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Abstract Heterosis specifies the superior performance of
heterozygous individuals and although used in plant breed-
ing the underlying molecular mechanisms still remain
largely elusive. In this study, we demonstrate the manifes-
tation of heterosis in hybrid maize embryo and endosperm
tissue 6 days after fertilization in crosses of several inbred
lines. We provide a comparative analysis of heterosis-asso-
ciated gene expression in these tissues by a combined
approach of suppression subtractive hybridization and
microarray hybridizations. Non-additive expression pattern
indicated a frans-regulatory mechanism to act early after
fertilization in hybrid embryo and endosperm although the
majority of genes showed mid-parental expression levels in
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embryo and dosage dependent expression levels in endo-
sperm. The consistent expression pattern within both tis-
sues and both inbred line genotype combinations of genes
coding for chromatin related proteins pointed to heterosis-
related epigenetic processes. These and genes involved in
other biological processes, identified in this study, might
provide entry points for the investigation of regulatory net-
works associated with the specification of heterosis.

Introduction

Heterosis is the ability of hybrid progeny to outperform
their parents with respect to various characteristics (Shull
1908). Since the phenomenon features agronomically
important traits, like a high increase of biomass and faster
development (Rood et al. 1988), investigations of heterosis
in the last century typically employed full-grown plants
(Shull 1952). Recently, developmental stages shortly after
plant germination were additional targets of heterosis
research (Swanson-Wagner 2006; Hoecker etal 2005,
2008). However, increased vigor is already present in early
embryos (Wang 1947; Meyer et al. 2007) as well as whole
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kernels (Romisch-Margl et al. 2010) shortly after hybrid-
ization, making early seed development suitable to study
the specification of heterosis in plant life cycle.

In angiosperms the plant life cycle starts by double fertil-
ization, which initiates seed development. By the fusion of
an egg cell and a sperm cell a diploid zygote arises which
develops into an embryo. The fusion of a second sperm cell
with the central cell that contains two haploid cell nuclei,
results in the formation of the triploid endosperm (Russel
1992; Goldberg et al. 1994; Drews et al. 1998). The triploid
endosperm differs in principle from the embryo not only
due to the genomic ratio, which is two to one for maternal
and paternal genome, respectively, but also due to its devel-
opment, function and fate (Olsen 2001, 2004). The endo-
sperm functions as a sink tissue that acquires resources
from the maternal tissue for use by the developing embryo
and during germination (Brink and Cooper 1947; Lopes
and Larkins 1993; Berger 1999). In addition, it maintains a
high osmotic potential around the embryo, inherits mechan-
ical support during the early embryonic growth (Lopes and
Larkins 1993) and allocates hormones for the regulation of
embryo growth and germination (Lopes and Larkins 1993;
Hong et al. 1996; Olsen 1998). Because it archives these
diverse tasks, the endosperm is of central importance for
seed development (Laux and Jiirgens 1997).

The integration of heterosis-associated changes in gene
expression of diverse plants and tissue types might help to
get an idea about the likely complex molecular basis of het-
erosis (Hochholdinger and Hoecker 2007). Two general
modes of gene expression in hybrids can be distinguished
(Birchler et al. 2003; Springer and Stupar 2007): on one
hand, allelic additive expression with averaged parental
expression levels, which is mainly attributable to physically
linked control elements in cis and alternatively, non-addi-
tive expression which differs from the average of the par-
ents can arise. This non-additive gene expression can arise
when the combination of diverse alleles leads to new,
trans-regulated interactions in a hybrid. Whereas a growing
number of comprehensive analyses in plant as well as ani-
mal kingdom indicated that non-additive gene expression is
prevalent in various hybrid situations (Adams et al 2003;
Hiammerle and Ferrus 2003; Michalak and Noor 2003;
Song and Messing 2003; Auger et al. 2005, Vuylsteke et al.
2005; Huang et al. 2006; Uzarowska et al. 2007), other
investigations rarely identified non-additive expression pat-
tern (Stupar and Springer 2006; Swanson-Wagner et al.
2006; Hoecker et al. 2008). Interestingly, the frequency of
hybrid expression patterns outside the parental range highly
varies between vegetative tissues, including embryos, and
endosperm 13 and 19 dap (Stupar et al. 2007).

However, there is no information about the impact of
heterosis on the seed shortly after fertilization at the proem-
bryo stage and well before the mitotic peak and extensive
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reserve accumulation in endosperm. For a comparative
study of both fertilization products at this stage we investi-
gated heterotic traits in embryo and endosperm 6 days after
fertilization in several modern maize hybrids and analyzed
associated gene expression pattern. We applied a combined
approach of suppression subtractive hybridization (SSH)
and microarray hybridization to identify differentially
expressed genes. A thematically focused cDNA microarray
was generated and employed to gain functional expression
information and to assess the proportion of non-additive
gene expression in early hybrid tissues. Quantitative RT-PCR
(qRT-PCR) analysis was used to validate the microarray
data.

Material and methods
Plant material and tissue isolation by microdissection

The maize inbred line UHOO05 [National listing of plant
varieties (NLPV), accession number (AC): M9379, Euro-
pean flint] from the flint pool, and the inbred lines UH250
(NLPV AC: M9005, Towa Stiff Stalk Synthetic) and UH301
(NLPV AC: M8652) from the dent pool were grown in the
glasshouse as described in Meyer et al. (2007). Six days
after fertilization the isolation of embryo and endosperm
tissues by microdissection were carried out as specified in
Meyer et al. (2007). To analyze if hybrid vigor influence
either fertilization products, embryo and endosperm, in an
early stage of seed development three maize inbred lines
were crossed in various combinations and both tissues of
inbred and hybrid progenies were isolated.

A prerequisite for heterosis analysis is to warrant identi-
cal growth conditions for the hybrid and inbred genotypes.
To ensure this, we did all pollinations by hand within the
same hour and cultivated the plants next to each other in a
greenhouse under standard conditions. The tissue isolation
of each genotype was done in randomized order within 4 h.

The length of inbred and hybrid embryo and endosperm
tissues of two different interpool crosses using the genotype
combinations UH301/UHO05 and UH250/UHO005 and one
intrapool cross of the inbred lines UH250 and UH301 were
compared several times in a period of two years. The com-
parisons were based on a total of 9, 3 and 5 investigation
dates, respectively. Microscopic size measurements were
done using at least 20 separate tissues per genotype and sur-
vey. Subsequently, sets of 20-25 of embryo and endosperm
tissues, respectively, separated from each other were
transferred into tubes and snapped frozen in liquid nitrogen.
The tissues were stored at —80°C until use for molecular
analyses.

Information about genetic distances between the differ-
ent hybrid genotypes are given in Hoecker et al. (2005).
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Synthesis of cDNA and suppression subtractive
hybridization

After homogenization of the frozen embryo and endosperm
tissue mRNA isolation and cDNA synthesis as well as SSH
was essentially carried out as described in Le et al. (2005).
Four subtractions were performed to generate cDNA pools
enriched for genes higher expressed in embryo and endo-
sperm tissue of the hybrid UH301 x UHOO0S5 (female parent
is listed first) compared to both parental inbred lines. For
this purpose the cDNA of the hybrid tissue was used as
tester and cDNAs of one or the other parental inbred line as
driver in forward subtractions. Cloning and transformation
of subtracted cDNA populations as well as cultivation and
storage of transformed bacteria were carried out as
described in Meyer et al. (2007).

Microarray production and hybridisation

To generate probes for microarray production a PCR
screening [3 pl bacteria suspension, 77.9 ul H,O, 10 pl Taq
buffer with (NH,),SO, (Fermentas, St. Leon-Rot, Ger-
many), 6 pl 25 mM MgCl, 0.3 pl 100 mM Primer NP1 and
NP2R (BD Bioscience Clontech, Erembodegem, Belgium),
2 pl 10 mM dNTP, 0.5 pl Tag polymerase (Fermentas, St.
Leon-Rot, Germany); 96°C: 2 min, (94°C: 30s, 68°C:
4 min) x 35] using material of the cultured bacteria colo-
nies as templates were carried out to check the inserts of
each vector. 946 successfully amplified PCR fragments,
which originated from one or the other subtraction con-
ducted with embryo tissues, and 938 PCR fragments ema-
nated from the two subtractions performed with endosperm
tissues, were used as probes. All cDNA probes, control
genes and four microarray spiking controls [uidA gene
(462 bp, Escherichia coli), human estrogen receptor gene
(464 bp), green fluorescent protein gene (378 bp, Pang
etal. 1996), DsRed-1 gene (680 bp, BD Bioscience Clon-
tech, Erembodegem, Belgium)] were printed onto glass
slides and hybridized as described in Le et al. (2005). The
microarray hybridizations were carried out with unsub-
tracted target cDNA populations of 6 dap embryo and
endosperm tissues generated by SMART technology (BD
Bioscience Clontech, Erembodegem, Belgium). A total of
56 microarray hybridizations using cDNA of the genotypes
generated by crosses of UH301/UHO005 and UH250/UH301
were carried out. Our investigations of differential gene
expression are based on three biological samples of each
intrapool genotype and four biological replicates of each
interpool genotype and were done by using a hybridization
pattern employing the loop design showing in Fig. 2. For
scanning an ArrayWorx-Microarray-Reader (Applied Pre-
cision, Issaquah, WA, USA) was used. The image files of
the hybridized microarrays were analyzed with the software

“GENEPIX 4.0” (Axon Union City, CA, USA) for data
acquisition. All spots with higher background than fore-
ground signal were excluded.

Statistical analysis

For normalization an intensity dependent loess regression
and a scaling were carried out. In the process of scaling the
median absolute deviation (MAD) of the slides were nor-
malized to account for differences between arrays. The nor-
malized data of each tissue type were analyzed by a linear
mixed model regarding the signal intensity on the log2
scale as response variable. Genotype, dye, genotype x dye
interaction and spotting/spot effect were taken as fixed
effects, slide, slide x spotting/spot interaction and
slide x dye interaction were considered as random effects
for each spot. For microarray spiking controls also the ran-
dom effects slide x block x dye and slide x block were
included in the linear mixed model, since these gene frag-
ments were printed in several blocks of the array. Linear
contrasts between hybrid and parental mean as well as
expression data of each genotype were calculated. The P
values of the contrasts based on Wald tests were adjusted
for multiple testing by controlling the false discovery rate
(FDR) at 5% using the procedure of Benjamini and Hoch-
berg (1995). The analyses for this study were generated
using SAS software for Windows (version 9.1). Linear
model analyses were performed by PROC MIXED, while
the FDR adjustment was done by PROC MULTTEST.

Non-additive gene expression was investigated by using
the formula H — (Py; + Pp)/2 for embryo and H — (2 x
Py + Pp)/3 for endosperm tissue (H: hybrid expression
level; Py,: expression level of the maternal inbred line;
Pp: expression level of the paternal inbred line). P values
were adjusted as described above. The allocations to six
expression classes were done by comparing the expres-
sion level of hybrids and parental inbred lines. Above
high parent (AHP): H > HP; high parent: H = HP &+ 10%;
higher than additive but not like high parent: H <
HP + 10%; lower than additive but not like low parent:
H>LP £ 10%; low parent: H=LP + 10%; below low
parent (BLP): H < LP (H: expression level of the hybrid,
HP: expression level of the high expressing parental
inbred line, LP: expression level of the low expressing
inbred line).

Phenotypic data of the hybrid tissues were analyzed for
heterosis by a linear mixed model: length = genotype + day
of survey + error, in which genotype was taken as fixed
effect, day of survey was considered as random effect by
using the software PROC MIXED. The P values based on
Wald tests were FDR adjusted as described above by using
PROC MULTTEST. The mid-parent heterosis (MPH) val-
ues were calculated using the formula MPH = (H — (P, + P,)/
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2)I((P, + P,)/2) x 100 (where H is the value of the hybrid
and P, and P, are the values of one or the other parental
inbred line). Best-parent heterosis (BPH) were determined
using the formula BPH = ((H — Pg)/Pg) x 100 (where Py
represent the parent with the higher value). Hybrid increase
(HI) was calculated using the formula HI=((H — P/
Py x 100 (where Py, is the value of the maternal inbred line).

Statistical analyses of the qRT-PCR data were per-
formed as described in Meyer et al. (2007).

Sequence analysis

Inserts of plasmids of selected clones were sequenced. For
BlastN searches against NCBI’s non-redundant (nr) data-
base and EST database, and for BlastX searches against
NCBI’s nr database and SWISSPROT (March 2009) the
significance threshold of E < 10~!% were used.

Real time PCR

For qRT-PCR three sets of cDNA of 6 dap embryos of all
genotypes of the interpool cross UH301/UHO0S, isolated at
three independent dates, were produced essentially as
described in Le etal. (2005). Since the material was very
limited we used a fraction of the first strand cDNA for
SMART cDNA amplification as specified in Meyer et al.
(2007). The amplified cDNA of each cDNA set was used to
quantify differences in expression levels between the four
genotypes. Gene-specific oligonucleotides (Sup. Tab. 1 in
Electronic Supplementary Material) used in qRT-PCR were
designed with primerselect software (Lasergene, GATC Bio-
tech AG, Konstanz, Germany). For qRT-PCR experiments
the iCycler iQ® detection system (BIORAD, Miinchen, Ger-
many) and the qPCR MasterMix Plus for SYBR Green I
(Eurogenetec, Seraing, Belgium) were employed. The used
cycling parameter and gqRT-PCR proceeding are described in
Meyer etal. (2007) in detail. For statistical analysis the
efficiencies of oligonucleotide pairs were estimated from
cDNA dilution series and ranged between 84.8 and 97.6%.

Results

Heterosis exerts influence on early embryo and endosperm
development

Morphologically 6 dap embryos of all genotypes could be
assigned to the transition stage which preceded the forma-
tion of the cotyledon. Two distinct regions of the embryo,
the embryo proper having small cytoplasmic cells and the
suspensor, exhibiting lager vacuolated cells, were visible and
no meristem was observable (Fig. 1a). The simultaneously
isolated endosperm tissues featured the developmental stage
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where processes of cell proliferation and differentiation are
prevalent (Fig. 1b).

Embryo and endosperm tissues of the individual inbred
genotypes were clearly distinguishable with respect to size.
The flint line UHOOS had the smallest embryos with a maxi-
mum of 288 um length. The inbred line UH250 exhibited the
largest embryos with a maximum size of 572 pm. The UH301
embryos reached a maximum length of 450 um. Also the
endosperm of UHOO0S5 was notably small sized (2,120 pm).
The endosperm of the dent lines UH250 and UH301 reached
a maximum length of 2,915 and 3,180 pm, respectively.

All analyzed reciprocal hybrid embryos possessed a con-
stantly measurable size increase with respect to the mater-
nal inbred line (Fig. 1a). Five of the six hybrid genotypes
had a size significantly above the mid-parent one and dis-
played mean MPH values of up to 50.8%. Only the mean
size of the genotype UHO005 x UH250 was significantly
below the mid-parent value. Nevertheless, these embryos
exhibited the highest increase in size with respect to the
maternal inbred line resulting in a mean HI value of 35.3%.
For the UH005 x UH301 embryos, exhibiting also a high
mean HI value of 34.1%, a comparatively moderate mean
MPH value of 7.3% was determined. The MPH values of
both reciprocal hybrids of each interpool cross highly differ,
since the hybrid embryo size increase adds to the pro-
foundly variable female parent size. This fact leads to sig-
nificant mean BPH values for the UH301 x UH005 and
UH250 x UHOO5 embryos of 14.4 and 12.4%, respec-
tively, possessing the larger female parent of the reciprocal
hybrids. Both reciprocal hybrids of the intrapool cross fea-
tured a significant size increase with respect to the mean
length of both more similar sized parental lines.

For endosperm of the UH301/UHO05 interpool genotype
combination  heterosis was  detectable for  the
UH301 x UHO00S5 hybrid with a mean MPH value of 13.9%
(Fig. 1b). The endosperm of UHO05 x UH301 hybrids
exhibited on average a significant smaller size compared to
the mean of both parental inbred lines. BPH was detectable
for the UH301 x UHOO0S hybrid tissue with a mean value of
3.5%. At diverse isolation dates a maximum size increase
with respect to the maternal inbred line of up to 28.3% and
up to 20.4% was detected for the endosperm of the
UH301 x UHOO5 and the UHO05 x UH301 hybrids,
respectively. For endosperm of the UH250/UHO005 interpool
genotype combination heterosis was detectable for the
UH250 x UHO0O0S5 hybrid with a mean MPH value of 15.6%.
The same hybrid showed no significant size increase in
respect to the maternal inbred line. The reciprocal
UHO005 x UH250 hybrid exhibited an increase in size
resulting in a mean HI value of 19.9%, notably at individual
surveys an increase of up to 43% was traceable. For endo-
sperm of the UH250/UH301 intrapool genotype combina-
tion heterosis was detectable for the UH301 x UH250
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Fig. 1 Heterosis in 6 dap embryo and endosperm. Mean length (um)
of hybrid and inbred embryo (a) and endosperm tissues (b) of the three
genotype combinations UH301/UHO005, UH250/UH005 and UH250/
UH301 is displayed. The measurements of the microdissected tissue
types were done under the microscope as depicted on the right side of
a and b. The bar given in the image of a and b represent a length of 200
and 1,000 pm, respectively. Bars in the diagrams show standard errors.

hybrid with a mean MPH value of 38.2%. Both reciprocal
hybrid tissues showed significantly increased size with
respect to the maternal inbred line resulting in mean HI val-
ues of 29.1 and 11.4% and MPH values of 38.3 and 3.5%
for the hybrids UH301 x UH250 and UH250 x UH301,
respectively. The endosperm of UH301 x UH250 displayed
a mean BPH value of 29.1%, which reached up to 56.9%.

Identification of heterosis-associated genes in 6 dap embryo
and endosperm of two genotype combinations

To compare the transcript composition of 6 dap embryo
and endosperm tissues of the interpool cross UH301/

Below the columns the genotypes, investigated numbers of tissues and
mean values (%) of mid-parent heterosis [MPH: (H — (P, + P,)/2)/
((P; + P»)/2) x 100], best-parent heterosis [BPH: ((H — Pg)/
Pg) x 100] and hybrid increase [HI: ((H — Py)/Pyy) x 100] are given.
The asterisk (*, *') exhibit the P value of statistic analysis testing the
significance of each mean MPH value. H hybrid, P,, P, parental inbred
line 1 and 2, Py best parental inbred line, Py, maternal inbred line

UHO05 and the intrapool cross UH250/UH301, a themati-
cally focused cDNA microarray was generated (Table 1).
Populations of UH301 x UHO0S hybrid cDNA were used
for SSH, because this hybrid revealed the greatest cross-
breeding advantage in embryos (Fig. la). 946 cDNA
probes of embryo tissue originated in equal parts from the
two subtractions UH301 x UHO005 — UH301 x UH301
and UH301 x UHO005 — UHO005 x UHO0S5, described in
detail by Meyer etal. (2007), were used. Further, 938
cDNAs probes of endosperm tissue were generated by two
subtractions UH301 x UHO05 — UH301 x UH301 and
UH301 x UHO005 — UHO005 x UHOO5 under the same
conditions as for embryo tissue whereby half of the probes
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Table 1 Content of the gener-

dmi Number Origin and description
ated microarray of cDNAs
822 cDNAs of Central cells (DW474971-DW476067)
73 cDNAs Central cells (CC) and egg cells (EC) (SSH: CC-EC, EC-CC,
AC: DW474971-DW476067, Le et al. 2005)
946 cDNAs of 6 dap embryos (SSH: UH301 x UHO005 — UHO005 x UHO005,
UH301 x UH005 — UH301 x UH301, Meyer et al. 2007)
938 cDNAs of 6 dap endosperm tissues (SSH: UH301 x UH005 — UHO005 x UHO005,
UH301 x UH005 — UH301 x UH301)
The number of spotted cDNAs 177 Gene fragments of chromatin associated proteins (http://www.chromdb.org)
and gene fragments as well as . . .
information about the origin and 54 Microarray spiking controls (present in each block) and control genes
description are given. Further- 120 c¢DNAs of two-celled and multicellular, 36 haf embryos (Okamoto et al. 2005)

more, in consideration of redun- 9
dancy the approximately number 3,139
of unique genes under investiga-

tion is pointed out 2,685

Gene fragments of starch and nitrogen metabolism
Total number of cDNAs and gene fragments

Approx. number of unique genes (redundancy adjusted) under investigation

stems from one and the other subtracted cDNA population.
Subtracted cDNA pools of embryo revealed a redundancy
of 13.3% (Meyer et al 2007). Based on this value the 1,884
cDNA probes represent approximately 1,633 unique genes.
The second largest group of probes were given by 895 egg
and central cell cDNAs which display active genes or
stored transcripts of the female gametophyte, whereas 73
cDNAs originated from subtracted pools (Le et al. 2005)
which were enriched for transcripts higher or especially
expressed in either central cells (40 cDNAs) or egg cells
(33 cDNAs). 822 ¢cDNAs (AC: DW474971-DW476067)
belonged to a non-subtracted cDNA population of central
cells with a redundancy of 19.4% (S. Scholten, unpub-
lished data). In total about 735 unique sequences,
expressed before fertilization in female gametophytes,
were spotted on the array. Furthermore, 120 probes of
maize cDNA populations of two celled or multicellular
embryos generated 36 h after in vitro fertilization (haf)
(Okamoto et al. 2005), 177 gene fragments of chromatin
associated proteins of maize (http://www.Chromdb.org)
and 9 gene fragments of maize proteins of the starch and
nitrogen metabolism were included.

To identify significantly (FDR adjusted P value <0.1)
differential expressed genes, we compared the gene expres-
sion level of hybrids and parental inbred lines (Fig. 2). Ver-
ification of the microarray results was done by qRT-PCR. A
total of 31 genes (Supplemental Table 1) which display in
embryo tissue expression differences between genotypes of
the interpool cross UH301/UHO05 were analyzed. Overall,
48 of 66 differences in gene expression between hybrids
and inbred parents, detected by microarray hybridization
(FDR adjusted P value <0.1), were verified by qRT-PCR
(P <0.15). Overall, the qRT-PCR results are consistent
with 73% of the microarray data.

Compared to the interpool cross UH301/UHO005 fewer
difference in gene expression were found in embryo and
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Fig. 2 Hybridization scheme. The solid arrows indicate conducted
microarray comparisons between inbred lines and hybrids. Dotted
arrows stand for in silico comparisons. Double arrows represent dye
swap experiments. AA inbred line 1, BB inbred line 2, AB, BA reciprocal
F,-hybrids

BA

endosperm tissues of the intrapool cross UH250/UH301.
The number of differentially expressed genes per tissue and
genotype are given in Fig. 3. While the total number of
identified differential expressed genes varied between
embryo and endosperm, the composition of the detected
genes and the overlapping genes between tissues and geno-
types followed essentially the array composition (Fig. 3;
Table 2). Five cDNA clones were determined to be differ-
ential expressed between inbred and hybrid genotypes of all
tissues (Fig. 3; Table 3). These cDNAs show homology to a
putative plastidic ATP/ADP transporter, a putative pyro-
phosphate-fructose ~ 6-phosphate  1-phosphotransferase
alpha subunit, a putative abscisic acid (ABA)-induced pro-
tein and one gene code for the histone H2A.

Regarding the group of chromatin associated proteins
we found in each tissue genes of diverse functional classes
being differentially expressed between inbred and hybrid
genotypes (Supplemental Table 2). Members of the four
categories “histone” (HTA112), “histone modification”
(HAC104, HACI11, SETI115), “global transcriptional
regulation” (GTB101, GTC101), and “interaction with
methylated DNA” (MBD105) could be detected in either
investigated tissues or both genotype combinations. Further-
more, differential transcription of the bromodomain-containing
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Interpool cross Intrapool cross
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Fig. 3 Differential expressed genes. The Venn diagram gives an over-
view about the differential gene expression in embryo and endosperm
of the interpool cross UH301/UHO05 and the intrapool cross UH250/
UH301, respectively. The number of genes which are significantly
(FDR adjusted P value <0.1) differential expressed in at least one in-
bred/hybrid genotype comparison are given. The intersections display
the number of genes, which were found in both interpool and intrapool
cross or in both tissues types or in all tissues

protein BRD102 gene and the nucleosome assembly like
protein NFD102 gene as well as the set protein SDG130,
SDG135 and SET129 genes were identified in embryo

Table 2 Composition of differential expressed genes

and endosperm. Exclusively in embryos of both genotype
combinations the SMH106 gene, belonging to the single
myb histone protein group was differentially expressed.
Differential expression specifically in endosperm tissue of
both genotype combinations was found for the methyl-
transferase SET124, the global transcription regulator
GTA101, the set protein SDG105, the “high mobility group
family B” member NFD104, as well as for the nucleosome
assembly like proteins NFA102, NFA103, NFA104,
NFC101 and NFC102 genes.

Non-additive gene expression in 6 dap embryo
and endosperm

Both genotype combinations and tissues exhibited substan-
tial differences concerning the numbers of non-additively
expressed genes. In hybrid embryos of the intrapool and
interpool crosses 12.6 and 4.5% non-additive gene expres-
sion was found, respectively. In hybrid endosperm tissue
we found the opposite situation: intrapool and interpool
crosses revealed 2.4 and 8.0% non-additively expressed
genes, respectively. According to their expression levels
the identified non-additively expressed genes were grouped
in six expression classes (Fig. 4, Supplemental Table 4).
Most genes being non-additively expressed in embryo as
well as in endosperm resemble the expression level of one

cDNA classes Interpool cross Intrapool cross Overlapping genes
Interpool cross Intrapool cross
EMB (%) END (%) EMB (%) END (%) EMB/END (%) EMB/END (%) EMB/EMB (%) END/END (%)
Chromatin associated proteins 5.6 34 4.5 8.4 5.7 8.5 7.9 5.6
Gametes 21.6 35.9 40.8 39.7 20.8 50.8 31.6 46.6
6 dap tissues 68.1 56.2 49.8 459 68.8 35.6 50.0 42.4
Others 4.7 4.5 4.9 6.0 4.7 5.1 10.5 5.6

The percentages of differential expressed genes belonging to one of the main cDNA classes of the microarray are given per genotype and tissue.
In addition, the percental composition of the groups of overlapping genes is listed

Table 3 Intersection of differentially expressed genes

Clone name Accession Length Blast X sequence similarity (accession number) E value
number (bp)
KG9 GR421164 721 Pyrophosphate-fructose 6-phosphate 1-phosphotransferase 9.00E—125
alpha subunit (Zea mays) (ACG23899)
HTAI112 - 411 Histone H2A, core histone required for chromatin assembly -
and chromosome function
CC0447 DW475393 512 Plastidic ATP/ADP transporter (Zea mays) (ACG28895) 5.00E—56
CC53 DW475019 232 ABA-induced protein (Zea mays) (ACG47436) 3.00E-17
CCEC5D12 DN591093 400 No hit -

Genes which were determined to be differentially expressed (FDR adjusted P value <0.1) between inbred and hybrid genotypes in embryo and
endosperm of the interpool cross as well as the intrapool cross. The clone name, the accession number, the sequence length, Blast X sequence

similarity and E value is given
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EEMB interpoolcross EEMB intrapoolcross

162

69

OEND interpoolcross DOEND intrapool cross

107113

65

22 23 30 24 25
12 13
0 x| z 2: 1
above high high parent higher than lower than low parent below low
parent additive but not additive but not parent

like high parent

Fig. 4 Relative distribution of non-additively expressed genes detect-
ed in two different crosses revealed conserved expression trends among
embryo and endosperm tissue. The color code used for the columns is

or the other parent. Noticeably, the expression level of the
low expressing parent (LP) was detected more frequently
(45.1%) than that of the higher expressing parent (37.5%).
This tendency was also found for genes with expression
levels outside the parental range: 3.0 and 9.3% non-addi-
tively expressed genes showed expression AHP and expres-
sion BLP, respectively.

To reveal the extent of parental expression trends we
analyzed the expression patterns of genes that displayed
non-additive expression in both reciprocal hybrids. The
classification according to their expression patterns is listed
in Table 4. Due to a varying number of non-additively
expressed genes of the reciprocal hybrid tissues only a
small number of genes could be used for the classification.
In both reciprocal hybrids, most genes (79.4%) exhibited
HP or LP expression levels or an expression level higher or
lower than the mid-parental value. We found fewer genes
showing maternal like expression MLE in both tissue types
(20.6%) and paternal like expression (PLE) could not be
identified. In endosperm tissue the dwarf8 (d8) gene exhib-
ited striking overdominance (AHP) in both reciprocal
hybrids of the interpool and intrapool cross.

Discussion

We showed that heterotic traits are established in both
embryo and endosperm 6 dap. For three genotype combina-
tions of modern European maize inbred lines the manifesta-
tion of heterosis in embryo and endosperm tissue was
demonstrated by means of the trait “size”. These results are
consistent with our previous results on 6 dap hybrid
embryos of one European flint and dent genotype combina-
tion (Meyer et al. 2007). Importantly, heterosis was detect-
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like low parent

specified in the legend. The numbers of genes above the columns
indicate the absolute numbers of genes in each expression class. EMB
embryo, END endosperm

able independently of the date of survey and with similar
values throughout, revealing of heterosis as a stable effect
on embryogenesis. Compared to earlier studies on embryos
during seed development 8 dap by Wang (1947) modern
interpool hybrid embryos showed higher values of hybrid
vigor earlier in development, most likely reflecting the
enhancement of maize lines by extensive breeding efforts in
the last decades. Similar to the findings of Wang (1947) the
interpool MPH values of the reciprocal hybrids highly differ
in that the hybrid embryo size increase adds to the highly
varying female parent embryo size. The near equal parent
embryo size of the intrapool combination is associated with
similar MPH values for both reciprocal hybrid embryos,
although these genetically more related genotypes results in
relative moderate hybrid effects. Since genetic diversity is
positively correlated to heterosis for yield (Smith et al. 1990;
Guo et al. 2006), the different degrees of heterosis of the inter-
pool and intrapool genotypes indicated that this correlation is
already established in early embryos, well before germination.

The positive correlation of genetic distance and heterosis
does not hold for early endosperm. The relative size
increase of endosperm with respect to the maternal line and
also the MPH values we observed, were generally lower for
the interpool crosses and the intrapool crosses showed the
far highest MPH values. This might be associated with the
proposed role of endosperm as a ‘sensor’ for genomic
imbalances (Costa et al. 2004). Interploidy crosses deviat-
ing from the normal 2:1 maternal:paternal genomic ratio
show defective endosperm development (Rhoades and
Dempsey 1966; Lin 1984; Scott et al. 1998; Alleman and
Doctor 2000), suggesting that dosage effects play an impor-
tant role in endosperm (Costa et al. 2004; Birchler 1993;
Baroux et al. 2002). Indeed, the majority of genes in endo-
sperm show expression values proportional to the parental



Theor Appl Genet (2010) 120:389-400 397
Table 4 Classification of non-additively expressed genes
Embryo Endosperm
UH301/UH005 UH250/UH301 UH301/UH005 UH250/UH301
No. genes non-additive in both hybrids 5 6 18 5
No. genes with MLE pattern 1 2 3 0
No. genes with PLE pattern 0 0 0 0
No. genes AHP or BLP in both hybrids® 0 0 1 1
No. genes AHP or BLP in one hybrid® 0 2 0 1
No. genes HP or LP in both hybrids 2 2 10 3
No. genes HP or LP in one hybrids® 2 0 0
No. genes below HP or above LP in both hybrids 0 0 0

The total number of non-additively expressed genes detected in embryo or endosperm tissue of both reciprocal hybrids in one or the other genotype
combinations (UH301/UHO005; UH250/UH301) is given in bold letters. The classification of these genes regarding specific types of non-additive

expression patterns is reported below

Expression levels: of the high expressing inbred line (HP), of the low expressing inbred line (LP), above the high expressing inbred line (AHP),

below the low expressing inbred line (BLP)

MLE maternal like expression, PLE paternal like expression

% No gene which exhibited AHP expression in one hybrid and BLP expression in the other hybrid was observed

b Only one gene was found in embryo of the intrapool cross UH250/UH301 which resemble a MLE but was expressed below the low expressing
parent in one hybrid. The other listed genes displayed the same expression tendency in both reciprocal hybrids, but only in one hybrid an expression

outside the range of the parents was found

¢ The listed genes exhibited the same expression tendency inside the range of the parents

dosage. In 10, 14 and 21 dap endosperm of four genotype
combinations (Guo et al. 2003) and 13 and 19 dap endo-
sperm of B73 and Mol7 (Stupar et al. 2007) this was dem-
onstrated by comprehensive expression analysis. Also, in
interpool and intrapool endosperm of the present study
most gene expression patterns were not distinguishable
from additivity. Therefore, a certain amplification of paren-
tal expression differences occurs for most genes in endo-
sperm due to the parental genomic imbalance so that higher
expression differences between more distant genotypes
might already negatively affect its development. Supportive
of this view, genetic distance affect transcriptional differ-
ences in endosperm much more than in embryos (Fig. 3).
The evaluation of the number of differentially expressed
genes between parental lines and hybrids showed that the
combination of more distant genotypes results in more tran-
scriptional differences. We found this tendency in embryo
and more pronounced in endosperm. A positive relation of
genetic distance and expression differences was also shown
for a number of genotype combinations in above-ground
seedling tissue 11 days after germination (Stupar et al.
2008) and immature ear tissues of a series of 16 maize
hybrids that vary in their degree of heterosis (Guo et al.
2006).

Embryo and endosperm have diverse functions and fates
and follow highly disparate modes of development. The
embryo is formed from the zygote by asymmetric and sym-
metric cell divisions with progressive cell fate determina-
tion (Laux and Jiirgens 1997) whereas the triploid nucleus

of the primary endosperm initially divides without cytoki-
nesis forming a syncytium during the first 3 dap before cell-
ularization and differentiation take place (Sabelli and
Larkins 2009). However, both tissues collectively showed
heterotic traits in early development and exhibited a small
number of intersecting genes that showed differential
expression between the parental lines and hybrids in both
genotype combinations. Two of these genes code for pro-
teins of the central energy metabolism (ACG28895,
ACG23899). Especially characteristics of the pyrophos-
phate-fructose 6-phosphate 1-phosphotransferase like ener-
getic advantage mediation when glycolysis is the sole
source of ATP (Mertens 1991) and a possible rate limiting
quality in glycolytic carbon flow under conditions of high
metabolic activity (Groenewald and Botha 2008) strikingly
relate this gene to the higher growth rate of hybrid seed
development. Homology of one clone to an ABA-induced
protein (ACG47436) additionally involves this pivotal hor-
monal pathway, which regulate genetic and epigenetic pro-
cesses (Chinnusamy et al. 2008). A possible relation of the
hybrid state to epigenetic processes was further indicated
by HTA112 among the intersecting genes, one of 15 known
histone 2A variants in maize (http://www.chromdb.org).
Variant histones are targeted to particular functional sites in
the genome and have profound epigenetic consequences
after incorporation into chromatin (Henikoff and Ahmad
2005). The common expression pattern and the function in
central regulatory processes of each of these genes might
indicate the association with heterosis to some extend. In
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addition, we identified members of three categories of
genes coding for chromatin modifying proteins to be differ-
entially expressed with a certain degree of commonness
between either investigated tissues or the genotype combi-
nations (Supplemental Table 2), which might indicate a
contribution to epigenetic state regulation of hybrids. For
hybrid embryos these indications are supported by the over-
representation of the gene ontology terms nucleosome
assembly and methylation-dependent chromatin silencing
among the commonly differentially expressed genes in both
genotype combinations (Fig. 3, Supplemental Table 3). It
was suggested that an epigenetic perspective might be use-
ful and complementary to conventional genetic explana-
tions of the molecular basis of heterosis (Chandler and
Stam 2004; Grant-Downton and Dickinson 2004). This
might hold especially true for seed development shortly
after fertilization, because the interplay of the diverse
parental genomes has to be coordinated and adjusted for the
onset of heterosis.

The extent of non-additive gene expression provides a
measure for the interaction of the parental genomes, since
deviations from the mid-parental expression level in
hybrids require novel regulatory interactions in trans. A
number of studies analyzing differential gene expression
between inbred lines and hybrids in diverse tissues revealed
expression trends from mainly mid-parental to mainly non-
additive (Hochholdinger and Hoecker 2007). Our study
revealed between 2.4 and 12.6% non-additively expressed
genes in hybrid embryo and endosperm tissue. Compared
to findings of other research groups this is a relative low
number of genes outside the mid-parental or dosage depen-
dent range. Based on microarray analyses of 14 days old
seedlings Swanson-Wagner et al. (2006) determined 22%
significantly non-additively expressed genes. Also by
microarray analyses approximately 20% non-additive gene
expression was detected in immature ears, 19 dap embryos
and 11 days old seedlings (Stupar and Springer 2006). In
primary roots 3.5 days after germination about 18% of
10,649 distinct microarray features displayed an expression
level different from additivity in at least one of 12 inbred—
hybrid combinations (Hoecker et al. 2008). In meristems
non-additive gene expression prevailed (Uzarowska et al.
2007) and approximately half of the genes analyzed
showed non-additive expression in immature ears (Guo
et al. 2006). A high difference between the non-additively
expressed gene fractions of the early endosperm, we ana-
lyzed, also exists to endosperm of later stages: at 13 and
19 dap 41.2 and 38.9% non-additively expressed genes
were identified (Stupar et al. 2007).

Notably we identified a relatively low number of non-
additively expressed genes in early embryo and endosperm
despite the application of SSH to enrich for differentially
expressed genes and an optimal hybridization design to

@ Springer

assess expression level deviating from the mid-parental
value in hybrids (Piepho 2005). For some instances this
might be due to varying tissues analyzed, since different
organs of a hybrid plant display significant differences in
their degree of heterosis (Melchinger 1999). Alternatively
or supplementary the developmental stage likely affects the
amount of genomic interactions in hybrids since chromatin
states specifying specific transcriptional patterns largely
change during differentiation (Fransz and de Jong 2002).
However, to answer if genetic interactions and non-additiv-
ity increase with developmental progression of the seed
comparative studies of various stages of the same geno-
types are required. Although we detected a relatively low
number, the relative distribution of expression classes of
non-additively expressed genes (Fig.4) was consistent
between the analyzed tissues and genotypes of our study
and also very similar to the relative distribution found in
primary roots of related European genotypes (Hoecker
et al. 2008). The same classifications of gene expression
pattern of immature ear, seedling, and embryo tissues from
the maize inbred lines B73 and Mo17 also revealed consis-
tency among the diverse tissues of the same genotypes
(Stupar and Springer 2006) but large differences to the
European genotypes. The number of genes with expression
values between the parental levels was significantly lower
in European genotype hybrids. These findings might indi-
cate that the genotypes not only influence the number of
non-additively expressed genes, as discussed above, but
also the relative distribution of expression classes, i.e. the
extent of gene expression deviation from the mid-parental
level. The direction of expression variation seems not to be
affected, since all genotypes and tissues showed a trend to
expression levels of the low parent and below (Fig. 4;
Hoecker et al. 2008; Stupar and Springer 2006).

Our gene expression analyses uncovered some genes
displaying the same non-additive expression pattern in both
reciprocal hybrids. Most of these genes showed expression
levels of the low expressing parent in hybrids. Exception-
ally the d8 gene revealed overdominance in endosperm of
all four hybrid genotypes analyzed. The maize d8 gene is
found to be an ortholog of the gibberellin (GA)-insensitive
gene (gai) of Arabidopsis thaliana (Peng et al. 1997, 1999).
GAI and D8 belong to the GRAS family of transcriptional
regulators functioning as key components in GA signal
transduction pathways to negatively regulate GA mediated
responses in a mechanism of feedback regulation (Gao et al
2008). Recent studies revealed that they have broad interac-
tions with other hormonal and environmental signaling and
play important roles in many aspects of plant growth,
development and adaption to environmental stresses (Fu
and Harberd 2003; Achard et al. 2006, 2007). It is conceiv-
able that D8 regulates processes that are connected to
differentiation and proliferation of endosperm cells or to
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principal functions of early endosperm shortly after fertil-
ization. Since our data refer to an overexpression of d§ in
early hybrid endosperm, this might prompt the further char-
acterization of d8 action in seed development and its possi-
ble role for heterosis.

In summary our data show distinct effects of hybridiza-
tion on the fertilization products during early stages of seed
development. Both tissues exhibited heterosis to different
degrees associated with differential gene expression of sim-
ilar pattern to varying extent. Outstanding genes with con-
sistent expression pattern among tissues and genotypes
provide entry points for further analysis of regulatory pro-
cesses underlying hybrid vigor.
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