-to a er of clones was more than four times areater than the
low for the detection of genetic differences. Thus, all further analy o - >S 9

0 mber of families sampled in the breeding zones. Alse, es

ses were conducted using the mean injury score for each ramet for full-sib famili btained f inal
the two intermediate temperatures for each season. Analyses firsfnates for full-sib families were obtained from a single test

employed the general linear models procedure of the SAS statistSite; thus, additive genetic variance components were in
cal software package (SAS Institute Inc. 1993) to test theCreased in the absence of genotype-by-environment interac
significances of clone differences (type Ill sums of squares). Comtion. In addition, recall that the grandparents of our full-sib
ponents of variance in the model were then estimated using the réamily were chosen to maximize segregation of bud-burst
stricted maximum likelihood (REML) method of the SAS timing in the K, generation. Because stem hardiness and bud
VARCOMP procedure. To quantify the magnitudes of genetic-vari phenology are closely associated (Campbell and Sorensen
ation within the full-sib family we calculated clonal coefficients of 1g73- Campbell and Sugano 1975, 1979; Aitken and Adams
variation (CV,; Table 1). To evaluate the genetic control of each 19975 especially in spring Within’family’ variation in cold
trait, we estimated their broad-sense heritabilities: o L ! A

injury is likely accentuated by the selection of grandparents
o2 with extreme phenotypes in this pedigree.

The absolute magnitudes of broad-sense and narrow-sense
heritabilities in Table 1 are not comparable, because they are
wherea? is the estimated variance component due to clone differ Pased on different materials and experimental designs: Nev
enceslo'gb is the variance due to clone-by-block interaction, and ertheless, relative magnltudes of heritabilities in the twoe sea
a2 is the variance due to differences between ramets within clonalsons were the same in the two sets of materials. That is,
row plots. We also estimated broad-sense genetic correlatigns ( heritability estimates for cold-injury score were always
between cold-injury scores for different tissues in the same seasogreater in the spring than in the fall for the same tissue. In
and between scores for the same tissue in different seasongjdition, the two sets of materials had similar patterns of
(Burdon 1977). _ _ _ _genetic correlations between cold-injury traits (Table 2). Es-

| T? ltlzor_rgpfare_lgetneuc P"Jll“?metlers Iestl[_nat(id from datfgI In Our Sifimates of both broad-sense and narrow-sense genetic corre-
gle full-sib family to population-level estimates, we used mean re-_.: - - L
sults from two western Oregon breeding populations reporte({at'ons In cold injury were strong and posmve. between
previously (Aitken and Adams 1996, 1997). In this investigation, ISSUes In b,Oth seasons but were weak or negative .betwee.n
shoots were harvested from 7-year-old individuals of 40 openihe same tissue in different seasons. Corresponding esti-
pollinated families sampled from two progeny tests within eachmated correlations between clone means and between family
population and subjected to freeze-testing procedures similar teneans for cold injury (data not shown) were of the same
those used in this study. We quantified genetic variation in thesesign but weaker than the genetic correlations (T.S. Ane-
materials by calculating mean family coefficients of variation konda, unpublished data). In all cases, cold-injury correla-
(CVy; Table 1). Genetic control was quantified by mean estimatedijons between different tissues in the same season based on
narrow-sense heritabilities) and genetic relationships between cjone or family means were significar € 0.001) but were
traits by mean estimates of narrow-sense (additive) genetic correlq.Iot significant p > 0.05) between the same tissue in differ
tions ). Using the same families and populations, O'Neill (1999) ent seasons. Thus,. genetic correlations within the full-sib

found strong narrow-sense genetic correlatiansx0.79) between i t I lusi bout the inherit f
cold injury scores of 7- and 2-year-old trees. Because of this resultf,am' y support earlier conciusions about thé Inheritance o

we assume that our comparison of the genetics of cold hardiness Pld_hardiness in coastal Douglas-fir (Aitken and Adams
4-year-old rooted cuttings with that of 7-year-old saplings is net in 1996, 1997). That is, the cold hardiness of different shoot
fluenced by the age differences between the two sets of materialstissues within the same season are controlled by many of the
same genes, while genetic control of cold hardiness in the
. . spring is stronger and largely independent of genetic control
Results and discussion of cold hardiness in the fall. Results of the QTL mapping

Variation among clones in cold-injury score was signifi Study involving our full-sib family will not only provide evi
cant p < 0.01) and extensive for all tissues in both fall anddence supporting or refuting the above hypotheses (e.g., to
spring, with the clonal coefficient of variation averaging What extent are QTLs for spring and fall cold hardiness the
94% (Table 1). This considerable variation among clones i§ame) but will aid our understanding of the inheritance of
nearly three times the average coefficient of family variancecold-hardiness traits (e.g., how many genes influence each
observed for the 40 open-pollinated families in two breedingrait and how are they distributed in the genome).
zones (mean CV = 32.5%) and suggests there is much-prom
ise for improving cold hardiness by within family selection.
Assuming that genetic variance among open-pollinated famReferences
ilies equals one third of the additive varianc€,) in @  Ajtken, S.N., and Adams, W.T. 1996. Genetics of fall and winter
breeding population (Campbell 1979) and genetic variance cold hardiness of coastal Douglas-fir in Oregon. Can. J. For.
within full-sib families equalsV,/2 plus three quarters of Res.26: 1828-1837.
dominance varianceV) (Falconer and Mackay 1996), ge Aitken, S.N., and Adams, W.T. 1997. Spring cold hardiness under
netic variance within an average full-sib family derived by strong genetic control in Oregon populations of coastal
random pairing of parents is expected to be at least 1.5 times Douglas-fir. Can. J. For. Re&7: 1773-1780.
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