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Mapping epigenetic quantitative trait loci (QTL)
altering a developmental trajectory

Rongling Wu, Chang-Xing Ma, Jun Zhu, and George Casella

Abstract: Genetic varigtion in @ gusntitstive trait that changes with age is important to hoth evelutionary biologists and
broeders, A traditional analysis of the dynnmics of gesetic varintion is hased on the genctic varance-covariance HIAE
among dillerent ages estimated from 2 guantitative genetic midel. Such an analysis, however, cannol feveal the
mechanistic basis of the genctic variation for a growih wrait during omiogeny. Age-specific genefic variance ol Lime ¢
comelitional on the causal penetic effect st time 1 — | implies the generation of episades of new genclic Varation arising

during the interval

1o o In the present paper, the conditional penelic saranoe catimated fromn Zhu's (1%95]

conalitional mode] was partitioned inte its underlying individual quantitative traif Joci (TL) using molecular markers
in an F; progeny of poplars {Fopulus michocarpa and Populis defmides). These QTL, defined a5 epigsnetic (JTL,
grvern the alterations of prowth trajectory in a population. Three epigenetic QTL were detecisd 1o comtribuie
sipnificantly tn variation w growth frajectory during the period from the establishment year to the subsequssn year in
the field. It is sugzested that the activation and expression of epagenetic QTL are influenced by the developmental
starus of rees and the covironment in which they arc grown.

Eev words: epigenctic modification, developowent, marker, poplar, OTL.,

Beume © La variation génétique o un caractire quantifnfif gum change ave I'fige est d'intérdl lamil pour les biologisies
érudiant 1 évolution gue powr des sélectiomnenrs. Une analyse raditionnelle de la dysamigue de la variation génésigue
&' nppuie sur une marice de varionce -covariance géndtique pour les différents grovpes dage, el gu'estimé sur 1 base
&' un modéle de pénétigue quantitative. Une telle analyse oc -peut pas cependant révéler les mécanismes sous-tendant L=
vaTiation gEnclique poar un cnrmciére au cours du développement. Une variance pénétique, spécifigee d'un dge, s
temps ¢ et gui est condilionniée par ['effer génétique au temps 1 — 1 impligee une stne de nouvellss variances

génftiques survenant dans I'intervalle ¢

1 & . Dans oo travil, Ta vanance péndtique conditonnelle sstmée & 'aide du

madele conditionne] de Fhi (1995) a é1f décomposée en composantes loci de caractére quantitatif (QTL) individuelles
A I'aide de margueurs moléculaires an sein & une popalation F; des peapliers Popadis rrichocarpa et Populiey delrofdes.
Ces (L, définis comme des (ITL épigénétiques, gruvernent les changements an nivissu de 12 courbe de croissance au
sein d’une populstion. Trois QTL épigénétigues, contribuant de maniére significative @ Ta variation de k& courbe de
croissance lors de In période séparant 1'année d”émblissement de I'année qui suil. ont &é détectés. Les auteurs
suggtrent que |zctivation ef I'expression de QTL dpigénétiques sont influcnctes par le statul onlogéniqoe des arbres ef

par I"envirennement dans leguel ceux-ci se frouvent,

Mors olds ;- modification épipéndtique, développement, margquess, peopher, (L.

[Tradwit par la Rédaction]

Introduction

An individual's phenotype changes with age. A trait that
changes with age can be represented as a trajectory {Alberch
el al. 1979: Atchley 1987; Kirkparrick and Lofsvold 1989).
The growth trajectory of an individual is the consequence of
interactions among different genes. cells, tissues, organs, and
the eovironments in which the individual is grown. For ea-

ample, when more putrients are supplied, a growing plant
may furn off genes for the growth of taters] roots to allocate
more carbon [or foliage, branch, and stem growth, resulting
in the change of growth trgeclory for the aboye-ground
component (Zhung and Forde 1998; Wu et al. 2000). Be-
cause these interactions, which exininsically regulate the ex-
pression of genetic material, display heritable changes (Vogl
et ul. 19973, they have been recognized as playing a central
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,ﬁupnmh_ development, awl evoluticn of morpho-
clures. Inderstanding their orgrins and the under-
ol mechanisms hixs therefone heeome an important
and evolulionary genefic
shiey and Hall 1991; Cowley and Archley 19492;
ot al 1994, 1997).

gested that developmen! resulting from interac-
8 gemes and their products is u sequential and
' m that mvolves cascades of cxtrinsically
. o relationships (Adchley el al, 1994).
"w_whﬁ ihat an event at a ceriain

-m have a ﬁgmﬁﬂm ennsequence on subsequent phe
2% later in ontogeny, and thal new vanalion may occur

th the sctions and inferactions of many genes Uit et
iy during development. Eecently, considerable at-
hrh:m pad 1o dew:lm quantitative pemedic madels
g the genetic vurmalion of a3 teait cansed by newly
; __g:u_ur #l a particular time interval (Alchley et al.
19954, These models assome that the underlying
“control of a quantitative trait may chunge signifi
gring ontogeny (Alchley 1984, 1987; Riska et al
Hil Aichley 1985). The conditiomsl penetic
by Zhu (1995) has been uvsed to observe
m for body weightl and il length arising
“imtervals during the ontogeny of mice (Alchley
G T). The combination of molecular mapping and
genetic model has led 1o the identification of
lative fradl Towd (QTL) that pive rse o new
i for plant beight in nce during different
HIL]H'EI'S] The QOTL detected from tie condi
= model are suggested (v be epigenctically acti-
‘development, with the cxtent depending on the
statas of an organism and its coupling with the
. environmenl in previouns stages. These QTL
ﬂn"atﬁd by an epigenetic event) can be de-
pigenetic UTL and have the potential to alier the
teajectary of a growth truit. 1t should he noted
ific (JTL have been mapped in a few species,
(Mus musculus) (Cheverud et al, 1996), Drso-
hdim e al. 19973, rice (rvza sarva) (W, Wo et
‘and poplar (Popuilus) (R, Wu et al. 1999 How-
QITL ademtified in these experiments are <on
by the QTL that are expressed in cument and
ures amd, (herehy. cannot cxplain epigenetic vari
developmental stage.
fimg 1o the theory of developmental genetics, e
aneof an epigenetic CFIL 15 confingent upon the
t in which an organism is reared. The develop
@ eomplex trait is the adaptation of an organism to
‘environments and represents the impact of wenetic
menital interactions. In conlempeorary cvolution-
ey, o major challenge is 10 onderstand how penetic
factors interact with the environments to
mine the evolution of a morphological trait {Brakefield
1996; Piglivcei 1998). From an evolutionary . perspec-
identifving the sirength and regulation of epigenetic
x environment interactions can offer general insighes
e penetic and developmental bases of morphological
' n ina population.
ﬁﬁu puper, we report on the detection of Lhe epigenetic
QTL of growth traits in a forest ree using the conditional
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developmental genctic model and mudecular markers. We
also cxamine the ways in which interactions between epi-
eepedic QTL. and covironments are analyzed, The fumre
developments of the statistical methodologies for mapping
epigenelic 0T, arc discussed.

Materials and methods

The plunt mitenal vsed is an F, progeny derived from two
different bt evohrtionarily related [orest ree species, Populus
trichocarpa and Popeley delinides. A female B ofrichocarpa
clone (93-968), native to western Washingrion, was crosscd
with a male P deltoides clone (TEL-129) from central 1
nois o generate Fy family 53, Two I, hybrds, 53-246 and
53-242, were further crossed to produce By family 331, with
@) members. All F, scedlings were muised in the greenhouse,
then transplanted (o a nursery site at Farm 5 of the Washing.
ton State University Research aod  Exlension Cenfcr in
Puyallup. Washingion, A genetic map hased on the F; prog-
eny has been constructed using 343 resiriction fragment
length polymorphisin (RFLP), random amplified polymr-
phic DNA (RAPD), and sequence tagged site (5T5) markers
(Bradshaw ef al, 1994,

In spring 1991, a replicated triad was established next to
the nursery site al Farm 5 with 20-cm unrooted cuttings
from the F. progeny and their F; purents amd grandparcnts.
Two years later (1993), stecklings (roofed cuttings) of the
same malerials were planied in two other environments, one
st of the Cascades in Boordman, Cheg,, the other west ol
the Cuscades in the Jower Colambiz River Valley near
Clatskanic; Oreg. All three tmals were laid out in a random-
ized complele-block design with three replicates and twio-
iree plots and surrounded by twoe bonder rows, with a spac-
ing of 2 » 2 m at Puyallup and 1.5 x« 3.0 m at Boardman and
Claiskanie. Height and bassl dismeler were measured - for
cach tree ut the end of each growing scason and were [unher
sed 1o calculate volume growth (beight = diameter”). We fo-
cus on the data of the first too years because there 15 a e
mirkahle transition in root growih and development between
the establishment vear and sobsequent growth in the field
(Wir and Stemler 1994, 1997). Tt is likely that epigenetic
[TL play o role in affecting this transition.

A quantitative developmental genetic model was proposed
Ty Zhu {1995} 1o estimate the net genctic effect and varince
al e 1, conditional on the net geoelic effect and variance
at time ¢ — 1. The conditional genctic cffect and varisnce
estimated At fime rimply the new elfects of genes that anz in-
dependent of the causal genetic effects at time 1 — 1 (Alchley
and Zhu 1997}, This conditional model 15 vsed 0 estimate
the genetic effect and variance of a quantitative trait comtnb-
uted by an individoal QTL that is epigenetically activated at
the time interval ¢ — 1 o & The owedel is extended (o miap
epigenelic QTI, that exert a pleiotropic effect on two differ-
ent traits of menetic currelation. In all the analy=es. o putative
epigenetic QT is assumed at known marker loci and, there-
fore, a traditional analysis of variance may provide approsi
miste estimates for the conditional penetic parameners at the
QTL level. An advaniage of the analysis of variance is that
the phenotypic data are collected from clonal replicates for
cach genotype, whose use can provide more accurate esii-
miles for QTT. parameters (see Knapp ef al. [990%. Unfortu-
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Table 1. Vananee components (in peoonifges ) catimated from. the analysis of variance of epizencng-OTL
mapping for volume growth of the first two: years in the F, progeny of Populs plinted different cnviroa-
ments (Puyaliup, Wash., Clatskanie, Oreg., and Boardman. Oireg.,

Ganome Vol 45, 2002

OTL Marker Yenr K A n AxE D= E AxR 1 Tormum L:f'fﬂ
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Mide: The F progeny plissed in Puyalbap, Wk, ipcbades 3 el (351 of the W) Fembers, 1. e imdicatod Iy lmkage
pruuges reporied in Hradsae ol al (199, 2 indicates e volume weowth of the szl year copdifnnal ‘po the seme il
o the [izst year K, meplicare effoct: A, sdditive oitect; I, dominant effect; E.wm;ﬁetn.uﬂilﬁm; il we

dicrected
“Bipnificomt al P 001,
tSagmificam ot P D01
"SEenificant al P« (LU0

nutely, only the anulysis of vimance cam treat clonal
replicates among current mMapping rretisds.

Assuming that ull effects except emvironment are random
(W and Stettler 1997). the analysis of variunce can provide
estimates of variance components caused by the conditional
replicuie effect, the additive and dominant senelic effects of
un epigenetic QTL. umd its interaction effects with the emvi-
ronments and replicates. The epigenetic QOTL detecied across
the three envisonments were further asscssed within each en-
vironment. In all QTL analyses, additive and dominant effects
cannot be separated when dominant RAPL markers are nsad.

Resulis

A linkage magp construcled by Biradsham el alo (1994) was
used to map (TL affecting volume grpwth during the tirst
two years in the field (Table 1) Epigenctic QT whose ex-
pression 15 activated during the transition from year | o 2
were nmiapped based on the conditional trans[irmation of vol-
ume growlh. Three QTL. on hnkage groups B. C, and J wem
found to affect volume growih during the establishment year.
OFf them, QTT. on the later two linkage groups contimaed. 1
affect toial volume growih in the second year. Two addi-
tional {¥TL on linkage groups E and O were detected to de-
termine the second year's total growth. All the JTL. for
volume growth during both years displayed sigmificant addi
tive and dominant effects. Tn most cases, dominant penctic
variance sccounted for o larger percentage of the tatal
phenosypic variance than additive genctic variance. Signifi-
cant (JIL = environment inleractions were observed for vol
ume growth m both years.

Wi have also detected epigenetic QTL for growth thot ure
expressed only in the second year and are i L i the
genetic cffect in the first year {Table 1). One QTT. on link-
age group B affecting the first year's growih appeared to be
responsible for trec-growlh increment in the second year.
Given its nun-significant effect on fotal growth in yea L,
however, this QTL may display inverse directions of gene |
action berween Lthe first- and second-year increments. Unlike
this QTL, two QTL on linkage groups E and O were newly
acﬁmdmﬂngﬂmsmmdyﬂ:‘sgumh-ﬂxﬂimulw:
m&:ﬂlﬂdilﬂnmﬁﬁmsufn&mmmfmmlmﬂ:
growth differing between year 2 and year 1. In all cases,
epigenctic QTL were found 1o sigmificandy imleract with rep-
licates {microcvironments) and sites (Mmucroenvinmments).

The epigenetic QTL detected across different ENVITOnIENES
were further analyzed within cach enviromment (Table 2).
Such analyses can reveal possible relationships between the

Wash., where trees were planted with unrooted cuttings. Two
Qﬂ.mﬁﬂa@:mEmnmﬁcﬁvmﬂ in the
Bourdman trial with higher environmental heterogencily, us
shown hy a larger replicate effect (Table ¥y, as comparcd
with one QTL on linkage groap O i the Clutskanic trial
wilh less heterageneity.

The conditional genetic model for muliiple rails was used
o estimate the effect of the cpigenetic QTL of pleiotropic
effect on stem height and diameter growth during the second
year separately for cach site. At Boardman. an cpigenslic
OTL on linkage group O was detected 1o have significant
pleiotropic effects on second-year st height and diameter
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5 (') eslimated from the analysis
ic-0TL mapping for volume growth of
the F; progeny of Populur in each of the

Envircsmein
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xR e Tha 11°
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ey plaicd in Puyallup, Wash, imcludes a sei (55) of
. are midicaied by linkage groups repomed in

L 2 Endlicanes the ol proeath of te scond
1B same it of the first vear. &, replicoie effers; A

3, doeminant effece] £, e ool ns, oo

& The genetic correlalion belween these two incre-
: 2 0 this cpigenctic QTL. was 0.45, compared
e correlision of 0.80 owing to all genetic cf-

I ap and Clatskanic, no cpigenetic QTT, were
a pleintropic effect on slem height and

Uil i

pment of complex morphological struciures is gen-
conmrolled by many genes whose expression is often
ecific duning ontogeny {Atchley ot al. 1994). Awchley
- (1997) initiated a selection experiment in mice to
bow selection operating at different points during
eny affects subsequently formed morphological struc-
. The experiments of Atchley and colleagnes ( 1997) and
¢ others (Kirkpatrick and Lofsvold 1989; Kirkpatrick
1990, 1994) elegantdy demonstrate that genes are ex
Hﬁ-ﬂweh at different growth stapes. As a result of
ferentiated expression, the genctic model based on
sraciers cannot fully reflect the reakity of muorpholog-
whon (Atchley and Hall 1991). Thos, o hemer
d the developmental and peneti: basiz of complex
e, the identification of goncs that are activated in

sible for a particular developmental stage becomes
Muoleculor markers. along with well-developed sta-

ot

tisticul methods. provide onigoe power o o identify
cpigenctically activaled geoes during ontogeny.

Zhu (1995) proposed o quantitative developmental penetic
masdel to detect new effects off penes activated at a particular
interval by estimating the genetic effects ol time 1 comdi-
tonal upon the genctic effects ar time § — 1. Phenotypic data
measured at time ¢, aller being trunsformed wsing Zhu's con-
diional menctic model, excluded the influences of the causal
genetic aml environmental effects at time ¢ - 1, Thus, the
vonditional genetic effects estimaled ore suggested to only
derive from new genes that are independent of the causal pe-
oetic effects in carlier stages. These pew penes that arc par-
ticular for o developmental stoge, bot whose activalicn s
obvigusly dependent on both the developmental status of an
Organism m previous stages and the extemal environment in
which the organism is reared, can be delected by associating
the ransformed phenolypes with molecular markers. Because
of their extrinsic nature, these marker-wssociated genes de-
tected under the conditivnal genetic mode] may be defined
as epigenetic (JTL, which are the mapor cause of altering the
developmental imjectory of & morphological tait during on-
Loreny.

The ideas described above were emploved o map epi-
gepetic OTL i an F; progeny of Popadus in which three
OTL were identified for stem volume prowth during the see-
ond year in the feld. One of the three QTL. is likely the
same as that for the first year bul with altered expression
patterns, whereas the other two are Tikely activated o5 a re-
sult of cither the particular developmental status of troes in
the [irst year or & new environment in the second vear, Simi-
lar smadics were also perfurmed in nee by Yan et al. (1998),
who mapped epipenetic QTL for plant-height growth on a
10-day interval basiz, The information about epigenctic QTL.
15 especially useful for formuolating an efficient early-
sclection strategy for [oresl irees, which are long-lived
orgumisms. After epigenctic QTI. responsible for growth in-
crement at @ particular tUme interval (for cxample, 5-20
veurs) are detected, marker-assisted selection incorporating
these QTL can he expecied v increase the cfficicncy of
bresding for prowth performance at age 20 vears buased on
indirect sclectinn ar age 5 years.

Tt iz found thal epigenetic QTL display significant inter
uctions with growth sites and replicales, suggesting that the
expression of epigpenetic OTL is critically dependent on the
environment. Maore heterogeneons environments, like Board-
nan, Oreg. in vur example. may indoce more cpigenetic
CTL thun g less heterogenoous environment, ke Clatskanie,
Oreg. A trial established wl Puyallep using onrooted cuttings
exhibited more epigenctic OQTT. than the mals at Boardman
and Clatskamie, which used rooted comtings. This may also
suggest that the cxpression of epigenetic (1L is controlled
by a planl’s resource stuus, Also, the cxtent o which an
epigenetic (TL cxens pleiotropic effects on different traits,
such as stem heighl and diumeter in our smdy. is contingent
upon the environment in which plantz are grown, Llowever, a
mofe procise assessmenl aboul the relationship between the
expression of epigenctic OTL and the envirmmnent and de-
velopmental status requires o further investigation into oldes
irees.

Although some epigenetic OTL were observed in oor ex-
penment, the resulls should be explained with caution be
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canse the. sample siee (900 15 modest. Smull sample sizes
may caust two problems: () the effects of OTL detected
may he overestimated, apd (i) the TL of little cffect may
oid e detected {Beavis [9%94). However, these two problems
can he more ar less compensated for by the use of clonal
replicales that can provide more precise crtimates for phano
typic valoes. IF the epigenetic OTL detecied are biologmically
redl, 3 marker-ussisted selection program can be mediated 1o
alicr grooath trajeciones gl o poriiculur stage and achicve
muximum  final growth. Comparatively, conventional
marker-assisted  selection  corporating QTL  for  final
growlh 15 less efficient at making an effective early selec-
tiom.

There are Iwo major aress in mapping cpigenctic T
that remain o be explored. First, the mapping method used
i this stwdy s o simple analysis of variance, which has
many disadvantages in estimating QTL elfects und locations.
The iworporation of the conditional genctic maodel and more
advanced QTL-mapping methods (e, Zeng 1993, 1994;
Tiang and Zeng 1995; Kao and Zeng 1997; Korol of al. [998;
Kao et al. 1999) into a joint framework helps 1o moreuse the
precizion amd power of QTL mapping. Sccond, hesides the
conditional genetic model, many ofher developmental mod-
els awe: been propesed Lo understand the genetic strucrore of
growth waits during ontogeny (Kirkpatick snd Heckman
1989; Kirkpatrick and Lofsvold 1990; Kirkpatrick et al,
19%4; Meyer and Hill 1997; Pleicher and Gever 19H4:
Pletcher el al. 1949}, By decomposing the covariance fiue
twon into its cigenvalues and eigenfunclions. these models
can identily petential evolutionary changes in a population’s
mean-grosth trajectory for which there is penetic variation.
Therefore, identifying the epigenctically activated QTL that
contribute. substantially w  the eipenvalues and eigen-
functions of molecolar markers is of primary inlerest for
projecting  the evoletion of the population’s mean-growth
Irgectory. The theorctical analyses and resolution in these
twa areas, identified abowve, will be discussed in owur later
publications.
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