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Abstract

Background: Among the many commercial opportunities afforded by somatic embryogenesis (SE), it is the ability

to clonally propagate individual plants with rare or elite traits that has some of the most significant implications.

This is particularly true for many long-lived species, such as conifers, but whose long generation times pose

substantive challenges, including increased recalcitrance for SE as plants age. Identification of a clonal line of

somatic embryo-derived trees whose shoot primordia have remained responsive to SE induction for over a decade,

provided a unique opportunity to examine the molecular aspects underpinning SE within shoot tissues of adult

white spruce trees.

Results: Microarray analysis was used to conduct transcriptome-wide expression profiling of shoot explants taken

from this responsive genotype following one week of SE induction, which when compared with that of a

nonresponsive genotype, led to the identification of four of the most differentially expressed genes within each

genotype. Using absolute qPCR to expand the analysis to three weeks of induction revealed that differential

expression of all eight candidate genes was maintained to the end of the induction treatment, albeit to differing

degrees. Most striking was that both the magnitude and duration of candidate gene expression within the

nonresponsive genotype was indicative of an intense physiological response. Examining their putative identities

further revealed that all four encoded for proteins with similarity to angiosperm proteins known to play prominent

roles in biotic defense, and that their high-level induction over an extended period is consistent with activation of a

biotic defense response. In contrast, the more temperate response within the responsive genotype, including

induction of a conifer-specific dehydrin, is more consistent with elicitation of an adaptive stress response.

Conclusions: While additional evidence is required to definitively establish an association between SE

responsiveness and a specific physiological response, these results suggest that biotic defense activation may be

antagonistic, likely related to the massive transcriptional and metabolic reprogramming that it elicits. A major issue

for future work will be to determine how and if suppressing biotic defense activation could be used to promote a

physiological state more conducive to SE induction.

Keywords: Conifer, Gene expression profiling, Microarray analysis, Absolute qPCR, LRE qPCR, Clonal propagation

* Correspondence: bob.rutledge@nrcan.gc.ca; krystyna.klimaszewska@nrcan.

gc.ca
1Natural Resources Canada, Canadian Forest Service, Laurentian Forestry

Centre, 1055 du P.E.P.S., Québec, QC G1V 4C7, Canada

Full list of author information is available at the end of the article

© 2013 Rutledge et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Rutledge et al. BMC Plant Biology 2013, 13:116

http://www.biomedcentral.com/1471-2229/13/116

mailto:bob.rutledge@nrcan.gc.ca
mailto:krystyna.klimaszewska@nrcan.gc.ca
mailto:krystyna.klimaszewska@nrcan.gc.ca
http://creativecommons.org/licenses/by/2.0


Background
Plant somatic embryogenesis (SE) has become an

established biotechnology within the horticulture, agri-

culture and forest industries, providing the capability for

commercial-scale production of clonal seedlings [1-3].

However, the efficiency of inducing embryogenic tissue

formation (SE induction) continues to be problematic,

particularly in woody species such as conifers. For

example, although zygotic embryos from a few species

belonging to the Pinaceae family are highly responsive,

many other conifer species are either completely

nonresponsive or produce efficiencies too low to be

commercially viable. An even more prominent issue is

the recalcitrance of tissues from adult trees, which, if

overcome, would allow unlimited propagation of individ-

ual trees with elite characteristics [4].

While judicious manipulation of induction media has

found success in improving SE induction efficiency from

zygotic embryos, particularly for pines [3], successful ap-

plication to vegetative tissues has to date been marginal,

at best [4,5]. In addition, although many physiological

and genetic factors impacting SE induction have been

documented for angiosperms [6-8], lack of an effective

experimental system has impeded efforts to identify even

the most fundamental aspects underpinning SE induc-

tion within vegetative tissues of conifers.

In an attempt to address this deficiency, experiments

initiated over a decade ago targeted somatic embryo-

derived white spruce trees with the expectation that they

would have a greater propensity for SE induction than

trees grown from seed. This led to the identification of a

clonal line of white spruce that produced shoot buds

that have remained responsive to SE induction even after

reaching sexual maturity [9]. Combined with advances

in conifer genomics [10-12], this presented an unprece-

dented opportunity to explore the molecular aspects of

SE induction within shoot primordia of adult spruce

trees.

Using a recently constructed conifer 32 K oligo-probe

microarray [12], transcriptome-wide expression profiling

led to the identification of four of the most differentially

expressed genes within this and a nonresponsive geno-

type at day 7 of induction. Expanding the analysis to day

21 using absolute qPCR revealed substantive differences

in the expression dynamics of these candidate genes.

Most evident was that both the magnitude and duration

of candidate gene expression were greater within the

nonresponsive genotype, which is indicative of an in-

tense physiological response to the induction treatment

that may be antagonistic to SE induction. Examination

of their putative identities further revealed that this in-

tense response may be a result of biotic defense elicit-

ation, whereas the moderate response of the responsive

genotype is suggestive of an adaptive response.

Results
Induction of somatic embryogenesis within

primordial shoots

A detailed description of SE induction within primordial

shoot explants of the responsive genotype (G6) has pre-

viously been described [9]. Briefly, buds were disinfected,

primordial shoots excised and cut into sections before

being placed onto SE induction medium (Figure 1A).

With the expectation that differential gene expression

could be associated with the responsiveness (or lack

thereof ) to SE induction, microarray analysis was

conducted with RNA extracted from explants following

one week of induction (Figure 1B). Selection of this time

point was based on empirical observations suggesting

that it was sufficiently early to avoid biases produced by

embryonal mass formation, which could confound iden-

tification of genes associated with SE induction, rather

than those that become active during embryogenesis.

During the first two weeks of induction, explants of both

G6 and that of a nonresponsive genotype (G12) were

characterized by elongation of the needle primordia and

formation of small amounts of callus on the cut surfaces

and at the bases of elongated needle primordia. During

the third week of induction, some of the G6 explants

produced nodules on the elongated needle primordia or

within the callus, along with minute amounts of embry-

onal masses (EM) that marked the initiation of SE

(Figure 1C). During the fourth week of induction, some

of the G6 explants generated rapidly proliferating EM

(Figure 1D). After 16 weeks, 22 of 480 (4.6%) G6 shoot

explants produced EM, while none of the 480 G12

explants responded.

Microarray analysis and selection of candidate genes

The microarray analysis was conducted using explants

taken at the point of collection (day 0) and after one

week of SE induction (day 7), with five biological repli-

cates analyzed for each genotype per time point (see

Methods for additional details). Intra-genotype differ-

ences between day 0 and 7 were substantive, with 4381

and 5807 targets being differentially expressed within

G12 and G6, respectively (Figure 2A). Although this in-

cludes 3602 targets that were shared, the total number

of differentially expressed targets (6586) represents a

sizeable proportion of the 23,854 distinct white spruce

genes represented on the microarray [12]. An inter-

genotype comparison reveals many small differences,

with 167 targets differing significantly at day 7, as com-

pared to 27 targets at day 0 (Figure 2B). Comparing the

magnitude of intra-genotype fold-differences further

supported the similarity of response to the induction

treatment (Additional file 1). Such moderate differences

suggest that the induction treatment generated a largely

shared response with regards to the genes involved.
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Figure 1 SE induction within primordial shoots of adult white spruce trees. (A) Longitudinally sectioned preflush bud representative of

those collected for SE induction. (B) A shoot primordium explant following one week of induction treatment, the time point at which tissues

were collected for microarray analysis. (C) Formation of embryonal masses (EM) that occurs within some of the G6 explants after about three

weeks of induction. (D) Subsequent proliferation generates EM that can then be subcultured and used to generate unlimited numbers of

seedlings that are clones of the parental tree from which the buds were collected. d: days of induction treatment, bars = 0.8 mm.
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Figure 2 Differential expression (DE) between genotypes and in response to one week of SE induction treatment. (A) Intra-genotype DE

produced by the seven day SE induction treatment (Student’s T-test; adjusted p-value <0.05). (B) Inter-genotype DE targets before and after the

induction treatment (Student’s T-test; adjusted p-value <0.05). (C) DE in relation to genotype, treatment and interaction effects based on a two-

way ANOVA (p-value < 0.05). No filtering was conducted based on the magnitude of fold difference and all statistical analyses were corrected for

multiple testing.

Rutledge et al. BMC Plant Biology 2013, 13:116 Page 3 of 17

http://www.biomedcentral.com/1471-2229/13/116



However, this does not take into account quantitative

differences in expression levels, an aspect that was

examined during the qPCR analysis (see below).

To further investigate how genotype and the induction

treatment interacted, a two-way ANOVA analysis was

performed (Figure 2C). This revealed that 8433 targets

were differentially expressed across all combinations,

with about 90% responding solely in relation to the SE

induction treatment. Furthermore, about 10% differed

between the two genotypes, and about 3% showed a sig-

nificant interaction between genotype and treatment. It

is important to note that all targets showing a genotype

effect also showed response to the SE induction, in

which 37% showed a genotype X treatment interaction.

To identify candidate genes for qPCR analysis, the

microarray data were sorted based on the largest fold

differences relative to the other genotype at day 7 of in-

duction (Additional file 1), which showed similar trends

in both the number of targets and the magnitude of

differential gene expression (Table 1). With the objective

of selecting four candidate genes that most greatly

differentiated each genotype at day 7, the most differen-

tially expressed targets were examined in detail. This

revealed that nine of the top 30 within G6 were found to

be genes belonging to a small gene family encoding for

three variants of an usual conifer-specific dehydrin

called DHN1 (Figure 3A; Additional file 2), which has

been identified previously in Norway spruce [13]. Due to

their high degree of similarity, these DHN1 genes were

considered to represent a single target (Table 2). Of the

three remaining G6 candidates, a putative identity was

found for only one, showing a high degree of similarity

to the apoplastic class III peroxidase, AtPrx52, from

Arabidopsis (Additional file 3). The last two candidates

both encode for unusual proteins that appear to

be conifer-specific, containing repetitive segments

rich in threonine-glutamine and proline, respectively

(Figure 3B, C).

Putative identities were found for all four of the G12

candidates (Table 3). The top two were found to encode

for closely related proteins with high levels of sequence

similarity to an unusual class of serine protease inhibitor

that is highly conserved throughout the Angiospermae,

and predicted to have an amino terminal signal peptide

based on SignalP 4.0 analysis [14] (Figure 3D). Another

striking feature of these protease inhibitors is the

presence of eight conserved cysteine residues that

conform to the CRP5550 class of small cysteine-rich

peptides, a very large family of excreted peptides that in-

clude defensins, along with many other antimicrobial

proteins [15]. Like that of the G6 PgPrx52, the third G12

candidate encodes for an apoplastic class III peroxidase,

but which is most similar to Arabidopsis AtPrx21

(Additional file 3). The remaining G12 candidate en-

codes for a cell wall invertase most similar to the

Arabidopsis AtcwINV1 (Additional file 3).

With respect to changes in expression over time, com-

paring day 7 with day 0 revealed that all but one of the

candidate genes increased significantly within both geno-

types, with no example of a reduction in gene expression

in the apposing genotype. This indicates that differential

expression at day 7 was due to higher levels of activation

within the originating genotype (Tables 2 and 3). Also

notable is that the expression of all but one of the G12

candidates increased to greater levels within the G12

explants than that of the G6 candidates within the G6

explants, suggesting that a major distinguishing charac-

teristic of the nonresponsive G12 genotype is higher

levels of candidate gene activation.

Concordance of microarray analysis with absolute qPCR

Conducting absolute quantification greatly increased the

resolution of the analysis, in addition to allowing the ex-

pression of any gene to be directly compared with that

of any other gene, within and between multiple samples.

This was accomplished using a method developed by

our group called LRE qPCR that greatly simplifies abso-

lute quantification, in large part by abrogating the need

to construct target-specific standard curves [16-18].

As is described in the Methods section, expression

analysis of nine reference genes revealed that within the

five biological replicates taken for each time point used

in the microarray analysis, the average variance was

found to be about ±20% (intra-sample group variance),

which is in part indicative of the analytical precision that

can be achieved with LRE qPCR [17]. Furthermore,

when their average expression level was compared

across the four sample groups, six of nine references

generated inter-sample group variances below ±20%,

reflective of a remarkably low level of biological vari-

ability within this experimental system. This in turn

circumvented the need to conduct reference gene

normalization as is commonly practiced for qPCR-

based gene expression analysis, particularly for those

employing relative quantification [19-22].

Table 4 summarizes the expression levels of the eight

candidate genes, revealing that expression at day 0 was

low for all the candidate genes within both genotypes,

ranging from 5.6 to 534 transcripts per 10 ng RNA. Al-

though the biological perspective of such a small dataset

Table 1 Greatest differential expression within G6 and

G12 at day 7 of induction based on microarray analysis

Day 7 G6 / G12 G12 / G6

>3-fold difference: 32 targets 30 targets

>2-fold difference: 110 targets 142 targets

Top 10: 4.9-8.2-fold 3.9-9.6-fold
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is necessarily limited, this does suggest that all of the

candidate genes were relatively quiescent at the point of

bud collection. In addition, consistent with that pre-

dicted by the microarray analysis, activation of the G12

candidates within the G12 explants was on average 9-

fold higher than that of the G6 candidates within the G6

explants.

Table 5 compares the relative differences in candidate

gene expression between the two genotypes at day 7,

which provides broad confirmation of the microarray

analysis. For example, the relative ranking based on the

magnitude of fold differences, as predicted by microarray

and qPCR quantification, is in general agreement within

and between the two groups of candidate genes. One ob-

vious exception is the qPCR-derived ratio for the QT-

repeat candidate of 340-fold. However, this is a result of

the very low expression levels within the G12 explants at

day 7 (Table 4), bringing into doubt the comparability

with the microarray analysis. These datasets also reflect

the limited biological perspective that can be achieved

with analysis of only two time points. A major aspect of

this study was thus to exploit the high capacity of LRE

qPCR to expand the analysis to day 21 of induction.

Profiling the dynamics of candidate gene expression

Expanding the analysis to day 21 by including three add-

itional time points (3, 15 and 21 days) allowed the dy-

namics of candidate gene expression to be defined in

greater detail. For example, within the G6 explants the

QT-repeat candidate expression reached near maximal

levels by day 3, a level that was maintained up to day 21,

whereas within the G12 explants, its expression was

nearly absent throughout the entire induction treatment

(Figure 4A). Extensive differential expression was also

revealed for the apoplastic peroxidase PgPrx52 within

the G6 explants, reaching maximal expression by day 3,

A

B

D

C

Figure 3 Amino acid sequence alignments of the five most unusual candidate genes. (A) DHN1, a conifer-specific dehydrin, was found to

be composed of three variants (see Additional file 2 for more information). Conserved substitutions are highlighted in yellow and the two

dehydrin domains are bolded. (B, C) QT-repeat and proline-rich candidates that appear to be unique to conifers, aligned to highlight their highly

repetitive structure. (D) PgPI20a/b aligned with representative angiosperm homologs, which encode for highly conserved, small molecular weight

serine protease inhibitors belonging to an unassigned subclass of the MEROPS I20 family (MER201390). Populus trichocarpa (EEF00358), Arabidopsis

thaliana (At1G72060), Zea mays (EF406275). See Additional file 3 for amino sequence alignments of the remaining three candidates.

Table 2 G6 candidate genes showing the largest fold differences relative to G12 at day 7 of induction

Acronym Putative ID G6 / G12 G6 / G12 G6 G12 UniGene

Day 0 Day 7 Day 7/0 Day 7/0

DHN1a Dehydrin 1.04 5.29 16.98 3.65 Pgl.27264

DHN1b Pgl.27244

DHN1c Pgl.12105

QT-repeat Unknown 1.00 5.45 12.42 2.28 Psi.6570

PgPrx52 Class III Peroxidase 1.00 4.34 7.28 1.68 Pgl.27374

Proline-rich Unknown 1.00 3.57 3.57 1.00 Pgl.22151

Fold differences between day 0 and 7 within each genotype are also listed for each candidate gene, along with their UniGene accession number. The DHN1

dehydrin candidate was found to be encoding for three closely related variants (Figure 3A, Additional file 2).
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but falling 3-fold by day 7, to a level that was maintained

up to day 21 (Figure 4B).

The dynamics of DHN1 expression was similar in

nature to PgPrx52, peaking at day 7 followed by a pro-

gressive 3-fold reduction by day 21 within the G6 ex-

plants, indicative of an early, transient-like activation

(Figure 4C). However, DHN1 expression was not only

apparent within the G12 explants, but progressively in-

creased up to day 15, suggesting that activation of this

G6 candidate gene is much less genotype-specific. While

differential expression of the proline-rich candidate was

maintained up to day 21, both genotypes generated simi-

lar expression dynamics, again reflective of modest, if

any, genotypic specificity (Figure 4D).

For G12, all four candidates demonstrated high levels

of differential expression (Figure 5). In addition, expres-

sion for all but PgcwINV1 progressively increased during

the induction treatment, all reaching maximal levels that

were on average about 20X greater than the maximum

expression of the G6 candidates within the G6 explants

(Figure 4). Overall, the expression dynamics within the

G12 explants is consistent with an intense and sustained

response to the induction treatment.

In summary, qPCR expression profiling confirmed the

efficacy of candidate gene selection based on microarray

analysis at day 7 of induction, in that all of the candidate

genes maintained differential expression within their

originating genotype throughout the entire induction

treatment, although to varying degrees. In addition, the

overall biological variability was sufficiently low to reveal

strong trends in gene expression dynamics, and to illus-

trate the utility of absolute quantification, which, among

other attributes, provides the ability to assess the magni-

tude of expression of individual genes. Also consistent

with that predicted by the microarray analysis was the

high level of induction of all four G12 candidates within

the G12 explants, which was maintained well beyond

day 7. This suggests that a major distinguishing charac-

teristic of these nonresponsive explants is an intense

physiological response to the SE induction treatment.

Discussion
Recalcitrance of plant explants to many types of tissue

culture manipulation, including SE induction, has long

been an impediment to clonal propagation of individual

plants with elite characteristics, a capability that has

significant commercial implications. These also include

rare traits, such as insect or pathogen resistance, for

which rapid propagation and dissemination could have

important ecological implications. This is particularly

Table 3 G12 candidate genes showing the largest fold differences relative to G6 at day 7 of induction

Acronym Putative ID G12 / G6 G12 / G6 G12 G6 UniGene

Day 0 Day 7 Day 7/0 Day 7/ 0

PgPI20a Protease inhibitor 1.00 9.56 46.19 4.83 Pgl.12024

PgPI20b Protease inhibitor 1.00 8.89 24.96 2.81 Pgl.12581

PgPrx21 Class III Peroxidase 1.00 7.27 9.24 1.27 Pgl.6064

PgcwINV1 Cell wall invertase 1.00 6.94 17.02 2.45 Pgl.11929

Fold differences between day 0 and 7 within each genotype are also listed for each candidate gene, along with their UniGene accession number.

Table 4 Average transcript quantities of the candidate genes within the four sample groups used in the microarray

analysis

Target G6 Explants G12 Explants

Day 0 Day 7 Day 0 Day 7

G6

QT-repeat 204 ±58.8% 11,300 ±10.8% 22.6 ±74.3% 33.3 ±46.4%

DHN1 217 ±63.1% 32,500 ±60.8% 135 ±61.2% 7,890 ±47.5%

PgPrx21 34.7 ±59.2% 8,020 ±28.6% 8.0 ±78.8% 1,000 ±28.9%

Proline-rich 534 ±28.7% 4,120 ±35.0% 442 ±40.8% 1,730 ±13.3%

G12

PgPI20a 16.8 ±117.3% 4,290 ±60.2% 155 ±81.8% 193,700 ±44.7%

PgPI20b 5.6 ±108.3% 8,080 ±79.0% 55.8 ±79.0% 162,500 ±40.2%

PgPrx52 63.0 ±32.4% 583 ±81.4% 179 ±51.7% 27,100 ±27.8%

PgcwINV1 34.3 ±47.8% 18,065 ±60.0% 8.6 ±48.2% 122,100 ±56.6%

Quantities are expressed as the number of transcripts per 10 ng RNA ± CV (coefficient of variation = (standard deviation/average) x 100%). Individual

quantifications are provided in Additional file 7.

Rutledge et al. BMC Plant Biology 2013, 13:116 Page 6 of 17

http://www.biomedcentral.com/1471-2229/13/116



relevant to forest trees, whose long generation times

pose substantive challenges to traditional propagation

approaches such as rooting of cuttings, and to genetic

improvement programs based on conventional breeding.

These limitations are further exacerbated by the fact that

many elite traits become most evident in mature plants,

a time at which many woody species, including conifers,

become recalcitrant to tissue culture manipulation [4].

The identification of a clonal line of adult white spruce

trees that produce shoot primordia responsive to SE

induction thus presented a unique opportunity to ad-

dress the molecular aspects of SE induction, with the

expectation that this may be broadly applicable to other

plant species.

Stress-response as a likely determinant for SE induction

responsiveness

As is often the case for SE-induction research, a major

presumption entering into this study was that genes

selectively expressed within the responsive G6 bud

explants would become the primary targets for investiga-

tion. Indeed, expression profiling revealed an unusual

glutamine-threonine repeat protein (Figure 3B) that was

specifically expressed throughout the entire SE induction

treatment (Figure 4A). Although such a dramatic differ-

ential expression implies a potentially important role in

induction responsiveness, this protein appears to be

conifer-specific with no known function, excluding the

likelihood that this protein plays a universal role in som-

atic embryogenesis. This is also the case for a proline-

rich protein (Figure 3C), which showed marginal, albeit

persistent, differential expression in the G6 bud explants

up to day 21 (Figure 4D); however, this protein also

appears to be conifer-specific with no known function.

Although the two remaining candidates encode for pro-

teins with putative functions (dehydrin and peroxidase;

Figure 3A and Additional file 3, respectively), the

greatest differential expression occurred during early

stages of the induction treatment (Figure 4B, C), long

before embryogenic tissues begin to emerge, which again

does not greatly support a role, at least directly, in deter-

mining SE induction responsiveness.

In contrast to this temperate response, the intense

candidate gene activation within the nonresponsive G12

bud explants was not only found to persist into the late

stages of the induction treatment, but also reached very

Table 5 Fold differences in candidate gene expression as

determined by microarray and absolute qPCR

quantification

G6/G12 G12/G6

Target Microarray qPCR Target Microarray qPCR

QT-repeat 5.45 340 PgPI20a 9.56 45.1

DHN1 5.29 4.12 PgPI20b 8.89 20.1

PgPrx21 4.34 8.02 PgPrx52 7.27 46.5

Proline-rich 3.57 2.38 PgcwINV1 6.94 6.76
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Figure 4 Expression profiling of the G6 candidate genes during

21 days of SE induction. Each point represents the average

quantity expressed as the number of transcripts per 10 ng RNA with

the standard deviation presented as bars. Individual quantifications

are provided in Additional file 7.
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high levels (maxima 60,000-600,000 transcripts per

10 ng RNA) (Figure 5). While the limited use of absolute

quantification has to date provided an inadequate con-

text for universally comparing gene expression levels,

EF1α does provide some perspective as to the magnitude

of candidate gene expression. Utilized as a reference

gene, EF1α expression averaged around 700,000 tran-

scripts per 10 ng RNA (see Methods), which is the most

highly expressed gene encountered in this study. This is

consistent with it being one of the most highly expressed

genes in developing conifer shoots, as based on EST

clone frequency and microarray analysis (data not

shown). It is thus the magnitude of candidate gene ex-

pression within the nonresponsive G12 explants that

suggests the physiological response of a primordial shoot

explant, particularly during the early stages of SE induc-

tion, could determine its ability to become responsive to

SE induction.

While the subject area of stress physiology is vast, it

is apparent that a number of general principles de-

scribed for angiosperms could provide insights into the

physiological response of conifer bud explants, particu-

larly in relation to abiotic and biotic defense responses.

For example, a transient oxidative burst of low inten-

sity is predicted to occur immediately after an explant

is introduced into culture, which is indicative of early

oxidative signaling generated during both abiotic stress

(including wounding) and biotic defense responses

[23-25]. A major distinction, however, is that elicit-

ation of a biotic defense response is associated with a

second prolonged oxidative burst of high intensity,

which in turn triggers massive transcriptional and

metabolic reprogramming, including high level induc-

tion of defense protein expression, slowing of growth,

and, in the most extreme cases, induced cell death

[23,24,26-29]. This possess the question as to whether

the intense response generated by the G12 explants is

reflective of a biotic defense response that makes them

physiologically recalcitrant to SE induction, in contrast

to an adaptive stress response within the G6 explants

that generated a physiological state conducive to SE

induction.

Although such generalizations provide an attractive

model, it should be stressed that angiosperm defense

responses have been found to be highly dynamic and

complex processes that involve cross-talk between

signaling networks regulated by salicylate, jasmonates,

and ethylene, in combination with other plant hor-

mones [27-32]. It is therefore difficult to draw specific

parallels to conifer bud explants without direct

supporting evidence. Nevertheless, examining the pu-

tative functions of the proteins encoded by the four

G12 candidate genes (an apoplastic class III peroxid-

ase, a cell wall invertase, and two closely related extra-

cellular serine protease inhibitors) provides support for

the contention that the SE induction treatment elicited

a biotic defense response within these nonresponsive

explants.
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Figure 5 Expression profiling of the G12 candidate genes

during 21 days of SE induction. Each point represents the average

quantity expressed as the number of transcripts per 10 ng RNA with

the standard deviation presented as bars. Individual quantifications

are provided in Additional file 7.
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Apoplastic class III peroxidases play a prominent role in

biotic defense activation

Class III peroxidases have been found to generate

apoplastic hydrogen peroxide that acts as a signal for bi-

otic defense elicitation [27,33-36]. Direct demonstration

of this was recently reported for maize, in which U.

maydis (corn smut) leaf infection was found to induce

the expression of a single class III peroxidase gene

(POX12), and that virulence of this pathogen is

dependent on its excretion of a peroxidase inhibitor pep-

tide (Pep 1) [37,38]. Furthermore, induced gene silencing

of POX 12 was found to restore virulence even in the

absence of Pep 1, providing direct evidence that POX12

activity is essential for mounting a successful biotic

defense response against this pathogen [38]. The pro-

gressive, high level activation of a class III peroxidase

within the G12 explants (Figure 5A) is thus consistent

with a role in biotic defense elicitation.

Additional, albeit tentative, support for such a conten-

tion is that this G12 candidate is most similar in amino

acid sequence to the Arabidopsis class III peroxidase,

AtPrx21 (Additional file 3), which belongs to an unusual

evolutionary branch of plant peroxidases [39]. Increased

expression of AtPrx21 produced by wounding and

microbial attack has led to the suggestion that it has a

protective role against pathogens [36]. A more direct

demonstration of a role in biotic defense comes from

the fact that overexpression of AtPrx21 in Arabidopsis

produces resistance to Botrytis cinerea [40]. Thus,

currently available data suggests that persistent, high

level expression of an apoplastic class III peroxidase

gene plays a central role in biotic defense activation, a

role that the G12 PgPrx21 may play in conifers.

Conversely, the transient nature of the G6 class III

peroxidase PgPrx52 gene activation (Figure 4B) could be

reflective of an adaptive stress response in which the

initial oxidative burst dissipates during the first few days

of induction treatment, restoring cellular redox homeo-

stasis [41-43]. This is similar to the activation, although

slightly later, of the G6 dehydrin DHN1 gene (Figure 4C),

which is a conifer-specific dehydrin that has been

reported to play a role in bud dormancy and

overwintering in Norway spruce [13]. This too sup-

ports the contention that the G6 explants elicited an

adaptive stress response, in that dehydrins have long

been recognized as playing a fundamental role in

adapting to environmental stresses [44]. Thus, al-

though speculative, it could be argued that an adaptive

stress response may be an important determinant for

establishing SE induction responsiveness.

Induction of a cell wall invertase

Activation of cell wall invertases, which catalyze the

hydrolysis of sucrose to glucose and fructose within the

apoplast, have also been found to play a prominent role

in biotic defense by providing the large quantities of

energy required for mounting an intense metabolic

response [45-49]. RNAi inhibition of expression has

provided direct support for a central role of a cell wall

invertase in defense response elicitation in tobacco [50].

Indeed, the prominence of cell wall invertase induction

has led to a proposal that it be classified as a

pathogenesis-related protein [45], which is a large class

of defense proteins that become highly expressed follow-

ing biotic defense activation [51].

Amino acid sequence comparison to Arabidopsis re-

vealed that the G12 invertase is most similar to

AtcwINV1 (also called AtβFruct1) (Additional file 3),

which is a member of a small gene family within

Arabidopsis [47]. A number of studies have reported

induction of AtcwINV1 expression following pathogen

infection of Arabidopsis leaves [52-54], in addition to

induction following Agrobacterium infection of Arabidopsis

cell cultures [55]. Importantly, selective induction of

AtcwINV1 following wounding also suggests a general role

in adaptive stress responses [56]. This is consistent with the

progressive increase in expression of PgcwINV1 observed

within the G6 explants. However, this is contrasted by a

rapid activation within the G12 explants between day 3 and

7, reaching an average of about twice that found within the

G6 explants, a level that is maintained up to day 21 of the

induction treatment (Figure 5B). This could be reflective of

a more intense metabolic response of the G12 explants dur-

ing the earliest stages of the induction treatment, a pre-

sumption consistent with the high levels of expression

observed for the two remaining G12 candidate genes.

Activation of two I20 serine protease inhibitors

The two most highly expressed G12 candidate genes

were found to encode for closely related protease inhibi-

tors belonging to an unassigned subclass of the

MEROPS I20 family of serine protease inhibitors [57,58].

This subclass has a number of distinguishing features,

including the presence of a transient peptide, an un-

usually small mature protein (less than 60 amino acids),

and the presence of eight highly conserved cysteines

(Figure 3D). In fact, these features have led to their

classification into the superfamily of small cysteine-rich

peptides (CRP), a very large family of secreted peptides

composed of several hundred genes within Arabidopsis.

Initially founded on structural similarities with defensins,

which is an ancient form of antimicrobial peptide [59], a

large number of CRPs have been shown to play a role in

biotic defense [15]. Another distinctive characteristic of

this subclass of I20 protease inhibitors is the occurrence of

closely related homologues throughout the Angiospermae,

principally as a single gene [60]. In fact, this high level of

conservation led Hartl et al. [60] to suggest that in addition
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to a probable role in biotic defense, they could have an es-

sential role in plant physiology. The presence of two highly

conserved homologs within conifers provides support for

such a possibility.

A direct link of the angiosperm homolog to biotic

defense activation comes from expression analysis of U.

maydis Δpep1-infected maize leaves, which elicits a

massive biotic defense response, as was described earlier.

Among the 220 genes found to be induced, the maize

I20 homolog (EF406275 in Figure 3D) was the fourth

most highly induced, increasing by 166-fold within 24 h

post-inoculation (Additional file 1: Table S1 in [37]).

Similarly, the Arabidopsis I20 homolog (At1G72060)

was the fifth most induced gene following infection by

Trichoderma harzianum, reaching a 2.79-fold increase

within 24 h [61]. Application of biotic defense elicitors

to 10-day-old Arabidopsis seedlings was also found to

induce this I20 gene, with the bacterial flagellin peptide

Flg22 generating 5.08- and 7.45-fold increases after 1

and 3 h, respectively (Additional file 1: Table S1 in [62]).

Oxidative stress induction of the maize homolog was

also demonstrated in maize leaves (referred to as serpin),

reaching 2.91- and 7.56-fold increases 16 h after applica-

tion of H2O2 and methyl viologen, respectively [63].

However, a role in abiotic defense is unlikely, as ectopic

expression of the Arabidopsis homolog in transgenic

seedlings dramatically reduced resistance to oxidative,

osmotic and salt stress [64].

The induction kinetics of the two conifer I20 homo-

logs within the G12 explants is thus consistent with

biotic defense activation as observed in angiosperms,

with both genes reaching close to 200,000 transcripts

per 10 ng RNA by day 7, which, in comparison with day

0, roughly represents a 2000-fold increase. Another

notable feature was a progressive increase in expression

throughout the entire induction treatment, reaching

about 600,000 transcripts per 10 ng RNA by day 21

(Figure 5C and D). Thus, while the precise biochemical

function of this unusual class of serine protease inhibi-

tors remains to be determined, the high level of amino

acid sequence conservation, combined with their

expression dynamics, provide support to the supposition

that these two conifer protease inhibitors play a role in

conifer biotic defense, similar to that observed in

angiosperms.

A paradigm shift towards physiological processes that

may antagonize SE induction

While it has long been recognized that the physiological

state of an explant can be a major determinant for re-

sponsiveness to SE induction, very little is understood

about the underlying mechanisms. Furthermore, the vast

majority of research efforts have historically focused on

defining factors that promote SE induction, for example,

through the activation of SE-promoting genes. This study

expands this paradigm, suggesting that nonresponsiveness

of an explant is not necessarily due to an innate lack of SE

promoting activity, but that biotic defense activation could

potentially be a dominant antagonist.

A number of physiological aspects of biotic defense

elicitation provide general support for such a presump-

tion. For example, activation of biotic defense through

exogenous application of various elicitors has been

shown to dramatically reduce plant growth, a result of

redirecting metabolic energy from growth to defense

[65,66]. This includes the action of jasmonates (JAs), the

central regulators of biotic defense elicitation associated

with wounding, which have been shown to directly me-

diate a switch from growth to the production of biocidal

compounds, cell-wall remodeling, and defense protein

expression [28]. Indeed, growth repression by JAs has

been directly linked to inhibition of cell-cycle progres-

sion [67], in addition to directly antagonizing the growth

promoting activity of gibberellic acid [31], thus providing

evidence that JAs could be direct antagonists of SE in-

duction, based in part on the assumption that cell div-

ision is necessary for embryogenic tissue formation.

Another line of supporting evidence, albeit indirect,

comes from proteomic studies that have reported a cor-

relation between expression of biotic defense proteins,

primarily pathogenesis-related proteins, and a lack of

embryogenic competency of tissues in culture [68-71].

Another notable observation related to the quantitative

nature of proteomic analysis, is the magnitude of defense

protein expression within these nonembryogenic tissues,

often being the most prominent proteins in the analysis.

While it is difficult to draw a direct comparison, this is

consistent with the intense activation of the G12 candi-

date genes within the G12 explants, and with the

supposition that redirecting metabolic resources towards

the production of such large quantities of defense pro-

teins could itself be antagonistic to the formation of

embryogenic tissues.

SE induction within leaf explants from the model

legume Medicago truncatula, an experimental system

similar to the bud explants used in this study, has

also been used to directly compare responsive and

nonresponsive genotypes [72]. Proteomic analysis re-

vealed large physiological differences as reflected by high

levels of protein accumulation, some of which were

identified as stress proteins, within a nonresponsive line

during the first week of the SE induction treatment. Al-

though an association with biotic defense elicitation was

not evident from the data presented, this led the authors

to suggest that a hyperresponse to the stress produced

by the induction treatment could be related to a lack of

responsiveness [73]. This is a scenario similar to the in-

tense physiological response of the G12 explants, and
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reminiscent of the high levels of defense protein accu-

mulation within nonembryogenic tissues, as discussed

above.

Finally, although this study provides evidence for a link

between biotic defense elicitation and recalcitrance to SE

induction, it has also generated hypotheses that could

not be directly addressed within the experimental design.

First, only one nonresponsive genotype was analyzed, so

the question as to whether a similar physiological re-

sponse occurs in other nonresponsive genotypes remains

unanswered. Second, the hypothesis of a direct associ-

ation between biotic defense elicitation and suppression

of SE induction remains to be tested. Thus, it is possible

that the differences in physiological response observed

within the G6 and G12 explants is a result of a genotypic

difference unrelated to SE responsiveness. Third, it is

unknown whether SE could be induced in the G12

explants even if biotic defense elicitation were to be

mitigated. Additional work is thus required before a

definitive understanding of the broad applicability and

implications of these findings can be achieved.

Conclusions
The central conclusion of this study is that the physio-

logical response of conifer bud explants, particularly in

relation to elicitation of a defense response, could be an

important determinant of SE induction responsiveness.

Although definitive demonstration that biotic defense

activation is antagonistic to SE induction requires add-

itional evidence, many general characteristics, such as

the dramatic metabolic and transcriptional reprogram-

ming associated with its elicitation, support a role con-

tributing to the recalcitrance of explants to SE

induction. In addition, it opens new avenues of investi-

gation into the mechanisms regulating the activation

and intensity of defense responses within explants placed

into culture, along with the prospective of developing

methods that could be used to suppress them, with the

expectation that this could generate a physiological state

more conducive not only to SE induction, but potentially

to other types of tissue culture manipulation.

Methods
Primordial shoot collection and somatic embryogenesis

induction

Shoot buds were collected on May 4 and 6, 2009, from

the second and third whorls of branches of 9-year-old

Picea glauca (white spruce) trees that were generated

from somatic embryos as previously described [9]. These

consisted of a responsive (893-6: G6) and nonresponsive

(893-12: G12) genotype, from which a total of 700 shoot

buds were collected from several clonal trees per geno-

type. SE induction was conducted as previously de-

scribed [9]. Briefly, the buds were disinfected, primordial

shoots were excised and cut longitudinally into two or

four equal parts, and the explants were placed onto

semi-solid MLV-S medium containing 9.5 μM 2,4-

dichlorophenoxyacetic acid and 4.5 μM benzyl adenine.

Replicate explant samples were collected after 3, 7, 15

and 21 days of culture, frozen in liquid nitrogen and

stored at −80°C. All remaining explants were cultured

for 16 weeks, during which formation of embryonal

masses was verified under a stereomicroscope and

recorded.

RNA preparation

Two rounds of RNA extraction were conducted, referred

to as sample series 1 and 2. For sample series 1, which

was used in the microarray analysis, a CTAB-LiCl pre-

cipitation protocol [74] was used to extract RNA from

five biological replicates of both genotypes, consisting of

approximately 80 mg of buds that were either placed

into liquid nitrogen immediately after collection in the

field (day 0), or after one week of SE induction treat-

ment (day 7). For qPCR analysis, aliquots of these RNA

samples were DNase treated before cDNA production,

as described in the reverse transcription section.

For sample series 2, three replicate collections were

taken at day 3, 15 and 21 of induction, with each repli-

cate consisting of approximately 80 mg of fresh mass.

These were placed into a 2-ml Sarstedt conical

microtube containing a single 5 mm stainless steel bead,

frozen in liquid nitrogen, and stored at −80°C. However,

it should be noted that subsequent work has revealed

that smaller amounts (less than 50 mg) can significantly

improve both the quality and quantity of RNA recovered

for some sample types. The tubes were transferred into

an adapter set that was prechilled at −80°C for a mini-

mum of two hours and transported in a cooler

containing a few inches of liquid nitrogen in order to

prevent the samples from thawing. The tissues were

disrupted twice for 45 s at 26 Hz using the Qiagen

Tissuelyzer II bead mill. The adapter set was returned to

the cooler, and each tube was removed one at a time. In

each tube 550 μl of lysis buffer (4 M guanidine isothio-

cyanate, 0.2 M sodium acetate, pH 5.0, 25 mM EDTA,

2.5% (wt/vol) PVP-40) was added [75]. The tubes were

vortexed at high speed and incubated for 2 min at 56°C,

during which one or two more vortexing steps were

conducted. Samples were then centrifuged briefly to

remove cell debris and 450 μl were removed for RNA

extraction using the Qiagen RNEasy plant mini kit

(Cat. # 74904). RNA extractions were performed using a

Qiacube DNA/RNA purification robot (Qiagen), which

included an on column DNase treatment (Qiagen RNase

free DNase, Cat. # 79254). However, variable quantities

of genomic DNA were subsequently detected by qPCR,

such that a second DNase treatment was necessary (see
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the reverse transcription section for details). Following

this DNase treatment, RNA was quantified using a

Nanodrop 1000 Spectrophotometer (Thermo Scientific),

and RNA integrity was assessed using the Agilent 2100

Bioanalyzer (Agilent Technologies), which generated

RIN values of 8.2-9.8.

Microarray analysis

Microarray experiment and analysis were conducted as

previously described [12], with minor modifications. Briefly,

1 μg of each total RNA sample was amplified using the

Amino Allyl MessageAmpII aRNA Amplification Kit (Life

Technologies, Carlsbad, CA, USA), fragmented and

quantified, and 5 μg of amplified RNA was labeled with

AlexaFluor 647 (Life Technologies). Prehybridization of the

oligonucleotide arrays, hybridization of the labeled samples

to the slides, slide washing and drying were performed

on HS400Pro hybridization stations (Tecan Group Ltd.,

Männedorf, Switzerland). Slide scanning and feature

extraction were done on a ScanArray Express scanner

(PerkinElmer, Waltham, MA, USA) and QuantArray v3.0

(PerkinElmer), respectively. Each array image was analyzed

in two sections (top and bottom half), and both sections

were fused into one file in Excel using an in-house macro.

All of the arrays (20) were kept for further analysis. The

experiment was analyzed as a one-color design with four

groups of five arrays (two time points and two genotypes, 5

biological replicates). Quality control and data processing,

namely background and buffer subtraction, aQuantile

normalization and correction for multiple testing

(Benjamini-Hotchberg), were done in R version 2.8.1

[76]. All microarray data have been deposited in

NCBI’s Gene Expression Omnibus and are accessible

through GEO Series accession number GSE46977.

Genes were selected as being differentially expressed

on the basis of their adjusted p-values (p-value < 0.05).

Analysis of variance and t-tests of selected genes were

conducted using Flexarray v1.6 [77].

Candidate target selection and primer design

Candidate targets were selected based on fold differences

in expression between the two genotypes at day 7 of SE

induction with no consideration of target gene identity

(Tables 2, 3; Additional file 1). A secondary consider-

ation was similar expression within the two genotypes at

the point of bud collection (day 0), which led to the re-

jection of one G12 and six G6 targets. The probe se-

quence from each candidate target was blasted against

the NCBI Picea EST libraries and nucleotide collection

databases, from which nucleotide alignments were

constructed for primer selection (Additional files 4 and

5), which was based primarily on positioning the

amplicon close to the stop codon in order to minimize

variance due to partial reverse transcription.

The central parameter used for primer design was de-

termining a length sufficient to generate a predicted Tm

of 70°C using the Integrated DNA Technologies online

OligoAnalyzer. This was based on calibrating the pro-

gram by arbitrarily adjusting the Mg++ parameter con-

centration to 50 mM, such that the predicted Tm of

CAL1 F1 and CAL1 R1 primers (Additional file 5)

reached 70°C, an approach found successful for other

oligo design programs. Following calibration, candidate

primers were then designed by simply adjusting their

length until the predicted Tm just exceeded 70°C. Exten-

sive self-complementary primers or those complemen-

tary to the apposing primer were rejected, as were any

primer pair that generated non-specific products in a no

template control amplification or that generated amplifi-

cation efficiencies <99%. Amplicon size was restricted to

80–200 bp; however, extensive efforts to predict primer

performance, such as analyzing the secondary structure

of the primers or of the resulting amplicon, were unsuc-

cessful. It was therefore necessary to test multiple primer

pair combinations for some targets, rejecting those that

generated profile collapse or extensive plateau drifting as

indicated by LRE analysis (see [18] for details about

these anomalies).

Reverse transcription

Before conducting reverse transcription, genomic DNA

contamination was quantified by amplifying 20 ng sam-

ples of raw RNA. This revealed that many samples

contained small amounts of gDNA contamination (10–

100 genomes) so that all RNA samples were DNase-

treated using the Ambion Turbo DNA-free DNase kit

(Cat. # AM1907), which was found to reduce gDNA

contamination to undetectable levels.

Reverse transcription was conducted in 20 μl reactions

containing 50 ng/μl RNA, 25 ng/μl oligo dT primer

(Invitrogen, Cat.# 18418–012), 5 U/μl Superscript II

(Invitrogen, Cat. # 18064–014) using the manufacturer’s

supplied buffer, and incubated at 42°C for 50 min,

followed by the addition of 180 μl 10 mM Tris, pH 8.0

to generate a final concentration of 5 ng RNA per μl.

Testing revealed that the commonly practiced addition

of RNase inhibitor and DTT provided no benefit. Note

also that we have found that RNase H treatment

produces extensive scattering of replicate profiles for

some cDNA targets, which can greatly reduce quantita-

tive accuracy. As previously reported, three replicate re-

verse transcriptase reactions using an identical RNA

sample, generated an average variance of about ±12% for

three reference gene targets [18], indicating that this

method is highly repeatable, consistent with the small

variances in reference gene expression observed in this

study (see below).
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Intra-Group

Sample Group Rep1 Rep2 Rep3 Rep4 Rep5 Average ±CV

G6 Day 0 530,260 325,567 447,352 491,484 423,604 443,653 17.5%

G6 Day 7 377,111 308,290 400,322 444,895 350,314 376,186 13.7%

G12 Day 0 270,164 541,978 322,320 294,262 397,907 365,326 30.1%

G12 Day 7 445,974 433,768 485,228 303,490 302,193 394,131 21.7%

Inter-Group ±CV: 8.8%

EF1αα Expression
A

B

C

Intra-group Variance ±CV (n= 5)
Sample Group EF1α YLS8 ACT2 GAPDH 46630 HP PTSR CDC2 UBC1

G6 Day 0 17.5% 18.2% 22.7% 18.6% 22.2% 27.4% 21.3% 13.8% 18.5%

G6 Day 7 13.7% 16.8% 14.8% 11.8% 9.8% 10.4% 6.5% 13.6% 8.4%

G12 Day 0 30.1% 24.5% 34.3% 29.5% 36.2% 32.4% 27.8% 34.6% 42.0%

G12 Day 7 21.7% 18.2% 9.3% 13.0% 18.5% 26.6% 20.2% 24.7% 19.1%

Average ±CV: 20.7% 19.4% 20.3% 18.2% 21.7% 24.2% 18.9% 21.7% 22.0%

Inter-group Variance
Sample Group EF1α YLS8 ACT2 GAPDH 46630 HP PTSR CDC2 UBC1

G6 Day 0 443,653 15,857 108,770 109,877 6,025 2,179 2,637 14,922 18,632

G6 Day 7 376,186 16,586 85,275 88,296 4,616 2,620 3,868 7,059 47,019

G12 Day 0 365,326 14,060 93,538 88,351 4,656 1,918 2,373 11,585 16,346

G12 Day 7 394,131 17,817 94,008 84,301 4,951 2,571 3,921 5,695 54,376

Average: 394,824 16,080 95,398 92,706 5,062 2,322 3,200 9,815 34,093

±CV: 8.8% 9.8% 10.2% 12.5% 13.0% 14.4% 25.3% 43.1% 57.0%

Figure 6 Reference gene expression analysis within sample series 1: day 0 and 7. (A) Representative example of intra- and inter-group

variance determination based on the coefficient of variation (±CV) based on EF1α expression. (B) Intra-group variance of all nine reference genes.

(C) Inter-group variation based on the average transcript quantities as illustrated in (A). Quantities in (A) and (C) expressed as transcripts per

10 ng RNA. ±CV = (standard deviation/average) x 100%.

Intra-group Variance ±CV (n= 3)
Sample Group* EF1αα YLS8 ACT2 GAPDH 46630 HP PTSR CDC2 UBC1

G6 Day 3 17.7% 12.2% 9.5% 22.0% 10.7% 4.1% 14.9% 10.2% 4.0%

G6 Day 15 11.5% 5.9% 10.1% 10.3% 25.1% 27.8% 26.5% 25.0% 33.0%

G6 Day 21 23.4% 6.6% 6.4% 15.4% 17.5% 8.6% 15.3% 2.3% 15.0%

G12 Day 3 11.7% 12.5% 20.8% 18.1% 22.0% 11.8% 9.7% 13.8% 18.7%

G12 Day 15 30.7% 20.3% 51.3% 28.4% 16.8% 36.3% 35.8% 18.9% 26.5%

G12 Day 21 23.4% 11.3% 22.8% 22.4% 38.6% 6.5% 3.6% 14.6% 19.2%

Average ±CV: 19.8% 11.5% 20.1% 19.4% 21.8% 15.8% 17.6% 14.1% 19.4%

A

B

C

Inter-group Variance
Sample Group* EF1α YLS8 ACT2 GAPDH 46630 HP PTSR CDC2 UBC1

G6 Day 3 709,271 29,741 86,353 237,666 3,752 7,227 14,252 15,829 144,671

G6 Day 15 717,311 23,586 103,817 177,194 3,789 6,291 11,534 11,652 154,399

G6 Day 21 780,609 27,384 118,119 175,644 5,708 4,951 6,932 11,108 120,291

G12 Day 3 734,915 28,930 92,439 188,054 3,338 6,187 10,303 13,381 136,541

G12 Day 15 654,472 29,269 98,570 163,394 4,656 5,760 8,466 12,698 139,204

G12 Day 21 629,726 27,312 100,046 135,673 4,512 3,938 5,733 11,332 125,930

Average: 704,384 27,704 99,891 179,604 4,292 5,726 9,536 12,667 136,839

±CV: 7.8% 8.1% 10.9% 18.7% 19.9% 20.0% 32.9% 14.0% 9.1%

Differences in absolute quantities

EF1α YLS8 ACT2 GAPDH 46630 HP PTSR CDC2 UBC1

Sample Series 1 394,824 16,080 95,398 92,706 5,062 2,322 3,200 9,815 34,093

Sample Series 2 704,384 27,704 99,891 179,604 4,292 5,726 9,536 12,667 136,839

Difference: -43.9% -42.0% -4.5% -48.4% 17.9% -59.4% -66.4% -22.5% -75.1%

Average: -33.7%

Figure 7 Reference gene expression analysis within sample series 2: day 3, 5 and 21. (A) Intra-group variation (±CV). (B) Inter-group

variation based on the average transcript quantities as illustrated in Figure 6A. (C) Differences in the average absolute quantities derived from

sample series 1 and 2. All quantities are expressed as transcripts per 10 ng RNA. ±CV = (standard deviation/average) x 100%.
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LRE qPCR

Detailed descriptions of how LRE qPCR was developed, its

performance capabilities, and description of a platform-

independent Java desktop program that automates LRE

analysis have previously been published [16-18,78]. In brief,

absolute quantification is achieved by converting 3-6 of the

fluorescence readings within the central region of each

amplification profile into target quantity expressed in fluor-

escence units (F0). These are averaged and converted into

DNA mass (M0) using an optical calibration factor (OCF =

fluorescence units per ng dsDNA) generated by amplifica-

tion of a known quantity of lambda genomic DNA, an

approach analogous to that used for quantification of

nucleic acids using fluorescent dyes. This is followed by

conversion into the number of target molecules (N0) based

on amplicon size (As) [17]:

PCR amplification was conducted with an Applied

Biosystems 7500 Fast qPCR system (normal ramping),

QuantiTect enzyme formulation (Qiagen, Cat. # 204145) in

a 10 μl reaction volume containing 500 nM of primers, an

aliquot of reverse transcriptase reaction equivalent to 5 ng

RNA, using 96 well BrightWhite plates (Primerdesign, BW-

Fast) sealed with MicroAmp film (Applied Biosystems, Cat

# 4311971). The cycling regime consisted of a 15 min acti-

vation at 95°C, followed by 50 cycles of 95°C for 10 s, and

65°C for 120 s. Amplicon Tm was determined for each

amplification reaction by melt curve analysis (65 to 90°C)

conducted at the end of each run. Raw fluorescence read-

ings were imported into the LRE Analyzer (Version 0.8.7),

an open source Java program available for download

[79,80]. The program contains an extensive help dataset

that describes how the program functions, along with vari-

ous guidelines for setting up and testing the performance of

qPCR assays.

All primer pairs produced a single prominent amplicon

peak following melt curve analysis, and generated amplifi-

cation efficiencies that ranged from 102 to 107%. The

propensity for QuantiTect to generate amplification effi-

ciencies greater than 100%, a systemic bias that generates

moderate underestimates of target quantity, was compen-

sated by fixing the amplification efficiency to 100%, as de-

scribed in the LRE Analyzer help. The LRE Analyzer

databases are provided in Additional file 6, along with the

amplicon and optical calibration databases used in this

study. A summary of the individual quantitative determina-

tions is provided in Additional file 7.

Reference gene analysis

Expression of nine reference genes was used to deter-

mine the levels of biological variability, in addition to

serving as internal quality controls for assessing the

technical variance associated with sample preparation

and LRE qPCR analysis. Two reference genes were taken

from microarray analysis of Sitka spruce apical shoots

(hypothetical protein (HP) and peroxisomal targeting

signal receptor (PTSR)) [81], with the remaining seven

being conifer homologs to Arabidopsis reference genes

also identified from microarray analysis [82]. Primer

sequences along with UniGene accession numbers are

provided in Additional file 5.

Assessing expression stability was based on coefficient of

variation, analogous to the approach used to develop the

Genevestigator’s RefGenes tool, in which transcriptome-

wide expression stability was assessed using the standard

deviation of signal intensities generated by microarray ana-

lysis [83]. Figure 6A provides an example of this approach

based on EF1α expression within sample series 1 (day 0

and 7). Intra-group variance is a combination of biological

variability and technical-derived variance associated with

RNA preparation, cDNA production and LRE qPCR

analysis, whereas inter-group variance is primarily reflective

of biological variance. Expanding the analysis to nine

reference genes generated similar intra-group variances

(Figure 6B), with inter-group variances differed more

greatly (Figure 6C).

Repeating the analysis with sample series 2 (day 3,

15 and 21) generated similar intra-group variations

(Figure 7A). Inter-group variances were also similar,

except for CDC2 and UBC1 (Figure 7B), which were

much lower than those observed in sample series 1

(Figure 6C). Another notable outcome is that despite the

high levels of expression stability, nearly all of the refer-

ence genes within the sample series 1 produced average

absolute quantities lower than those of sample series 2

(Figure 7C). Although the source of these differences

was not investigated, it may be related to the LiCl pre-

cipitation step used to prepare the RNA within sample

series 1. Regardless, based on the premise that such an

anomaly would be modest in relation to the large

changes observed in candidate gene expression, and

that it would only impact the day 0 and 7 samples, this

quantitative bias was deemed insignificant for the pur-

poses of this study. Overall, these large datasets dem-

onstrate a remarkably low level of biological variability

across all 10 sample groups, in addition to illustrating

the quantitative precision that can be achieved with

LRE qPCR.

Additional files

Additional file 1: Summary of the microarray analysis.

Additional file 2: DHN1 expression ratios, EST and amino acid

sequence alignments.
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Additional file 3: Amino acid sequence alignments of PgPrx52,

PgPrx21 and PgcsINV1.

Additional file 4: EST alignments and primer locations for the

candidate and reference genes.

Additional file 5: qPCR primers for reference and candidate gene

expression analysis.

Additional file 6: LRE Analyzer database files.

Additional file 7: Excel summary of the LRE qPCR gene expression

analysis.
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