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Abstract  

Interest in the genomics of Eucalyptus has skyrocketed thanks to the recent sequencing of the genome 

of Eucalyptus grandis and to a growing number of largescale transcriptomic studies. Quantitative 

RTPCR is the method of choice for gene expression analysis and can also be used as a highthroughput 

method now. The selection of appropriate internal controls is becoming of utmost importance to 

ensure accurate expression results in Eucalyptus. To this end, we selected 21 candidate reference 

genes and used highthroughput microfluidic dynamic arrays, to assess their expression among a large 

panel of developmental and environmental conditions with a special focus on woodforming tissues. 

We analyzed the expression stability of these genes by using three distinct statistical algorithms 

(geNorm, NormFinder and Ct) and used principal component analysis to compare methods and 

rankings. We showed that the most stable genes identified depended not only on the panel of 

biological samples considered but also on the statistical method used. We then developed a 

comprehensive integration of the rankings generated by the three methods and identified the optimal 

reference genes for 17 distinct experimental sets covering 13 organs and tissues as well as various 

developmental and environmental conditions. The expression patterns of Eucalyptus master genes 

EgMYB1 and EgMYB2 experimentally validated our selection. Our findings provide an important 

resource for the selection of appropriate reference genes for accurate and reliable normalization of 

gene expression data in the organs and tissues of Eucalyptus trees grown in a range of conditions 

including abiotic stresses. 

 

Keywords:  

abiotic stress, Eucalyptus, gene expression, normalisation, reference genes, xylem 

 

Introduction: 

 

Wood is the main source of terrestrial biomass; as well as providing fibres and solid wood 

products, it is a significant renewable and environmentally costeffective alternative feedstock to 

biofuel and a major sink for excess atmospheric CO2 (Boudet et al. 2003; Plomion et al. 2001). Wood 

formation or xylogenesis involves a transition from meristematic cambium cells to highly 

differentiated xylem cells, and is one of the most remarkable examples of plant cell differentiation. It 

involves sequential stages of cell division, cell elongation, formation of lignified secondary cell walls 

and finally programmed cell death to produce tracheary elements. This irreversible developmental 

process requires complex networks of spatial and temporal regulation events in order to coordinate 

gene expression networks. Exhaustive sequencing of developing xylem tissues in several tree species 

and in model systems have increased our understanding of wood formation and highlighted the pivotal 

role of transcriptional regulation (Demura and Fukuda 2007). In Eucalyptus, the most planted 

hardwood tree in the world mainly for pulp production and also among the most appealing 
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lignocellulosic feedstocks for bioenergy production (Myburg et al. 2007), largescale transcriptomic 

studies including microarrays have revealed thousands of genes expressed in differentiating xylem 

(Foucart et al. 2006; Paux et al. 2004; Rengel et al. 2009). The roles of most of these genes, however, 

are still to be discovered. To this end, gene expression profiling of various organs and/or under 

different conditions is a powerful tool to identify those genes relevant to new biological processes, to 

provide insights into regulatory networks, and to select members of multigene families prior to 

functional characterization. With the sequence of the genome of E. grandis publicly accessible since 

2011 in the Phytozome database (http://www.phytozome.net/) (Goodstein et al. 2011), interest in the 

genomics of Eucalyptus has skyrocketed. There are growing numbers of functional genomics studies 

and whole transcriptome sequencing studies linked to digital transcript counting (RNAseq) of various 

Eucalyptus species, organs, tissues, developmental stages and environmental conditions (Camargo et 

al. 2012; Paiva et al. 2011; Villar et al. 2011) and, thus, a pressing need for accurate techniques to 

validate and mine these high-throughput expression data. 

Real-time quantitative reverse transcription PCR (qRT-PCR) is considered as the most 

sensitive and specific technique to assess expression patterns of a moderate number of genes and has 

become the standard method for validating microarray data. One limitation of qRTPCR was the 

relatively low number of genes that can be assessed. This limitation has been overcome with the 

microfluidic technology allowing high-throughput expression measurements using dynamic arrays 

(Spurgeon et al. 2008). This technology which allow 9 216 simultaneous real time PCR gene 

expression measurements in a single run has been proven to be as reliable as conventional real time 

PCR (Spurgeon et al. 2008) and was successfully used in several applications as for instance in animal 

and human for single-cell gene expression analysis (Guo et al. 2010; Pang et al. 2011) but to the best 

of our knowledge, so far no study on gene expression measurement in plants has been reported.  

When using either low- or high- throughput qRT-PCR, appropriate normalization is essential 

for obtaining an accurate and reliable quantification of gene expression level. The purpose of 

normalization is to correct technical or experimental variations in order to reveal the true biological 

changes in expression. This is especially relevant when the samples come from different individuals, 

different tissues and/organs, different time courses, different environmental conditions, etc. The 

success of the normalization strategy in correcting variability between samples is highly dependent on 

the choice of the appropriate internal control or reference gene since its expression level should be 

constant among the tissues or cells, the experimental treatments and the biological conditions tested. 

No universal reference gene has been found in any plant, animal or medical system. In the pre-

genomic era, genes believed to play housekeeping roles in basic cellular processes such as 18S rRNA, 

Glyceraldheyde-3-phosphate dehydrogenase (GAPDH), Elongation factor-1α (EF-1α), Polyubiquitin 

(UBQ), Actin (ACT), α-Tubulin and β-Tubulin (TUA and TUB, respectively) were frequently used as 

reference genes. The growing use of the very sensitive qRT-PCR technique, however, has shown that 

the expression of these genes varies under different experimental or biological conditions and their 
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systematic use without previous validation can lead to the misinterpretation of results (Czechowski et 

al. 2005; Gutierrez et al. 2008a). It has become clear that it is necessary to validate the expression 

stability of a candidate control gene in each experimental system prior to its use for normalization 

(Bustin et al. 2009; Guenin et al. 2009; Gutierrez et al. 2008a; Udvardi et al. 2008). 

In their pioneering work, Scheible and colleagues (Czechowski et al. 2005) analyzed a very 

large set of data from Affymetrix ATH1 (whole-genome GeneChip microarrays of RNA from the 

model plant Arabidopsis) and selected hundreds of candidate reference genes that were expressed at 

similar levels in a wide range of experimental conditions, outperforming traditional housekeeping 

genes (GAPDH, ACT2, UBQ10, UBC and EF1α) in terms of expression stability. About 20 of these 

new-generation reference genes were assessed by qRT-PCR throughout development and in a range of 

environmental conditions confirming their superior expression stability and lower absolute expression 

levels when compared to traditional housekeeping genes. These genes included those encoding 

members of the polyubiquitin family, proteins with potential regulatory functions such as F-box 

proteins, protein phosphatase 2A subunits (PP2A), and ‘expressed proteins’ of unknown function. 

These new reference genes were successfully employed to search for orthologs in unrelated species 

such as Vitis vinifera (Reid et al. 2006), and cotton (Artico et al. 2010).  

Most of reference gene evaluation studies of plants have been performed on model species and 

crop species (Czechowski et al. 2005; Exposito-Rodriguez et al. 2008; Guenin al. 2009; Gutierrez et 

al. 2008b) and fewer on woody plants. Strauss and colleagues (Brunner et al. 2004) used single-factor 

ANOVA and linear regression analysis to study the expression of ten potential reference genes in eight 

tissues from the poplar tree, and Huang and colleagues (Xu et al. 2010) tested three algorithms – 

geNorm, NormFinder and BestKeeper – to assess the stability of nine housekeeping genes during 

adventitious rooting of poplar. In Eucalyptus, traditional housekeeping genes such as 18S rRNA 

(Foucart et al. 2006; Navarro et al. 2011), GAPDH (Navarro et al. 2011), and NADP Isocitrate 

dehydrogenase (IDH) (Gallo de Carvalho et al. 2008; Goicoechea et al. 2005; Legay et al. 2010; Paux 

et al. 2004) have been used frequently as internal controls for gene expression analysis. Recent studies, 

however, have reported the selection of reference genes for normalization during cold acclimation 

(Fernández et al. 2010) and in vitro adventitious rooting in E. globulus (de Almeida et al. 2010) as 

well as in Eucalyptus leaves exposed to biotic (Puccinia psidii) and abiotic (acibenzolar-S-methyl) 

stresses (Boava et al. 2010). Very recently, Pasquali and colleagues (de Oliveira et al. 2012) selected 

housekeeping genes based on the 50 genes exhibiting the least variation in microarrays of E. grandis 

leaves and xylem and of E. globules xylem.  

In this study, we report the selection and evaluation of 21 candidate reference genes to identify 

the most suitable internal control gene or gene combinations for normalization of qRT-PCR data from 

various species of Eucalyptus organs/tissues (xylem, cambium, stem, root and leaves), at different 

developmental stages, and exposed to environmental stimuli such as drought, cold, bending or 

nitrogen fertilization. We analyze the entire gene expression dataset by three different statistical 
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algorithms to compare the ranking of the potential reference genes. In addition, to illustrate the utility 

of the new reference genes, we provide a detailed expression analysis of two MYB transcription 

factors in a set of Eucalyptus tissues and organs. 

 

Results and discussion 

 

Selection of candidate reference genes 

To identify candidate reference genes in Eucalyptus over a broad range of developmental and 

environmental conditions, we first surveyed the E. grandis Phytozome database 

(http://www.phytozome.net/eucalyptus.php) for putative orthologs of the top 27 reference genes in 

Arabidopsis as defined by Scheible and colleagues (Czechowski et al. 2005). Using the best hits in 

Phytozome, we selected 16 E. grandis genes with high orthology probabilities (E-value < 1.00E-60) 

(Table 1). Despite their weak scores, we also included genes encoding Ubiquitin10 and F-box protein 

because they are optimal reference genes in Arabidopsis and in cotton (Artico et al. 2010; Czechowski 

et al. 2005). Also, we added three genes commonly considered to be housekeeping genes in 

Eucalyptus: GAPDH, IDH, and TUB. In total, 21 candidate reference genes were evaluated for their 

expression levels by making use of microfluidic dynamic array technology, which is appropriate and 

reliable to perform high-throughput gene expression measurements by qRT-PCR (Spurgeon et al. 

2008). The cycle threshold (Ct) values (medians and ranges) for each of the 21 candidate genes in 90 

samples (including biological triplicates, as described in detail in the Methods section) are shown in 

Figure 1. The transcripts encoding GAPDH and Actin2 (ACT2) were the most abundant whereas those 

encoding F-box were the least abundant. The variability of Ct values in the 90 samples examined was 

widest for the F-box transcript, whereas the ACT2 transcripts had the least variable Ct values (Figure 

1). 

 

Expression profiling of the candidate reference genes 

We performed a preliminary analysis of the expression stability of these 21 genes, and decided 

to discard five of them (F-box, UBQ10, UBQ14, TUB and YLS8) because their expression varied 

substantially in different tissues and conditions (data not shown). To obtain an accurate view of the 

expression profiles of the 16 remaining candidate genes, we organized the 90 samples into five subsets 

based on their origin: the ‘Organs and Tissues’ (OT) subset included thirteen organs and/or tissues (38 

samples); the ‘Leaves’ (L) subset comprised young and mature leaves from control and cold-treated 

plants (nine samples); the ‘Xylem All’ (XA) subset included all xylem samples from trees grown in 

various environmental conditions and from several species or hybrids (33 samples); the ‘Xylem–

Cambium’ (XC) subset comprised samples from juvenile and mature xylem and cambium-enriched 

tissues (12 samples), and the ‘Xylem Environmental stimuli’ (XES) subset comprised samples from 

xylem tissues of trees under drought, mechanical stress and/or with different nitrogen fertilization 
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conditions (27 samples). Table S2 reports the relative Ct values for ten genes (ACT, EF-1a, GAPDH, 

IDH, PP2A-1, PP2A-3, PPR2, PTB, SAND, and UBC2) in the five subsets indicated above. The mean 

Ct values (average of three independent biological samples) were in the range of 5.9– 19.0, typical of 

moderately to highly expressed genes as assayed by using dynamic array technology. 

 

Expression stability analyses 

The most widely used statistical algorithm to analyze the stability of gene expression is geNorm 

(Vandesompele et al. 2002), which calculates the expression stability value (M) of a gene defined as 

the average pairwise variation of that gene relative to all other potential reference genes in a panel of 

cDNA samples. Genes with the lowest M value have the most stable expression and useful reference 

genes should have M values < 0.5 (Vandesompele et al. 2002). We used geNorm to determine the M 

values of our 16 candidate genes by stepwise exclusion of the least stable control gene in the five 

sample subset panels described above and in a sixth panel composed of all the samples (AS, 90 

samples; Figure 2). The subset  including various organs and tissues showed the greatest variation in 

expression for all the genes tested (with M values of 0.85-0.47), when compared to the subsets 

including samples from only one organ (e.g. subset L had M values of 0.57–0.15) or from a single 

tissue (e.g. subset XA had M values of 0.65–0.28). Surprisingly, in the panel containing all samples 

(AS), gene expression was more variable (M values of 0.77–0.34) than in the OT panel. This may be 

due to the relatively high proportion of xylem samples (33/90). By applying a cut-off M value of 0.5, 

we found that in the OT panel only two genes, EF1α and GAPDH, qualified as stable and even those 

had relatively high M values (0.47; Table 2). By contrast, many more candidate genes qualified as 

stable in the other panels: five in AS, nine in XA, ten in XES, 13 in L, and 14 in XC. The identity of 

the most stably expressed genes in a panel varied depending on the panel considered (Table 2). For 

instance, EF-1α was one of the most stably expressed genes in the OT and XC panels, whereas PP2A-

1 and IDH were the most stable in the L panel; PP2A-3 and SAND the most stably expressed genes in 

the XA, XES and, remarkably, in the AS panel in which all the samples were grouped together. In all 

panels, PPR2 was among the least stably expressed genes (ranked consistently 14–16). Expressed1 

ranked poorly in most panels except in L, where it ranked 3 with an M value of 0.2. The commonly 

used reference gene GAPDH ranked well in the OT panel (ranked top but with a relatively high M 

value of 0.47) and in XC (ranked 5, M value of 0.2); it was also stably expressed in L (ranked 10, M 

value of 0.35) and in XA (ranked 10, M value of 0.48). IDH ranked top in L (M value of 0.15) but less 

well in OT (ranked 4, M value of 0.54) and even worse in XA (rank 12, M value of 0.52).  

The geNorm program also determines the ideal and/or minimal number of reference genes that would 

be required to calculate an accurate normalization factor, as the geometric mean of their relative 

quantities. A pairwise variation Vn/Vn+1 of 0.15 provides a cut-off value below which the inclusion 

of an additional control gene is not necessary for reliable  normalization. This pairwise analysis 

revealed that the ideal number of reference genes varied among the different data subsets. Use of the 
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two best reference genes was sufficient (V2/V3 < 0.15) when the subsets were composed of only one 

type of organ or tissue, and also for the panel containing all samples (AS; Figure 3). When the panel 

was composed of less homogeneous samples, such as the OT set, at least three reference genes (V2/V3 

= 0.17, V3/V4 = 0.13) was necessary for accurate normalization (Figure 3).  

We also analyzed our data with NormFinder, a program taking into account the intra- and 

inter- group variations for normalization factor calculation and whose results are not affected by 

occasional co-regulated genes ((Andersen et al. 2004); Table 3). Remarkably, in this analysis PP2A-3 

was the first or the second the best-ranked gene in each panel, although over all 16 genes there were 

some differences in the rankings in the different panels. Similarly, PPR2 was consistently the worst 

ranked gene in all panels. NormFinder also defines the best combination of two reference genes for 

each experimental set, which provides a corresponding lower stability value M (Table 3). A 

comparison of the outcomes using geNorm or NormFinder revealed common features but also 

significant differences (Table 3 versus Table 2). The four most stably expressed genes in the AS panel 

as ranked by geNorm were PP2A-3, SAND, UPL7 and PTB whereas when the same dataset was 

ranked by NormFinder the four most stably expressed genes were PP2A-3, CACS, GAPDH and 

SAND. Consistently, PP2A-3 was ranked top and SAND was found among the top four reference 

genes by both methods. The other genes ranked in the top four by one method (i.e. UPL7 and PTB for 

geNorm and CACS and GAPDH for NormFinder) were not well ranked by the other method.  

As there were significant differences in the results obtained with geNorm and NormFinder, we 

employed a third analy �tical method called Ct (Silver et al. 2006). This method compares the relative 

expression of ‘pairs of genes’ within each sample to confidently �identify reference gene. If the Ct 

value between two genes remains constant when analyzed in different samples, it means either both 

genes are stably expressed or are co-regulated. On this basis, the stability of expression of the 

candidate genes was ranked according to the reproducibility of the gene expression difference among 

all tested samples (Silver et al. 2006). Using this method, again, the ranking results differed among the 

different data panels, but PP2A-3 and SAND were consistently well ranked in most, whereas PPR2, 

Actin2 and Expressed1 were the least stably expressed genes (Table 4). Generally, these results were 

closer to those obtained with NormFinder than with geNorm. This was unexpected because �the Ct 

method is similar to geNorm (Vandesompele et al. 2002), in that it compares pairs of genes (Silver et 

al. 2006).  

Because these three independent methods produced similar results in some cases but 

discrepancies in others, we decided to make a comprehensive ranking by integrating the ranking 

obtained with the three methods. A simple algorithm was designed based on the geometric mean (GM) 

of each gene weight across the three methods (as detailed in the Methods section). The gene with the 

lowest GM was considered to be the most stable gene. Table 5 displays the results obtained for the six 

datasets and Table S3 contains the results for eleven additional datasets including stems, roots and 

cold stress.  
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Comparison of the four statistical methods by Principal Component Analysis 

To compare visually the four methods, we used principal component analysis (PCA), which 

takes data points in a high dimensional space and defines new axes (components) that cut across that 

space such that the first component captures as much as the variance in the data as possible, the second 

component (orthogonal to the first) captures as much of the remaining variance as possible, and so on. 

In this study, the data points are the stability values of the sixteen genes in a 4-D space, with the 

coordinate in each dimension being the stability value of each gene calculated by each of the four 

methods. Importantly, because the components cut across this 4D space, each component has 

contributions from all sixteen genes, which allows the original variables (here the four methods) to be 

represented in new axes defined by the new components. This leads to a graphical representation of 

the correlations between variables (the four algorithms used to analyze gene expression stability), and 

also of the similarity between data points (the gene expression stability values). Applied to the 

expression stability values of the AS, OT, XA and L subsets, the first principal component (PC1) 

explained 88.0%, 82.1%, 91.0% and 90.7% of the observed variance, respectively, whereas the second 

principal component (PC2) explained only 8.4%, 15.9%, 5.6% and 7.1%, respectively. Thus, in all 

cases, more than 95% of the total information was explained by the first plane, defined by the first two 

components. The projection of the four ‘gene stability’ variables onto this plane was performed for 

each of four sample panels (Figure 4A). In each case, the four methods were grouped together on the 

extreme right of the PC1 axis (Figure 4A), which explains the major part of the variance. The distance 

between them along the PC2 axis was variable depending on the panel considered. In the most 

heterogeneous panel, OT, geNorm was somewhat distant (on both PC1 and PC2 axes) from 

�NormFinder and Ct, which were close to each other (Figure 4A). For the XA panel and, to a lesser 

extent, for the L panel, which are the most homogeneous subsets of samples, all four methods grouped 

spatially (Figure 4A). As expected, the position of the values obtained by the comprehensive ranking 

method reflected the fact that they were the geometrical means (GM) of the three other methods.  

Because PCA components consist of contributions of all sixteen genes, we plotted the score of the 

stability of the expression of the 16 genes for the two PCA components and this, for each panel of 

samples (Figure 4B). Nearly all the genes projected on the left part of the central vertical axis were 

within the top six genes as ranked by at least one of the four methods. PP2A3 was always well ranked 

if not the top-ranked gene by the four methods, whatever the subset considered. Thus, it appears to be 

the best reference gene in these samples. By contrast, PPR2 was located in all cases on the extreme 

right of the plots; it is clearly unsuitable as a reference gene. In the AS subset, PP2A-3 (which ranked 

top by the four statistical methods) appeared as a singleton on the extreme left of the x axis, ahead of 

the second most stable gene, SAND (which was also well-ranked by the four methods). To the right of 

these two genes on the x axis were several genes with a very similar score for the first PCA 

component but with a diverse score for the second component on the y axis. Among them, only 
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PP2A1, located on the horizontal axis, was well ranked by all methods. The main difference between 

the remaining genes was the method used for ranking. For instance CACS and UPL7, which were 

located at the two extremes of the y axis, were well ranked by only one method (NormFinder and 

geNorm, respectively).  

In the very heterogeneous OT subset, PP2A1, EF1α and PP2A3 were the three best genes. PP2A1, 

EF1α were well ranked by all methods whereas PP2A3 was ranked first by �NormFinder and Ct and 

only eighth by geNorm (Figure 4B). The spatial distribution of the values for the genes in the L subset 

was very different from the other three panels with a clear distinction between the group on the left 

containing the best reference genes versus the group on the right, which contained the worst ones 

(Figure 4B). There were equal numbers of genes in the two groups and they were distributed evenly 

along both the x and y axes, in contrast to those in the XA subset, which were distributed more closely 

on both axes (Figure 4B). This is consistent with the fact that the three statistical methods were closely 

grouped for the XA subset (Figure 4A), and the relative density along the y axis (second PCA 

component) reflects the fact that there are fewer differences between the stability rankings of the L 

subset genes by the three methods when compared to the other subsets.  

One conclusion from this PCA is that the ranking result depends not only on the nature of the 

samples and the degree of heterogeneity of the gene panel considered but also on the analysis method 

applied to a particular subset of samples: the different rankings obtained by using different methods 

depend on which sample panel is being considered (Figure 4A). Interestingly, there is a very good 

agreement between the ranking of the three best genes obtained by the comprehensive ranking method 

(reflecting the geometric mean of the ranking of the three other methods; Table 5) and those identified 

by PCA analysis (Figure 4B). We used this comprehensive ranking method, therefore, for 11 further 

subsets of samples from other tissues, developmental stages and environmental conditions (Table S3). 

The expression of PP2A-3 was consistently stable in all eleven data sets. In roots and stems, UBC2 

and CACS were stably expressed whereas PPR2, Actin2 and Helicase were, as already noticed in the 

other sample panels, the least stably expressed genes. Taking together the two comprehensive ranking 

tables (Table 5 and Table S3), PP2A-3, PP2A-1, EF-1a, SAND, IDH, CACS, UBC2, and PTB 

exhibited relatively stable expression, whereas PPR2, Actin2, Expressed1 and Helicase were the least 

stable. 

 

Expression profiling of EgMYB1 and EgMYB2 

To evaluate the effect of the choice of reference gene on the expression profiling of other genes, we 

analysed the expression of two genes, EgMYB1 and EgMYB2, (which are master regulators of xylem 

formation in Eucalyptus; (Goicoechea et al. 2005; Legay et al. 2010)), in several tissues and organs by 

using the various combinations of top reference genes indicated by each of the four methods: EF-1α, 

GAPDH and PP2A-1 as indicated by geNorm; PP2A-3 and PP2A-1 as indicated by NormFinder; 

PP2A-3, PP2A-1 and SAND as indicated by �Ct, and PP2A-3, PP2A-1 and EF-1α as indicated by the 
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comprehensive ranking method. We also used the overall best (PP2A3) and the worst (PPR2) ranked 

genes (Figure 5). relative expression data we obtained by using the various reference gene 

combinations were consistent for both EgMYB1 (Figure 5A) and EgMYB2 (Figure 5B) expression in 

all tissues, with the exception of the data obtained by using PPR2 as a reference gene. This was 

particularly obvious for the expression of EgMYB1 and EgMYB2 in secondary stems, which were 

largely overestimated by normalizing to PPR2 expression when comparing with the data obtained with 

the other reference genes. Using PPR2 also led to underestimation of EgMYB1 expression in the 

cambium samples as well as to an overestimation of EgMYB2 expression in primary stems. PPR2 was 

consistently poorly ranked by the four statistical methods independently of the experimental data set 

considered, thus it should not be used as a reference gene for expression studies in Eucalyptus. 

Conversely, the use of PP2A3 (best ranked by at least three algorithms) produced relative expression 

data very similar to those obtained by using combinations of two or three reference genes from all 

sample subsets. Speleman and colleagues (Vandesompele et al. 2002) recommended the use of three 

reference genes for pairwise analysis, however, we found that this did not improve normalization, 

when compared to the use of one or two carefully selected reference genes even in the case of a 

heterogeneous samples set such as the OT subset in this study (Figure 3).  

By making use of a high-throughput gene expression platform based on microfluidic dynamic arrays, 

this in-depth study has identified and validated the optimal reference genes for gene expression 

analysis of a large panel of 90 samples corresponding to 30 distinct organs, tissues or developmental 

stages and/or environmental conditions (nitrogen fertilization, mechanical, cold and drought stress) in 

five different species of Eucalyptus. The stability of expression of sixteen Eucalyptus genes was 

evaluated in seventeen experimental datasets and the data were analyzed by using three statistical 

algorithms: geNorm (Vandesompele et al. 2002), NormFinder (Andersen et al. 2004) and [Ct (Silver et 

al. 2006). As illustrated by principal component analysis, the rankings of gene expression stability 

depended on the statistical method, on the nature of the biological samples and the degree of 

heterogeneity of the panel considered; also, the differences between the methods varied with the 

sample dataset considered. There was very good agreement between the ranking obtained by 

comprehensive integration ranking, which reflects the geometric mean of the ranking outcomes of the 

three statistical algorithms, and those identified by PCA analysis. This integrative ranking applied to 

the seventeen experimental panels enabled us to identify among the 16 candidate genes, the most 

stable genes: PP2A-3, PP2A-1, EF-1a, SAND, IDH, CACS, UBC2, and PTB as well as the least stable 

genes: PPR2, Actin2, Expressed1 and Helicase. The use of PPR2 as an internal reference gene was 

shown to be unsatisfactory because it led to erroneous patterns of expression of two Eucalyptus master 

genes EgMYB1 and EgMYB2. Interestingly, EF-1a and IDH have been used traditionally as internal 

controls for studies of Eucalyptus gene expression (Legay et al. 2010; Paux et al. 2005; Paux et al. 

2004). Previously, Fett-Netto and colleagues using geNorm identified IDH and SAND as the most 

stable genes during in vitro adventitious rooting in Eucalyptus (de Almeida et al. 2010). Among the 
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stable genes, PP2A-3 was the most stable being among the four best-ranked genes in all the 17 sample 

panels. We therefore tested PP2A-3 alone as a reference gene in the most heterogeneous sample panel 

“organs/tissues” for which geNorm recommended at least three reference genes. It is worth noting that 

for this panel of samples, PP2A-3 was not in the first three top-ranked genes for geNorm whereas it 

�was ranked first by NormFinder, Ct and by the comprehensive ranking. Interestingly, the use of 

PP2A-3 as the only reference gene gave consistent pattern of expression for both EgMYB1 and 

EgMYB2. Thus in our hands, a wellchosen single reference gene is able to provide an accurate and 

reliable expression pattern even in a complex and heterogeneous samples panel. This finding is 

interesting since the systematic use of multiple references genes is costly and laborious and sometimes 

even impossible as in the case of limited available amount of RNA such as samples harvested by laser 

micro-dissection. In conclusion, this study provided useful clues for accurate and reliable 

normalization of gene expression in a wide panel of organs, tissues and conditions for Eucalyptus, a 

tree of great economic importance. 

 

 

Material and methods 

 

Plant material 

Shoot tips and vascular tissue samples (cambium-enriched fraction, secondary phloem and 

differentiating xylem) were harvested from seven-year-old Eucalyptus Gundal hybrids (gunnii x 

darympleana, genotype 850645) grown in south-west France (Longages) by the Institut Technologique 

FCBA (Forêt Cellulose Bois-construction Ameublement). Cambiumenriched fractions were also 

collected from for 25-year-old Gundal hybrids (genotype 821290). Vascular tissue sampling was 

performed as previously described (Paux et al. 2004). Juvenile and mature xylem samples (kindly 

provided by the RAIZ Institute of Forest and Paper Research, Portugal) were harvested in Herdade do 

Zambujal from, respectively, fourand 10-year-old E. globulus trees (genotype VC9). Tension and 

opposite xylem samples were collected at Quinta do Furadouro (Portugal) from two-year-old trees of 

three distinct genotypes of E. globulus (GM52, BB3 and MB43 kindly provided by Altri-Florestal, 

Portugal) after three weeks of bending (at 45°). Fruit capsules were harvested from E. globulus, 

genotype C33 (provided by Altri-Florestal, Portugal). Drought-stressed xylem samples were collected 

from non-irrigated 16-month-old trees (a clonal plantation of E.urophylla x E.grandis, hybrid 1850) 

after four months without rainfall during the dry season in Yanika, Republic of Congo (Villar et al. 

2011). Control xylem samples were taken from irrigated trees. These samples were kindly provided by 

the CIRAD Forêt (France). For plants grown under conditions of nitrogen fertilization, three-month-

old rooted cuttings of a Eucalyptus hybrid (E. urophylla x E.grandis, clone IPB2-H15, kindly provided 

by International Paper do Brasil) grown in greenhouse conditions were submitted for 30 days to three 

different fertilization treatments: 7.5 mM NH4NO3 for limiting N (N-), 15mM NH4NO3 for optimal 
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N (CT) and 30 mM NH4NO3 for luxuriant N (N+) (Camargo et al. 2012). Each xylem sample 

consisted of a pool of 20 debarked stems. For cold experiments, one-year-old E. globulus trees 

(genotype GM258 provided by Altri-Florestal, Portugal) were submitted to cold (7°C) for 16h in the 

dark. In parallel, control plants were maintained for 16h in the dark in greenhouse conditions. 

Expanding leaves, fully expanded leaves, primary stems, secondary stems, and roots were harvested 

for each condition. Each sample consisted of pooled tissues from two trees. E. grandis calli were 

obtained from in vitro cultures. For each tissue or organ, three independent biological repetitions were 

collected, except the fruit capsules samples for which we had only two biological repetitions. 

Following harvesting all samples were immediately frozen in liquid nitrogen and stored at -80°C until 

extraction.  

 

Total RNA extraction, cDNA synthesis and quality controls 

All the procedures used for the qRT-PCR, from the RNA extraction to the calculation of 

transcript abundance, were performed as described by Udvardi et al (Udvardi et al. 2008). and 

Derveaux et al.(Derveaux et al. 2010). Total RNAs were extracted from 1–5 g of frozen material as 

described by (Southerton et al. 1998). RNA concentration and purity were determined by using a 

NanoDrop spectrophotometer ND-1000 (Thermo Scientific, Wilmington, USA). RNA samples were 

then treated withTurbo DNA-freeTM kit (Ambion, TX, USA). The absence of remaining genomic 

DNA was confirmed by PCR using ubiquitin primers (EgUbi1_F: 

GCGGCTTTTAAGTCTCTTGCGAA, EgUbi1_R: TTCGAAGCATAGCTTCGCCATATG). The 

integrity of RNAs was assessed by using the Agilent 2100 Bioanalyzer, and only samples with a RNA 

integrity number over 7 (RIN>7) were retained for reverse transcription performed by using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA), according to the 

manufacturer’s instructions and using up to 1μg of total RNA. The quality of each cDNA was assessed 

by using two pairs of primers located approximately 1.2 kb apart from each other in the 5’ and in the 

3’ regions of the genes encoding IDH [5' end primers; (F_AATCGACCTGCTTCGACCCTTC; 

R_TCGACCTTGATCTTCTCGAAACCC)] [3' end primers; 

(F_TGCTGTGGCAGCTGAACTCAAG; R_ATGTTGTCCGCCAGTCACCTAC)] and PP2A3 [5' 

end primers; (F_CGGAAGAACTGGGTGTGTTT; R_CACAGAGGGTCTCCAATGGT)] [3' end 

primers; (F_CAGCGGCAAACAACTTGAAGCG; R_ATTATGTGCTGCATTGCCCAGTC)]. The 

majority of our cDNA samples showed a Ct value of the 5’-end pair that did not exceed that of the 3’-

end pair by more than one cycle number for both genes. These good quality cDNA samples were 

diluted five-fold and stored at -20°C until used for qPCR. 

 

PCR primer design 

The sequences of the putative E. grandis orthologs of A. thaliana genes (best hits) were 

identified by BLASTP from the Phytozome database (http://www.phytozome.net/eucalyptus.php) 
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based on an E-value of less than 1.00E-60. Only F-box and Ubiquitin10 did not meet this criterion, as 

shown in Table 1. Primer pairs were designed using the software QuantPrime (qPCR primer design 

tool: http://www.quantprime.de/ (Arvidsson et al. 2008) benefiting from exon–intron border, splice 

variant information of the E. grandis genome annotations (Phytozome version 6). Primers were 

preferentially selected to be as close to 3’ end of the transcripts as possible and their sequences are 

shown in Table 1. Oligonucleotides were synthesized by Sigma Life Science (France). 

 

High-throughput quantitative qRT-PCR 

High-throughput qRT-PCR was performed by the Genotoul service in Toulouse 

(http://genomique.genotoul.fr/) using the BioMark® 96:96 Dynamic Array integrated fluidic circuits 

(Fluidigm Corporation, San Francisco, CA, USA) according to the manufacturer’s protocol. Briefly, 

each cDNA sample was pre-amplified with a pool of primers specific to the target genes by using the 

following program: 95°C for 10 minutes, then 14 cycles of 95°C for 15 s and 60°C for 4 min. The pre-

amplified products were diluted 1:5 in 10mM Tris–HCl, pH 8; 0.1mM EDTA and analysed by qRT-

PCR using the following conditions: 95°C for 10 min, then 35 cycles of 95°C for 15 s and 60°C for 30 

s. The specificity of the PCR products was confirmed by analysing melting curves, following the final 

PCR cycle. Only primers that produced a linear amplification and qPCR products with a single-peak 

melting curves were used for further analysis. The efficiency of each pair of primers was determined 

by plotting the Ct values obtained for serial dilutions of a mixture of all cDNAs and the equation 

Efficiency =10(-1/slope) -1. Primer efficiencies for 16 candidate reference genes were higher than 

95% and lower than 110% (Table S1) except for EF-1a (89%) and SAND (115%). For all primer 

pairs, amplicon sizes were around 70 bp, and annealing temperatures around 63 °C as indicated in 

Table S1. For all reference gene candidates, the amplification plots and melting curves are presented 

in Figure S1. 

 

Statistical analyses 

To analyze the stability of the candidate reference genes, we used three different tools: 

�geNorm, NormFinder and Ct. The geNorm software v3.4 is a Visual Basic Application tool for 

Microsoft Excel that relies on the principle that the expression ratio of two ideal reference genes 

should be constant in samples from different experimental conditions or cell types (Vandesompele et 

al. 2002). The NormFinder program uses a model-based approach for identifying the optimal 

normalization genes among a set of candidates (Andersen et al. 2004). It is rooted in a mathematical 

model of gene expression that enables estimation both the overall variation candidate genes and the 

variation between samples subgroups. For technical reasons, the sample set should contain a minimum 

of eight samples per group and at least three, but ideally five or more candidate genes. In this study, 

the subgroups were defined �either by organ, tissue type or experimental condition. The Ct method 

uses a similar strategy to geNorm by comparing relative expression of ‘pairs of genes’ within each 
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sample to identify �reference genes (Silver et al. 2006). If the Ct value between two genes remains 

constant when analyzed in different samples, it means either both genes are stably expressed or they 

are co-regulated. Introduction of a third, fourth or more genes into comparisons will provide 

information on which pairs show less variability and hence which gene(s) are stably expressed among 

samples tested. Finally, we made our own comprehensive ranking of the best reference genes by 

integrating the ranking obtained by the three methods (geNorm, �NormFinder and Ct). For this we 

developed a simple algorithm to present an overall ranking of the best reference genes. Briefly, we 

first made a linear transformation of the stability values by assigning a series of weight values from 1 

to 10 to each reference gene according to the ranking obtained by each algorithm from the most stable 

gene to the least stable gene; then we calculated the geometric mean (GM) of each gene weight across 

the three methods and finally re-ranked these reference genes. The gene with the lowest GM was 

considered to be the most stably expressed reference gene.  

 

Determination of EgMYB1 and EgMYB2 expression profiles 

We investigated the expression of Eucalyptus transcription factor EgMYB1 (Eucgr.G01774 ; 

F_ACCATGACGAGCCCACCATTTC, R_ TCAGGTCAGGACACCTTTCTCG) and EgMYB2 

(Eucgr.G03385 ; F_AGGCATTGCACCGGTCAGTATG, R_ TTCTCCTCGGTGGTGGTTGTG) in 

90 samples as described under the subheading ‘Plant materials’ above. The primer design and the 

qRT-PCR conditions were carried out following the same parameters used for the analysis of reference 

genes. The relative expression profiles analysis were obtained through the E-[[CT method (Pfaffl 

2001) using efficiency of each MYB primers and each reference genes. The ‘leaves’ sample was 

adopted as the calibrator reference tissue.  
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Figure 1. Range of Ct values of 21 candidate reference genes obtained for 90 Eucalyptus 

samples. 

Comparisons of the Cycle Threshold (Ct) values variability of the 21 candidate reference genes among 
all 90 samples are shown as medians (line in box), 25th percentile to the 75th percentile (boxes) and 
ranges (whiskers). 
 
Figure 2. Average expression stability values (M) evaluated by geNorm. 
Average expression stability values (M) evaluated by geNorm of remaining control genes during 
stepwise exclusion of the least stable control gene in the different tissue panels. See also Table 2 for 
the ranking of the genes according to their expression stability. 
 
Figure 3. Determination the optimal number of reference genes for normalization according to 
geNorm. 
Pairwise variation (Vn/Vn+1) was analysed between the normalization factors NFn and NFn+1 by the 
geNorm software. The cut-off value of 0.15, below which the inclusion of an additional reference gene 
is not required, is indicated by a discontinuous line. *Optimal number of reference genes for 
normalization. 
 
Figure 4. Principal component analysis of four different methods to measure gene stability 
values. 

�A). Factor loading of the 4 methods (geNorm, NormFinder, Ct and GM) used to measure gene 
stability for the two main PCA axes (PC1 and PC2) calculated for four different samples panels (AS, 
OT, XA and L). Each method is represented by the position of the black quarter Downloaded from 
http://pcp.oxfordjournals.org/ at INRA Institut National de la Recherche Agronomique on January 30, 
2013 in the disc: right upper quarter: geNorm; right lower quarter: NormFinder; left upper quarter: 
GM (comprehensive metho �d) and left lower quarter: Ct. 
B) PCA scores of the gene stability values of the16 reference genes analyzed for the two main PCA 
axes extracted (PC1 and PC2). Each disc corresponds to a candidate reference gene. Following the 
same rules as in A), the position of the black quarter indicates the methods. A black right upper quarter 
in the disc means that the gene is ranked amongst the sixth bestclassed genes by the geNorm method. 
Dots with one, two or three black quarter indicate that the gene is ranked amongst the best-classed 
sixth genes by one, two or three methods. Black disc (four black quarters) represent genes ranked 
amongst the first sixth best-classed genes by all four methods. All the genes well-ranked by at least 
one method are generally found on the left of the vertical axis. 
 
Figure 5. Expression profiles of EgMYB1 and EgMYB2 in different organs and tissues. 
Expression ratios of EgMYB1 and EgMYB2 for the experimental set of different organs/tissues 
calculated using (i) the best-ranked reference gene PP2A-3, (ii) the worse-ranked reference gene 
PPR2, (iii) combinations of genes recommended by each algorithm i.e. PP2A-1, EF-1α and GAPDH 
for geNorm; PP2A-3 & PP2A-1 for NormFinder; PP2A-3, PP2A-1 and SAND �for Ct and PP2A-3, 
PP2A-1 and EF-1α for the comprehensive ranking method (GM). Results are expressed in % of the 
value in xylem which was arbitrary set to 100%. The mature leaves sample was used as the calibrator. 
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Figure 4 
 
Figure 4. Principal component analysis of four different methods to measure gene stability values. 

�A). Factor loading of the 4 methods (geNorm, NormFinder, Ct and GM) used to measure gene 
stability for the two main PCA axes (PC1 and PC2) calculated for four different samples panels (AS, 
OT, XA and L). Each method is represented by the position of the black quarter in the disc: right 
upper quarter: geNorm; right lower quarter: NormFinder; left upper quarter: GM (comprehensive 
method) and left �lower quarter: Ct. 
B) PCA scores of the gene stability values of the16 reference genes analyzed for the two main PCA 
axes extracted (PC1 and PC2). Each disc corresponds to a candidate reference gene. Following the 
same rules as in A), the position of the black quarter indicates the methods. A black right upper quarter 
in the disc means that the gene is ranked amongst the sixth best-classed genes by the geNorm method. 
Dots with one, two or three black quarter indicate that the gene is ranked amongst the best-classed 
sixth genes by one, two or three methods. Black disc (four black quarters) represent genes ranked 
amongst the first sixth best-classed genes by all four methods. All the genes well-ranked by at least 
one method are generally found on the left of the vertical axis. 
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