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Summary Auxin and polar auxin transport have been

implicated in controlling embryopatterninganddevelopment

in angiosperms but less is known from the gymnosperms. The

aims of this study were to determine at what stages of conifer

embryo development auxin and polar auxin transport are the

most important for normal development and to analyze the

changes in embryos after treatment with the polar auxin

inhibitor N-1-naphthylphthalamic acid (NPA). For these

studies, somatic embryos of Norway spruce (Picea abies

L. Karst) were used. Growth on medium containing NPA

leads to the formation of embryos with poor shoot apical

meristem (SAM) and fused cotyledons, and to a pin-formed

phenotype of the regenerated plantlets. The effect of NPA on

embryo morphology was most severe if embryos were

transferred to NPA-containing medium immediately before

cotyledon initiation and SAM specification. Indole-3-acetic

acid (IAA) was identified by immunolocalization in develop-

ing embryos. The highest staining intensity was seen in early

staged embryos and then decreased as the embryos matured.

No clear IAA-maxima was seen, although the apical parts of

embryos, particularly the protoderm, and the suspensor cells

appear to accumulate more IAA, as reflected by the staining

pattern. The NPA treatment also caused expanded procam-

bium and a broader root apical meristem in embryos, and a

significant increase in the expression of a PIN1-like gene.

Taken together, our results show that, for proper cotyledon

initiation, correct auxin transport is needed only during a

short period at the transition stage of embryo development,

probably involving PIN efflux proteins and that a common

mechanism is behind proper cotyledon formation within the

species of angiosperms and conifers, despite their cotyledon

number which normally differs.
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Introduction

In seed plants, the basic body organization of the sporo-

phyte is established during embryogenesis and is uniform

across different species, even if major differences can be

seen between the gymnosperms and the angiosperms at

their earliest reproductive stages. For instance, in gymno-

sperms, the female gametophyte serves the dual function

of bearing gametes (egg cells within the archegonia) and

nourishing the embryo (Singh 1978, Raghavan and Sharma

1995), and a significant feature of the conifer type of

embryogenesis is the brief period of free-nuclear divisions

before cellularization of the proembryo within the archego-

nium. Later, during embryo development the embryonal

tube cells that are derived from the proximal end of the

embryonal mass are added to the suspensor system (Singh

1978). Compared to the model plant Arabidopsis thaliana

(L.) Heynh., the conifer embryos also show a more irregu-

lar division pattern during embryogenesis (Spurr 1949), and

a cell corresponding to the hypophysis in Arabidopsis

(Berleth and Chatfield 2002) cannot be recognized. Despite

these differences, the mature embryos of seed plants display

the same apical–basal polarity and demarcation of

embryonic organs and tissue layers.

The plant hormone auxin (indole-3-acetic acid, IAA) is

thought to be a key signal molecule in providing positional

information within the embryo, and to be of particular

importance during the transition of embryos from globular

stage into heart stage in Arabidopsis (e.g., reviewed by

Jenik and Barton 2005, Weijers and Jürgens 2005, Jenik

et al. 2007). Experiments with auxin and 2,3,5-tri-iodoben-

zoic acid (TIBA), an inhibitor of polar auxin transport, on

cut carrot somatic embryos that were either back-grafted

or left separated, suggested that the apical part of the

embryo inhibits the basal part growth and that this inhibi-

tion is controlled by the polar auxin transport or the accu-

mulation of auxin at the root end or both (Schiavone

1988). Further evidence of the importance for polar auxin

transport to establish the bilateral symmetry of angiosperm

embryos came from the work of Liu et al. (1993) on

Brassica juncea (L.) Czern. embryos cultured in the pres-

ence of polar auxin transport inhibitors. Most importantly,

they observed the similarity between their most severe phe-

notype with that of the Arabidopsis pin-formed1 mutant
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(pin1). The pin1 mutant has reduced polar auxin transport

(Okada et al. 1991), and it shows several morphological

abnormalities (Gälweiler et al. 1998, Aida et al. 2002,

Benková et al. 2003, Furutani et al. 2004). Also, the same

mutant phenotype was seen in wild-type Arabidopsis plants

that are cultured in the presence of auxin polar transport

inhibitors (Okada et al. 1991).

Controlled, directional distributions of auxin seem to be

set up by an active cell-to-cell auxin flow throughout the

plant body that involves transport facilitators of both influx

proteins of the AUX/LAX family and efflux-facilitating

proteins of the PIN-FORMED (PIN) family, and the

ABC-type transporters of the ABCB/P-glycoprotein/multi-

drug resistance family (Gälweiler et al. 1998, Swarup et al.

2000, Petrásek et al. 2006, Titapiwatanakun and Murphy

2008, Verrier et al. 2008). Several lines of evidence indicate

that different expression of transporters of the PIN family

and their polar localization within the cells are required

for a dynamic auxin gradient with polar auxin transport

between cells. Recently applied computer models also sup-

port this idea (see e.g., review by Kramer 2008), with the

global PIN topology being the most important for robust

auxin gradients (Grieneisen et al. 2007).

In the course of the discovery of how auxin is distributed

in various organs and tissues, and how its accumulation

changes during various developmental processes, several

techniques have been used, including immunolocalization

with an anti-auxin antibody, monitoring radioactively

labeled auxin, direct measurement of endogenous auxin

and observation of the activity of auxin-responsive marker

genes (e.g., Tanaka et al. 2006). During Arabidopsis embryo

development, two fluxes of auxin are predicted. Before the

globular stage, auxin is assumed to be channeled upward to

the embryo from the suspensor cells, as is also reflected by

PIN7 localization. At the globular stage, PIN1 and PIN7

become relocalized, and together with PIN4 establish an

apical-to-basal auxin flux with an auxin accumulation

in the hypophysis that triggers root pole specification

(Steinmann et al. 1999, Friml et al. 2003, reviewed by Nawy

et al. 2008). Additional auxin gradients are seen in incipient

cotyledon primordia that are associated with PIN1 localiza-

tion (Benková et al. 2003, Friml et al. 2003). In addition to

PINs, both PGP1 (ABCB1) and PGP19 (ABCB19/ MDR1)

function in a transport mechanism that contributes to the

patterning process during Arabidopsis embryo development

(Mravec et al. 2008).

Although pin mutants show strong defects in early

embryos, they recover at later stages, which suggest func-

tional redundancy among PIN genes (Benková et al.

2003). In addition, when auxin biosynthesis rates were

manipulated in Arabidopsis embryos, a polar auxin trans-

port activity apparently buffered the normal distribution

of auxin within the embryo suggesting a compensatory

mechanism for buffering auxin gradients in the embryo,

with PIN1 and PIN4 being the most important (Weijers

et al. 2005).

Due to their inaccessibility along with other difficulties

associated with developmental studies of conifer seed

embryos, we use somatic embryogenesis (Hakman et al.

1985) as an experimental system to gain better knowledge

about cellular and molecular changes that take place during

conifer embryogeny. In a recent study, we analyzed the

expression of WUSCHEL-related homeobox (WOX) family

genes during conifer embryo development (Palovaara and

Hakman 2008). Different WOX genes in Arabidopsis have

been shown to be expressed in a lineage-specific manner

during early embryogenesis (Haecker et al. 2004) and to

be involved in axis formation and in the correct expression

of PIN1 (Breuninger et al. 2008). In the present investiga-

tion, we have analyzed at what stages during somatic

embryo development the inhibition of polar auxin transport

with N-1-naphthylphthalamic acid (NPA) is most damag-

ing for normal embryo development. We followed struc-

tural changes that take place in embryos as well as in the

spatial distribution of IAA, as detected by an immunocyto-

chemical approach. Given the importance of PIN proteins

in establishing auxin gradients within Arabidopsis embryos,

a PIN1-like homologous gene was cloned (Palovaara et al.

unpublished) and its expression pattern was followed

during P. abies somatic embryo development and also

examined in precotyledonary NPA-treated embryos.

Materials and methods

Plant material and somatic embryo culture

One embryogenic cell line of Norway spruce (P. abies), desig-

nated as 04WV5+h#3, with a high embryo maturation

capacity was used in this study. This cell line was initiated

and cultured as described recently (Palovaara and Hakman

2008). The embryogenic ‘calli’, which contained a mixture

of early staged embryos, cell aggregates and single cells of

diverse form and size were regularly subcultured for continu-

ous proliferation and kept at 25 �C in darkness. For somatic

embryo development, small pieces of calli were, with a pair of

forceps, carefully spread into a thin layer on top of a filter

paper on a maturation medium (MM) (Palovaara and

Hakman2008).Calli anddeveloping somatic embryos of var-

ious stages were isolated as previously described (Palovaara

and Hakman 2008). Plantlets were regenerated by placing

embryos on a plant conversion medium (PCM) containing

a modified half-strength Litvaymedium (LV-salts, Duchefa,

The Netherlands), according to Attree and Fowke (1995).

Seeds of P. abies were germinated at 25 �C under a 12-h

photoperiod in a growth chamber. Root tips were cut from

2-week-old seedlings, and processed for immunohistochem-

istry, as described in the following sections.

NPA treatment

Appropriate volumes of a 1 mM stock solution of NPA

(OlChemIm, Czech Republic) in dimethyl sulfoxide

(DMSO) were added to 20 ml MM within 9-cm Petri
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dishes to give the final concentrations of 0.1, 1, 10 and

20 lM, respectively. Equivalent volumes of DMSO were

added to all control cultures. Pieces of embryogenic calli,

1 week after last subculture, were transferred to filter

papers placed on top of the NPA-containing MM in Petri

dishes, as described above for embryo development. The fil-

ter papers were, with its developing embryos, then trans-

ferred to fresh NPA-containing medium each week during

the whole culture period. The development of somatic

embryos was followed during 6 weeks. Mature embryos

were then isolated and transferred to a PCM that lacked

added hormones for another 2 weeks when their growth

behavior was again recorded. In another experiment,

embryos were first grown on MM for 1, 2, 3 or 4 weeks,

before they were transferred to MM containing 10 lM
NPA (see Table 3). The cultures were kept at 25 �C in

the dark for embryo development and in light for plant

conversion. Treatments were made in triplicates and

repeated twice. Embryos were fixed for light microscopy

and for IAA immunolocalization after various times.

Microscopy and immunohistochemical localization of IAA

Somatic embryo development was followed with an

Olympus SZX12 stereomicroscope (Tokyo, Japan)

equipped with an Olympus DP10 camera (Tokyo, Japan),

and pictures were taken regularly for documentation.

Somatic embryoswere sampled fromPetri dishes at random,

except for cultures growing on the highest concentration of

NPA/DMSO, in which case only a few embryos had devel-

oped. Embryos were embedded in paraffin for structural

studies and auxin immunolocalization, as described below.

Micrographs were taken with a Zeiss Axiovert 10 inverted

microscope (Jena, Germany) equipped with a Leica DFC

320 camera (Wetzlar, Germany). Pictures were further pro-

cessed using Adobe� Photoshop� CS (San Jose, CA).

Somatic embryos were, for auxin immunolocalization,

prefixed in a 3% (w/v) freshly prepared solution of

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC,

Sigma) under vacuum for 1 h at 4 �C. They were then

post-fixed in FAA (3.7% formaldehyde:50% ethanol:5%

glacial acetic acid) under vacuum at 4 �C for 4 h, dehy-

drated with a graded ethanol series, embedded in paraffin

and sectioned into 7-lm slices on a Leitz 1516 rotary micro-

tome (Wetzlar, Germany) and placed on polylysine-coated

slides. Dried sections were deparaffinized with xylene and

hydrated in an ethanol–water series. For immunolocaliza-

tion of IAA, an anti-IAA monoclonal antibody (Sigma)

raised against carboxyl-linked IAA was used (Leverone

et al. 1991, Caruso et al. 1995). Sections were incubated

overnight at 10 �C with the primary antibody diluted

1:200, and at room temperature for 4 h with the secondary

antibody diluted 1:2000 (AP-conjugated anti-mouse IgG,

Promega). The procedure described by Moctezuma (1999)

was then followed. Control experiments included sectioned

material that had not been prefixed with EDAC, and slides

in which either the primary or the secondary antibodies

were omitted.

All experiments were repeated with at least three different

embryos of each embryo developmental stage and for each

treatment.

Before proceeding to the immunolocalization of IAA in

somatic embryos, we tested the specificity of the anti-IAA

antibody and verified the effectiveness of the method on

seedling root tips of P. abies. The samples were processed

as described above.

Absolute qRT-PCR of PIN expression

TotalRNAwas extracted as previously described (Palovaara

and Hakman 2008) from different staged somatic embryos

maturing on MM, and from precotyledonary (stage 2)

embryos growing on 1 lM NPA. For cDNA synthesis,

2 lg of total RNA was reverse transcribed with oligo (dT)

and random hexamer primers using the iScriptTM cDNA

synthesis kit (Bio-Rad, Hercules, CA) according to the

manufacturer’s protocol.

A 140-bp sequence of a potential PIN1-orthologous gene

(Accession No. FJ031883) was amplified from P. abies

somatic embryos with a forward primer (50-CGAAAAA

CATAAACAGATGCCCCC-30) and a backward primer

(50-TCCACCTGAAAGAAACGAGTGC-30). The primer

pair was tested to ensure the amplification of a single dis-

crete band with no primer–dimers using the same optimized

conditions as described below for quantitative reverse tran-

scription polymerase chain reaction (qRT-PCR). The

resulting product was sequenced by MWG-Biotech

(Ebersberg, Germany) to verify the correct gene product,

and Invitrogen (Paisley, UK) synthesized the primers.

Quantitative RT-PCRs were performed with a MiniOpti-

con Real-Time PCR Detection System (Bio-Rad, Hercules,

CA). The reactions were done in a 25 ll volume containing

12.5 ll iQ SYBR Green Supermix (Bio-Rad), 0.4 lM of

both primers and 2 ll of cDNA template. The thermal

cycling conditions were as follows: 3 min at 95 �C, followed
by 40 cycles of 10 s at 95 �C, 10 s at 58 �C and 10 s at

72 �C. Expression levels were determined as the number

of cycles needed for the amplification to reach a threshold

fixed in the exponential phase of the PCR (Ct) (Walker

2002). Absolute quantification of PIN1-like copy number

in each cDNA sample was determined using a standard

curve and normalized against micrograms total RNA as

previously described (Palovaara and Hakman 2008).

All samples and the standard curve were run in triplicates

(n = 3) and three assays were performed using three inde-

pendent samples of each tissue collected. Negative (distilled

water) and no-template (total RNA) controls were included

in each run. After normalization, average values and stan-

dard errors of gene copy numbers were calculated using data

from triplicate assays. Statistically significant differences

were evaluated by one-way analysis of variance (ANOVA),

followed by post hoc Tukey’s HSD comparisons and
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Student’s t test using STATISTICA Version 7.1 (StatSoft,

Inc.). Differences of P < 0.05 were regarded as significant.

Results

Cell line characterization and somatic embryo development

During proliferative growth on the maintenance medium,

which contained both auxin and cytokinin, early staged

somatic embryos were continuously produced together with

aggregates of small rounded cells and more elongated all

intermingled and forming a white-to-translucent type of cell

mass (callus) (Figure 1A). Somatic embryos of this early

stage (here denoted as stage 1) had a small embryo proper,

composed of small cells with dense cytoplasm, that was sub-

tended by highly elongated cells forming a suspensor-like

structure (Figures 1B and 5D). Such embryos were continu-

ously formed in calli on the proliferation/maintenance

medium but never developed beyond this stage. After trans-

fer to the MM, the callus continued for some time to prolif-

erate, although not as fast, forming a dense mat of cells.

New embryos were formedwithin the callus at the same time

as embryos continued to develop. During the first 2 weeks

on MM, early staged (stage 1) somatic embryos increased

both in number and in size (Figure 1C). Both the embryo

proper and the suspensor became larger and well structured

(Figure 3A). Next, the embryo proper increased further in

size and became more opaque and club-like in shape with

a smooth and glistening surface (stage 2) (Figure 1D). After

about 4 weeks on MM, cotyledons, although still small,

were seen to develop as a circlet at the embryo apex (stage

3) (Figure 1E and F). Thereafter, the cotyledons increased

in size at the same time as the embryos elongated further

(Figure 1G and H). Embryos are considered mature at this

stage (stage 4), and further growth is usually detained while

embryos are kept on MM.

Effect of different concentrations of NPA

on the development of somatic embryos

In one experiment, somatic embryos were kept for the

whole embryo maturation period on MM containing

NPA of different concentrations (Table 1; Figure 2A–C).

Cultures grown on MM with 0.1 and 1 lM NPA had dur-

ing the first 2–3 weeks a growth behavior and morphology

similar to that of the control. The effects of NPA on

embryo morphology, however, became apparent as the

embryos developed further. After 4–5 weeks on the MM,

the control embryos initiated cotyledons that were well sep-

arated (Figure 1E and F). Many of the embryos growing on

0.1 and 1 lM NPA formed a cup-like structure instead

(Figure 2A–C) or, in the more severe cases, they were

pin-formed (Figure 2B). Such defects were most severe

for embryos growing on 1 lMNPA. Also, the developmen-

tal arrest of mature embryos seemed to be less pronounced

after NPA treatment, as embryos elongated more and coty-

ledons were more greenish. Higher concentrations of NPA

were harmful and only a few deformed embryos developed

on medium with 10 lM NPA and none on medium with

20 lM NPA. Already 1–2 weeks on medium containing

such high NPA concentration was damaging to the young

developing embryos, as described more thoroughly in the

following sections, and only very minor proliferation took

place. Some of these harmful effects could probably be

ascribed to DMSO, because at least the higher concentra-

tion of DMSO also obstructed growth.

The disturbing effect of NPA on proper embryo develop-

ment, such as was seen for the cotyledon formation, was

even more manifest after embryo germination (Table 2A).

Embryos that had developed on NPA medium for 6 weeks

continued to grow into pin-formed plantlets after an addi-

tional 2 weeks on the PCM, with no hormones or NPA

added (see figures in Table 2). Plantlets with many well-

separated cotyledons were rarely formed from the NPA-

treated embryos, whereas such were common in the control

cultures. The pin-formed phenotype was more common at

higher NPA concentrations.

High concentration of NPA is damaging

to early staged embryos

Because the higher NPA concentrations (10 and 20 lM)

had such a negative effect on the initial growth of the calli,

we followed the fate and the growth behavior of cells and

embryos during their first 1–3 weeks on MM with 10 lM
NPA, and compared them to cultures kept on MM alone.

During the first week of culture, the embryos looked simi-

lar, but during the second week of culture they showed

quite different morphologies. The embryos growing on

MM alone had increased embryo proper with well-struc-

tured and united suspensor-like cells (Figure 3A), whereas

the embryos on MM medium with 10 lM NPA appeared

to disintegrate (Figure 3B and C). It is uncertain if NPA

caused a disturbance in directional auxin transport in early

embryos that resulted in such severe developmental defects

from which they could not later recover, or if this was

caused by a more unspecific effect of NPA not related to

polar transport of auxin. Also, NPA in combination with

the solvent could negatively affect the embryos.

Embryo developmental stages that are most affected

by NPA

Next, we wanted to pinpoint at what embryo developmental

stages that NPA treatment caused the most aberrant/

pin-formed embryos. The embryos were grown on MM

alone for various times (1–4 weeks; for culture outline and

summary, see Table 3) before being transferred to 10 lM
NPA-containingMM, for the embryos tofirst reachdifferent

developmental stages (stages 1–3). Even though 10 lMNPA

was found to be detrimental to embryos if they were kept on

that high concentration during their whole embryo matura-

tion period (Tables 1 and 3), (i.e., it was particularly the
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earliest staged embryos that were damaged during their first

weeks of growth, as described above (Figure 3B andC)), this

concentration was chosen because the effect would be more

pronounced on the more advanced embryos. Embryos did

only develop on the NPA-containing MM if they had first

been cultured on MM without NPA for at least 2 weeks

before NPA treatment, and the phenotype of the embryos

depended entirely on the developmental stage that they had

reached before theNPA-treatment (Table 3). Themost aber-

rant phenotypewas seen on embryos thatwere transferred to

NPA-containing medium after 2 and 3 weeks on MM, that

is, before they had initiated cotyledons (stage 2 embryos).

Their morphology was similar to embryos that had been

growing on lowNPA-concentration during their whole mat-

uration period. Embryos that had already initiated cotyle-

don, even the tiniest ones, before being transferred to

NPA-containing medium, did not show any severe pheno-

types, although the mature embryos had cotyledons that

appeared slightly thicker and more greenish compared to

the control embryos (Figure 2D). Again, the effect of NPA

on embryo development was further confirmed by germinat-

ing embryos on PCM for 2 weeks (Table 2B).

Structural changes of NPA-treated embryos

Embryos that had been treated with various concentrations

of NPA during their whole maturation period, or with

10 lM NPA after first being cultured for 2 weeks on

MM without NPA, were embedded and sectioned for the

analysis of their anatomy and for the immunolocalization

of auxin. Control embryos included both embryos growing

on MM alone and embryos growing on MM with DMSO

added. The embryos treated with 0.1 and 1 lM NPA were

at the early precotyledonary stages, quite similar in struc-

ture to that of the control embryos (cf. Figure 4A, C and

E). Many of them, particularly if grown on the lower con-

centration of NPA, had formed a root apical meristem

(RAM), with observable columella cells within the root

cap (cf. Figure 4A and C), while in others the RAM was

more difficult to distinguish (Figure 4E). As embryos

matured, the anatomy of the NPA-treated embryos and

the control embryos became more dissimilar.

Embryos that matured on MM had a well-organized

RAM and many well-separated cotyledons that were con-

nected with procambial cells (Figure 4B). In NPA-treated

embryos, irrespective of whether they had been continu-

ously cultured on a low concentration of NPA (Figure

4D, F and G) or transferred to a high concentration of

NPA after their second week on MM (Figure 4H), the

RAM was much broader and not as well demarcated. Cells

closer to the surface in the root area still had the characters

of root cap cells, such as they contained large starch grains.

No shoot apical meristem (SAM) could be identified with

certainty in the NPA-treated embryos and the cotyledons

had often fused. Depending on the plane of the section,

the cotyledons appeared fused or not (cf. Figures 2C with

4G and H). In the thin sections this created a hollow

space at the presumed SAM area. Even if the internal

Figure 1. Picea abies somatic
embryo development: (A and
B) stage 1 embryos formed in
proliferating cultures main-
tained on medium containing
both auxin and cytokinin;
(C and D) stage 2 embryos
after 2 weeks on MM; (E and
F) stage 3 embryos after
4 weeks on MM; (G and H)
stage 4 embryos after 5 weeks
on MM. Bars in A, C and
E = 1 mm, B and
D = 50 lm, F = 100 lm,
G = 5 mm and H = 500 lm.
c, cotyledon; e, embryo proper;
s, suspensor. A color version
of this figure is available as
Supplementary Data at Tree
Physiology Online.
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organization was disrupted in the NPA-treated embryos,

planes of cell divisions were ordered, resulting in longitudi-

nal files of cells both in the root cap area and in the cortical

and procambial areas. Sometimes cells of adjacent cell files

were seen to have separated from each other. The procam-

bium in the NPA-treated embryos also appeared more

expanded compared to the control embryos and, in the

more developed embryos, which also had elongated more

than the control embryos, tracheids had already differenti-

ated, both with ring- and scalariform-reticulate thickenings.

Highly elongated cells that contained a red-brown sub-

stance (inset Figure 4G) were often seen in the more devel-

oped NPA-treated embryos, even though such cells were

sometimes seen in the DMSO-treated embryos.

Taken together, these experiments indicate that precoty-

ledonary embryos (stage 2) are most sensitive to disordered

polar auxin transport; that NPA caused cotyledons to fuse,

and in extreme cases caused the entire apical part to grow

as a pin-like structure; that SAM was poorly defined, if

formed at all; that the RAM often became wider and not

so well demarcated and that the procambium became more

expanded.

Auxin immunolocalization in developing embryos

To verify the method of immunolocalization, root tips of

2-week-old seedlings were used, as the IAA accumulation

pattern in them could be assumed to be comparable with

that of the published results from angiosperms (Figure

5A–C). In our study, and with the antibodies we used (pro-

duced with the IAA carboxyl group linked to ovalbumin;

Leverone et al. 1991), we obtained a blue staining reaction

whether or not the tissues were first fixed with EDAC

(cf. Figure 5A and B). The EDAC is commonly used to

cross-link the carboxyl group of IAA to structural proteins

within the plant cell and to create epitope recognition for

the IAA monoclonal antibody (Leverone et al. 1991,

Avsian-Kretchmer et al. 2002). However, in the control sec-

tions, when either the primary or the secondary antibodies

were omitted, no stain was ever observed (Figure 5C). This

demonstrated that the background color was low and that

a color signal depended on the presence of both antibodies.

The staining pattern we observed on P. abies somatic

embryos agrees well with that of Arabidopsis embryos trea-

ted with the same antibody (Avsian-Kretchmer et al. 2002),

despite morphological differences between the embryos of

the two species. The immuno-distribution pattern also

agrees with that of the photoaffinity labeling agent tritiated

5-azidoindole-3-acetic, an IAA analog, that was used with

wheat embryos treated with NPA (Fischer-Iglesias et al.

2001).

The youngest staged embryos had, in general, a much

deeper blue stain than the more mature embryos (Figures

5D and 4A–H, respectively). Especially stage 1 embryos,

present in the proliferating callus, stained dark blue (Figure

5D; cf. with control in Figure 5E), which perhaps reflectT
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their proliferative growth in the presence of both cytokinin

and auxin, even if the medium contained 1-naphthalene

acetic acid (NAA) and not IAA. Exogenously applied

IAA or its synthetic analog NAA to plant organs often

increase the staining signals of auxin without changing

the spatial pattern of the signal (Friml et al. 2002, Benková

et al. 2003). A clear gradient of stain in embryos could not

be detected, even if the embryo proper seemed to stain more

in stage 1 embryos (Figure 5D). However, this could also be

a consequence of the suspensor cells being highly vacuo-

lated. Also in the precotyledonary stage 2 embryos, the api-

cal parts appeared to stain stronger (Figure 4A, C and E).

At this embryo developmental stage, the signal appeared to

be highest in the protoderm/epidermis and more so in the

control embryos (Figure 4A, inset) than in the NPA-treated

embryos (Figure 4C and E, insets). This high staining of the

protodermal cell layer also correlates with a high expression

of PIN1-like in these cells (Palovaara et al. unpublished).

As embryos matured they stained less, and most often,

the staining reaction in them was highest in the epidermal

cells and ground tissue (Figure 4B, D and F–H). Otherwise

no definite difference in the staining pattern between the

control and the NPA-treated embryos could be recognized.

In summary, these results indicate a dynamic change in

auxin accumulation in the protodermal/epidermal cell layer

during embryo development, and we propose that this is

mediated by polar auxin transport, which if disturbed by

NPA leads to the deformed pin-formed embryos.

PIN1 expression during somatic embryo development

Next, we analyzed the expression pattern of a PIN1-like

gene to see how it followed different stages during normal

somatic embryo development. An extensive characteriza-

tion of the gene and its expression in P. abies will be pub-

lished separately, but based on its sequence and

expression pattern in somatic embryos we classify the gene

as PIN1-like (Palovaara et al. unpublished). For the verifi-

cation of absolute qRT-PCR, a standard curve was gener-

ated for the target PIN1-like gene, and the effective PCR

amplification kinetics was shown by high PCR efficiency

per cycle (Table 4A). Assay sensitivities were confirmed

by detection limits down to 10 single-stranded DNA mole-

cules and linear quantification ranges between 10 and 106

molecules. Intra- and inter-assay variations (expressed as

% molecules) of 9.62 (± 3.2) to 16.4, respectively, were

determined over the entire quantitative range, showing high

precision and reproducibility of the applied assay.

Absolute quantification revealed that the PIN1-like gene

was expressed specifically during the earliest stages of the

somatic embryo development (Table 4B). Expression level

was the highest (2.3-fold) in samples taken 6 days after

Figure 2. Picea abies somatic embryos growing on NPA-containing MM. (A) Somatic embryos were cultured for 5 weeks on MM
containing 0.1 lM NPA. (B) Somatic embryos were cultured for 5 weeks on MM containing 1 lM NPA, and note the many pin-
formed embryos (arrows). Control embryos grown on MM alone are shown in Figure 1G. (C) Cup-shaped somatic embryos after
5 weeks on MM containing 1 lM NPA. (D) Somatic embryos cultured for 3 weeks on MM and then for 2 weeks on MM containing
10 lM NPA, and note the deep green color of the most advanced embryos and fused cotyledons on young embryo (arrow). Bars in A
and B = 5 mm, C = 500 lm and D = 1 mm. A color version of this figure is available as Supplementary Data at Tree Physiology
Online.
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transfer to the MM, which contained mostly stage 1

embryos and also contained stage 2 embryos. The callus

growing on maintenance medium contained a variety of

cells in addition to stage 1 embryos. In samples that

included both stage 2 and 3 embryos together, the absolute

expression level was slightly below (1.45-fold) the initial

expression level in the callus. In mature embryos (stage 4),

the absolute expression increased slightly (1.1-fold) when

compared with the callus. Statistical analysis, however,

showed only a significant difference in PIN1-like expression

between the samples containing stage 1 and 2 embryos and

the samples containing the rest of the stages.

PIN1 expression increased in NPA-treated

somatic embryos

By exogenous application of auxin and auxin transport

inhibitors it has been shown that PIN expression is modi-

fied (Peer et al. 2004, Vieten et al. 2005). Because NPA

had such a dramatic effect on the embryo morphology we

Table 2. Effect of NPA treatment during embryo maturation on the morphology of regenerated plantlets.

NPA treatment Number of

embryos

Frequency of observed embryo morphology (%)

A

NPA concentration (lM)

0 60 70 0 0 30

0.1 80 30 12 4 54

1.0 60 0 20 40 40

B

Treatment label

(weeks on MM ± NPA)

2wMM/3wNPA 80 0 17 18 65

3wMM/2wNPA 80 3 26 20 51

4wMM/1wNPA 80 50 14 0 36

Normal

(many cotyledons)

Poorly

separated

cotyledons

Pin-like

(one cotyledon)

Deformed

(curled, swollen

or both)

A. Somatic embryos were first grown on MM containing various concentrations of NPA for 6 weeks and then on PCM for 2 weeks.

B. Somatic embryos were first grown on MM for 2–4 weeks (w) to reach different stage before transfer to MM including 10 lM NPA

for 1–3 weeks. Embryos were then grown on PCM for 2 weeks (see also Table 3 for treatment and growth). A color version of this table

is available as Supplementary Data at Tree Physiology Online.

Figure 3. Picea abies somatic embryos after 2 weeks on MM. (A) Early staged embryos with well-formed suspensor system (s) and
dense embryo proper (e); dark field. (B) Somatic embryos growing in the presence of 10 lM NPA; dark field, and note the
disintegrating suspensor cells and embryo proper (e). (C) Disintegrating embryo in the presence of 10 lM NPA; bright field. Bars in A
and B = 1 mm and C = 500 lm.

490 HAKMAN, HALLBERG AND PALOVAARA

TREE PHYSIOLOGY VOLUME 29, 2009



Table 3. Effect of NPA treatment on somatic embryos of different developmental stages.

Figure 4. Histological sections of paraffin-embedded P. abies somatic embryos developing on MM with different concentrations of
NPA. The sections were used for immunolocalization of IAA. All sections were prefixed with EDAC and treated with both primary
and secondary antibodies. (A) Stage 2 somatic embryo grown on MM, and note the deeper stain in the protodermal cell layer (inset).
(B) Stage 4 somatic embryos grown on MM, and note the well-formed RAM (*). (C) Stage 2 somatic embryo grown on MM with
0.1 lM NPA, and inset shows the protodermal cell layer. (D) Stage 4 somatic embryo grown on MM with 0.1 lM NPA. (E) Stage 2
somatic embryo grown on MM with 1 lM NPA, and inset shows the protodermal cell layer. (F) Cup-shaped stage 4 somatic embryo
grown on MM with 1 lM NPA. (G) Pin-formed stage 4 somatic embryo grown on MM with 1 lM NPA, and note the deep staining
ideoblasts in cortical layers (inset). (H) Stage 4 somatic embryo grown first on MM without NPA for 2 weeks before transfer to MM
with 10 lM NPA. Bars = 100 lm.
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examined PIN1 expression in the NPA-treated (1 lM)

somatic embryos. Quantification of the PIN1-like gene in

the NPA-treated stage 2 embryos revealed a drastic increase

in the expression level, significantly higher (13.7-fold) when

compared to stage 1 and 2 somatic embryos cultivated on

MM alone (Table 4B). This is consistent with the earlier

observations in Arabidopsis of how the inhibition of auxin

transport can modulate PIN gene expression in a similar

way to that observed in pin mutants (Vieten et al. 2005).

Discussion

Drugs that act on polar auxin transport are useful tools

when investigating the role of auxin transport in the control

of plant development. Of these, NPA, which belongs to a

class of structurally related chemicals called phytotropins

(Katekar and Geissler 1980), is widely used. Many results

indicate that NPA acts by inhibiting auxin efflux from cells,

which then, as a consequence, leads to auxin accumulation

in treated cells (Petrásek et al. 2003). The mechanism of its

inhibitory action is not understood, although studies indi-

cate it to be mediated through NPA-binding protein

(NBP) and evidence suggests that there are both a

high-affinity site at the plasma membrane associated with

the inhibition of auxin transport and a low-affinity

NPA-binding site (for review see Petrásek et al. 2003,

Titapiwatanakun and Murphy 2008).

NPA damaged the early staged somatic embryos

We observed that the treatment of P. abies somatic embryos

with the polar auxin transport inhibitor NPA, at 10 lM or

higher concentration, during their first 2–3 weeks of

maturation growth on the MM was detrimental to them

(Table 1; Figure 3), and the embryos appeared as if they dis-

integrated after a few weeks on the high NPA-containing

medium. If this was caused by the general toxicity of NPA

to embryos or if it was due to the inhibition of polar auxin

transport activity or if NPA has effects on the cells other

than for auxin transport is not known. Also, DMSO, which

was used as a solvent for NPA, negatively affected the

embryos at high concentrations (Table 1). Studies in

Arabidopsis roots have suggested that the inhibitors of polar

auxin transport may interfere with membrane trafficking in

a broader sense than just with the continuous cycling of PIN

between the plasmamembrane and the endosomal compart-

ments (Geldner et al. 2001). This trafficking of PIN1 appears

to be actin dependent, and is also sensitive to the vesicle-

trafficking inhibitor brefeldin A (BFA), causing accumula-

tion of the PIN1 into the so-called BFA compartments.

Such BFA compartments are also seen in young somatic

embryos of P. abies after exposure to BFA (Gorbatenko

and Hakman 1995). However, the concentration of the

auxin transport inhibitors required for the inhibition of

membrane trafficking was high (Geldner et al. 2001).

The auxin transport inhibitors, TIBA and PBA, were

recently shown to have a bundling effect on the actin cyto-

skeleton, not only in plant cells but also in yeast and mam-

malian cells (Dhonukshe et al. 2008). The effect of NPA on

the actin cytoskeleton, however, seems less clear. In Arabid-

opsis roots NPA was seen to disrupt the actin filaments

(Rahman et al. 2007), whereas in cultured tobacco BY2-

cells, NPA had no effect on actin (Petrásek et al. 2003).

However, in BY2-cells, in which overexpressing mouse talin

induced a bundle configuration of actin, the sensitivity to

NPA was increased as well as cell division synchrony was

disturbed. Both could be restored by polarly transported

auxins (Maisch and Nick 2007). In early staged conifer

somatic embryos, a fine network of actin filaments is pres-

ent in the small cells of the embryo proper, whereas prom-

inent cables are formed in the suspensor cells (Hakman

et al. 1987), and the effect on them of NPA and other auxin

transport inhibitors merits a further investigation.

In addition to PIN, NPA has been shown to interact with

members of the P-glycoprotein/ABCB/multidrug resistance

Figure 5. Validation of the method of immunohistochemical
localization of IAA in the longitudinal sections of P. abies root
tips and somatic embryos. (A) Root prefixed with EDAC and
treated with both primary and secondary antibodies, and note
the RAM (*). (B) Root not prefixed with EDAC. Treated with
both primary and secondary antibodies. (C) Root prefixed with
EDAC, and primary antibody omitted. (D) Stage 1 somatic
embryo prefixed with EDAC. Treated with both primary and
secondary antibodies; e, embryo proper and s, suspensor. (E)
Stage 1 somatic embryo prefixed with EDAC, and primary
antibody omitted. Bars = 100 lm. A color version of this figure
is available as Supplementary Data at Tree Physiology Online.
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family in Arabidopsis that are also identified as auxin trans-

porters (Noh et al. 2001, Murphy et al. 2002, Bailly et al.

2008, Nagashima et al. 2008), and recent studies suggest

that the auxin efflux activities of the PINs are modified

by their association with PGP19/ABCB19 (Blakeslee et al.

2007). In addition to PINs, both PGP1/ABCB1 and

PGP19/ABCB19 function in a transport mechanism that

contributes to the patterning process during Arabidopsis

embryo development (Mravec et al. 2008).

Also, correct membrane compartmentalization is impor-

tant for correct cell polarity and PIN localization as seen in

mutants defected in sterol synthesis (Willemsen et al. 2003),

and recent data suggest that PGP19/ABCB19 stabilizes

PIN1 localization at the plasma membrane

(Titapiwatanakun et al. 2008). We do not know, however,

if the NPA treatment of the young embryos caused any

membrane damage.

NPA causes cotyledon fusion in developing

somatic embryos

The most dramatic effect on the morphology of somatic

embryos thatweobservedon embryos that hadbeen exposed

continuously to NPA during their whole maturation growth

was on the outgrowth of cotyledons (Figure 2). By culturing

different staged embryos on medium containing NPA, we

found that the transition stage (i.e., pre-cotyledonary

embryos, stage 2) was the stage most sensitive to the distur-

bance caused byNPA that leads to the abnormal cup-shaped

formof cotyledons (Table 3; Figure 2C)or to themore severe

pin-formed embryo morphology (Figure 2B and D). Our

results indicate that after cotyledons are initiated, and with

them the vascular patterning, the embryos appear to be less

sensitive toNPA, and form almost normal-looking embryos

with well-separated cotyledons, although they were more

greenish and thicker than the cotyledons of the control

embryos.

In gymnosperms the number of cotyledons varies greatly

between species, and also within the species; for example,

Taxus has 2 cotyledons; Pinus has 4–15 (20–23 in P. maxi-

martinezii) and Picea has 4–15 cotyledons (Vidakovic

1991). Different numbers of cotyledons can also be formed

on P. abies somatic embryos that are derived from the same

cell line, which implicates the role of the culture conditions

apart from the genetic background. The cotyledons are usu-

ally formed in a single whorl at the shoot apex (Figure 1F

and H), but sometimes cotyledons are initiated from several

circlets at the apex of somatic embryos, which is often more

commonly seen in certain cell lines (Hakman, unpublished).

The high number of cotyledons thus gives Picea somatic

embryos their typical morphology, but after NPA treatment

the embryos had defects of fused cotyledons that are similar

to the defects commonly seen on angiosperm embryos after

exposure to the chemical inhibitors of auxin transport, such

as those in B. juncea (Liu et al. 1993, Hadfi et al. 1998),

Eleutherococcus senticosus (Rupr. &Maxim.)Maxim. (Choi

et al. 2001) and Panax ginsengRzed. (Choi et al. 1997). This

suggests a common mechanism behind cotyledon formation

within the species of angiosperms and conifers, despite their

cotyledon number which normally differ (for further discus-

sion of cotyledon organogenesis see also review by Chandler

2008). In addition, the polycotyledon mutant of tomato has

enhanced polar auxin transport suggesting a link between

the phenotype and the auxin distribution (Al-Hammadi

et al. 2003).

Genes that are involved in auxin perception and transduc-

tion and in auxin transport, such as the auxin efflux carrier

gene PIN1, have been shown to participate in embryo axis

formation and in the formation and separation of cotyledon

primordia (see e.g., review by Berleth and Chatfield 2002).

In Arabidopsis the combination of pin1 with cuc1, cuc2

and stm background enhanced the pin1 phenotype and

resulted in embryos and seedlings with completely fused

cup-shaped cotyledons that sometimes also lacked a SAM

Table 4. Absolute quantification of a PIN1-like gene using

qRT-PCR. A. Characteristics and validation parameters of

PIN1-like real-time qRT-PCR in the MiniOpticon Real-Time

PCR Detection System. A standard curve with six measuring

points, derived from serially diluted PIN1-like PCR product,

was used. Intra and inter-assay variations were determined over

the entire quantitative range and are expressed as percentage

molecules. B. Absolute expression of a PIN1-like gene in

embryos normalized against micrograms total RNA during

somatic embryo development and in NPA-treated stage 2

somatic embryos. When comparing developing somatic

embryos, mean values are only statistically significantly different

(P < 0.05) between stages 1–2 and stages 1 (in callus), 2–3 and 4

as evaluated by ANOVA followed by Tukey’s HSD. In addition,

mean values are statistically significantly different (P < 0.05)

when comparing untreated stages 1–2 embryos with NPA-

treated stage 2 embryos as evaluated by Student’s t test.

A

PIN1-like

PCR efficiency 1.93

Detection limit 8 molecules

Quantification limit 83 molecules

Quantification

range (test linearity)

83–8.3 · 106

molecules

(r = 0.999)

Intra-assay variation 9.62 ± 2 (n = 4)

Inter-assay variation 16.4 (n = 4)

B

Development

stages

Copy number

(·104)/lg
total RNAa

SEMb

Stage 1 (in callus) 3.710 0.96

Stage 1–2 8.450 0.85

Stage 2–3 2.570 0.64

Stage 4 4.190 0.79

NPA-treated stage 2 118.2 16.9

a Mean of triplicate assays.
b Standard error of mean.
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(Aida et al. 2002). The genes, STM and the CUP-SHAPED

COTYLEDON 1 and 2 (CUC1 and 2), seem to be involved

in the separation of the cotyledon primordia (Aida et al.

1999, Takada et al. 2001), and in a model put forward by

Aida et al. (2002) PIN1 and MP are suggested to regulate

apical patterning partially through the control of CUC

expression. The process of cotyledon formation also appears

to share many similarities with the formation of leaf primor-

dia, with auxin flux being controlled by PIN1 in the surface

cells (Jenik et al. 2007). Local application of auxin and NPA

onto cultured tomato shoot apices caused collar-shaped pri-

mordia encircling the entire apex or pin-like phenotypes,

respectively (Reinhardt et al. 2000). The high local auxin

concentration in the P. abies embryo epidermal cell layer

(Figure 4) together with its high expression of the PIN1-like

gene (Palovaara et al. unpublished) suggests this region to

have an NPA-sensitive auxin transport leading to the

aberrant cotyledons phenotype seen after NPA treatment

(Table 2; Figures 2 and 4).

NPA causes broader procambium and RAM

in developing somatic embryos

The expression of the PIN1-like gene was higher in embryos

exposed to NPA than in the control embryos (Table 4). The

vascular tissue also appeared to be more expanded in the

NPA-treated embryos (Figure 4), but if such cells also

became properly aligned and functional was, however,

not determined. Vascular overgrowth is a common

response to NPA, in a similar fashion to the mutant pin1

phenotype in Arabidopsis (Mattsson et al. 1999, Wenzel

et al. 2008). An increase in PIN1-like expression was also

seen in the NPA-treated seedlings of Arabidopsis in which

case the normal vascular PIN localization also expanded

to the cortical cells of root tips treated with the inhibitors

of polar auxin transport (Peer et al. 2004, Vieten et al.

2005). As noted earlier, NPA acts by inhibiting auxin efflux

from cells, which then, as a consequence, leads to auxin

accumulation in treated cells (Petrásek et al. 2003). Auxin

can modulate the transcription of PIN1 through the

TIR1-Aux/IAA-ARF pathway in Arabidopsis (Vieten

et al. 2005) and, taken together, our results indicate that

auxin regulates P. abies PIN1-like expression in a similar

manner.

Clear auxin maxima in embryo roots could not be

inferred from the immunolocalization analysis that are per-

formed in this study, although the mature root tips stained

intensively (Figure 5A). No clear difference in the staining

intensity or in the staining pattern of IAA could be seen

between embryos that had been treated with NPA and

the control. However, the staining intensity was the highest

in the early staged embryos and decreased as embryos

matured, which is in agreement with IAA measurement

of developing pine seeds (Sandberg et al. 1987). Recently,

Larsson et al. (2008) also found that NPA treatment of

the early staged P. abies somatic embryos (roughly

corresponding to stage 1 embryos in this study) caused

increased endogenous IAA concentration. An auxin imbal-

ance in embryo axis then probably caused the broadening

of both the procambium and the RAM that was seen in

the NPA-treated embryos.

Conclusion

Our results show that NPA is harmful to early staged

somatic embryos of P. abies, and that it causes cotyledon

fusion and broadening of the RAM of precotyledonary

embryos. For proper cotyledon initiation, correct auxin

transport is needed only during a short period at the tran-

sition stage of embryo development, which is consistent

with the results on B. junceae embryos (Liu et al. 1993).

The defect of fused cotyledons seen on the developing

embryos is similar to that commonly seen on angiosperm

embryos after exposure to the chemical inhibitors of auxin

transport. Our results also show that a PIN1-like gene is

expressed during the earliest stages of somatic embryo

development, confirming the importance of polar auxin

transport during these stages. In addition, there is a drastic

increase of PIN expression in the precotyledonary (stage 2)

embryos treated with NPA compared to the untreated con-

trol embryos, which also is consistent with the earlier obser-

vations in Arabidopsis of how the inhibitors of auxin

transport can modulate PIN gene expression in a way

similar to that observed in pin mutants.

Supplementary Data

Supplementary data for this article are available at Tree

Physiology Online.
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Benková, E., M. Michniewicz, M. Sauer, T. Teichmann, D.
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P. Skupa, S. Chand, E. Benková, E. Zazı́malová and J. Friml.
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Petrásek, J., A. Cerná, K. Schwarzerová, M. Elckner, D.A.
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