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The WOX family of transcription factors and polar auxin trans-
port (PAT) are both essential for embryonic patterning and thus
normal embryo development in angiosperms. Recent analysis by
us of WOX-related genes in Picea and Pinus suggests that they
play fundamental roles during embryo development also in coni-
fers.! It has been proposed that there is a connection between the
spatial separation of WOX2 and WOX8, and PAT in the formation
of the apical-basal axis in Arabidopsis embryos and that both are
involved in the regulation of the auxin efflux carrier PIN1. Auxin
also seems to play a crucial role in apical-basal axis formation in
conifer embryos based on studies using the polar auxin inhibitor
NPA. We recently analyzed the expression of a PINI-like gene
in NPA-treated and untreated precotyledonary somatic spruce
embryos and could see a significant upregulation of the PINI-like
gene in the NPA-treated embryos.? Here we show that P2WOX2 is
also significantly upregulated in the same embryos. Taken together,
this suggests that PAT is involved in regulating both PINI and
WOX2 expression in conifers and strengthens the evidence for the
proposed connection between WOX and PIN genes in seed plants.

In seed plants, embryogenesis can be divided conceptually into
two phases; an early morphogenic phase and a late maturation
phase. During morphogenesis, the primary body plan is established
with regional specification of apical-basal and radial domains from
which morphological structures derive. This process has been termed
pattern formation and current knowledge about the genetic regula-
tion of embryonic pattern formation in plants is primarily derived
from studies on the model plant Arabidopsis thaliana.3-> Recently,
Haecker et al. identified a group of WUSCHEL-related homeobox
(WOX) transcription factors expressed in a lineage-specific manner
during early Arabidopsis embryogenesis.® WOX2 and WOXS are
initially co-expressed in the egg cell and the zygote, and are then
specifically expressed in the apical and basal cell lineages after zygotic
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division, suggesting that the two daughter cells assume different tran-
scriptional profiles. Also, STIMPY/WOX9 is required to maintain
cell division in the embryo and the suspensor, and the WOX genes
thus appear to be intrinsic determinates in early asymmetric divi-
sions during embryogenesis in Arabidopsis.”® Similar transcriptional
profiles can also be seen in the monocot Zea mays indicating that the
WOX gene family is ancient in the angiosperm lineage.”

Previously, we isolated and analyzed a WOX2 homologous
gene from Picea abies (Norway spruce) that we named PzWOX2.!
Quantitative reverse transcription PCR (qQRT-PCR) was used to
follow the expression pattern of PaWOX2 during somatic embryo
development and our results showed that it is highly expressed early
during development, but declines as embryos mature. In seedlings
there is very low expression of P4WOX2 and this is in line with
earlier results from angiosperms.®!% Furthermore, P2WOX2 expres-
sion seems to be linked to the proliferation rate of the embryogenic
cell cultures. In addition to WOX2, several genes that cluster to
WOX8/WOX9 are expressed in conifer embryos.! This indicates
that WOX genes play fundamental roles also during conifer embryo
development, possible with functions related to regulating cell divi-
sions and/or differentiation. It is tempting to consider that several of
the WOX genes in Arabidopsis and conifers represent orthologous
gene functions based on structural similarities of the genes as well
as their expression profile, suggesting that they all have ancient
functions associated with embryo development that existed prior
to the separation of angiosperms and gymnosperms. Phylogenetic
studies based on the homeodomain alone or performed on longer
sequences together with other gene features support a distribution
of genes into at least three evolutionary lineages with the WOX1
orthologous groups (OG) containing Arabidopsis ActWOX1-7 and
AtWUS, WOX8 OG with ActWOXS8, 9, 11 and 12 and the WOX13
OG including AcWOX10, 13 and 14.1!! Genes belonging to WOX1
OG and WOX8 OG have so far only been identified in the seed
plants, while the WOX13 gene clade appears to be ancestral to the
other WOX gene clades, containing sequences from many different
members of the plant kingdom, including Physcomitrella, Selaginella,
gymnosperms and angiosperms.!!1

The polar transport of the plant growth factor auxin plays, in
addition to the WOX genes, a crucial role in apical-basal axis forma-
tion in angiosperms.!?1> This transport is thought to be established
and maintained by auxin efflux carriers of the PIN-FORMED (PIN)
gene family, with the activity of PIN1, PIN4 and PIN7, leading to
auxin gradients and local auxin maxima within the embryo prior to

root and cotyledon formation and procambium differentiation.'®17
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Figure 1. Absolute expression of PaWOX2 in embryos normalized against ug total RNA in untreated and NPA+reated (1 uM) precotyledonary (A) and
mature (B) somatic embryos, respectively. The untreated embryos (stage 1-2 that correspond to precotyledonary and stage 4 to mature embryos) along with
the absolute gRT-PCR protocol used, including total RNA preparation and reverse transcription have earlier been described by Palovaara and Hakman.! (A)
NPA-reated precotyledonary embryos are comparable to the untreated embryos and no morphological differences can be detected. The suspensor (s) is well
formed and the embryo proper (€] is dense in both of them. Dark field. Bars = 1 mm. (B) Mature NPA+reated embryos have fused cotyledons (arrowhead)
while the untreated embryos have several cotyledons encircling the shoot apex. Bars = T mm. When comparing untreated and NPA-reated somatic embryos,
means are statistically significant different (p < 0.05) between untreated and NPA+reated precotyledonary embryos, but not between mature untreated and

NPA-treated embryos as evaluated by Student’s test using STATISTICA v7.1 (StatSoft, Inc.). Each bar is the mean = SE of triplicate assays.

Recently a connection between the spatial separation of WOX
transcription factors and polar auxin transport (PAT) in the forma-
tion of the main body axis in Arabidopsis embryos was shown,!®
and earlier studies have also shown that auxin induces expression of
WOX5 in the root of both Arabidopsis and Medicago truncatula.'>>°
Furthermore, the expression of WOX9, a close homolog of WOXS,
is altered in Arabidopsis 7p mutant embryos and thus appears to
be involved in auxin signaling, possibly through the TIR1-Aux/
IAA-ARF pathway since MP (MONOPTERQOS) is an auxin response
factor (ARF).® Auxin modulates the transcription of multiple PIN
proteins through this pathway.?!*?> For instance, MP positively
regulates PINI expression and auxin translocation to the hypophysis,
promoting the formation of the embryonic root.?> More recently, it
was revealed by Breuninger et al. that WOX2 and WOXS genes both
cooperate with MP in PIN1 regulation.'® Conifer embryos contain
several WOX8/9-like genes and, as noted earlier, Z2WOX2 seems to
have a function related to regulating cell divisions and/or differentia-
tion in the embryos, something that is consistent with earlier results
from angiosperms.!
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Conclusions

Based on this information we decided to analyze the P2WOX2
expression in Picea abies somatic embryos after treatment with the
PAT inhibitor 1-napthylphtalamic (NPA). A recent study by us,?
along with a study by Larsson et al.>4 have shown that growth of
somatic embryos on medium containing NPA leads to the formation
of embryos with poor meristem formation and fused cotyledons, and
to a pin-formed phenotype of the regenerated plantlets similar to what
is commonly seen on angiosperm embryos.!>?>2¢ Consequently, PAT
seems to, like in angiosperms, play a crucial role in apical-basal axis
formation in Picea abies. Furthermore, the most aberrant phenotype
was seen if embryos were transferred to NPA-containing medium
just before they had initiated cotyledons.? These embryos also had
a significant increase (13.7-fold) in the expression of a PINI-like
gene (accession no. FJ031883) compared to an untreated control.
This is consistent with earlier observations in Arabidopsis showing
that PIN expression is modified by exogenous application of auxin
and auxin transport inhibitors.”” Since NPA had such a dramatic
effect on the embryo morphology and PIN expression in somatic
embryos we wanted to examine how the PaWOX2 expression was
affected by NPA-treatment. When analyzing PaWOX2 expression
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in NPA-treated (1 WM) precotyledonary and mature embryos, both
comparable in developmental stages to the stage 1-2 and stage 4
embryos, respectively, that we previously used in PzWOX2 analysis,
we found that Z2WOX2 was significantly upregulated in NPA-treated
precotyledonary embryos (2.9-fold) compared to untreated embryos
while we could see no significant difference in expression between
NPA-treated and untreated mature embryos (Fig. 1). Taken together,
our results show that both a PINI-like gene and PaWOX2 are
significantly upregulated in NPA-treated precotyledonary somatic
embryos compared to the untreated control. Thus PAT seems to be
involved in regulating both PIN and PaWOX2 expression in Picea
abies during early embryo development, strengthening the evidence
for the proposed connection between WOX and PIN genes in seed
plants.!® This, interestingly, suggests a similar mechanism behind
PAT regulation in angiosperms and gymnosperms.

Research concerning embryonic patterning in plants is advancing
rapidly and this work has strengthened past groundwork for the
future analysis of the evolutionary development and regulation of
embryonic patterning in seed plants.
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