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ABSTRACT 27	

While qPCR is widely recognized as among the most accurate of methods for 28	

quantifying gene expression, it is highly dependent on the use of reliable, stably 29	

expressed reference genes. With the increased availability of high-throughput methods 30	

for measuring gene expression, whole transcriptome approaches may be increasingly 31	

utilized for reference gene selection and validation. In this study, RNA-seq was used to 32	

identify a set of novel qPCR reference genes and also to evaluate a panel of traditional 33	

“housekeeping” reference genes in two species of the evolutionary model plant genus 34	

Mimulus. More broadly, the methods proposed in this study can be used to harness the 35	

power of transcriptomes to identify appropriate reference genes for qPCR in any study 36	

organism, including emerging and non-model systems. We find that RNA-seq 37	

accurately estimates gene expression means in comparison to qPCR, and that 38	

expression means are robust to moderate environmental and genetic variation. 39	

However, measures of expression variability were only in agreement with qPCR for 40	

samples obtained from a shared environment. This result, along with transcriptome-41	

wide comparisons, suggests that environmental changes have greater impacts on 42	

expression variability than on expression means. We discuss how this issue can be 43	

addressed through experimental design, and suggest that the ever-expanding pool of 44	

published transcriptomes represents a rich and low-cost resource for developing better 45	

reference genes for qPCR. 46	

 47	

 48	
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 50	

 51	

 52	

 53	
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INTRODUCTION 54	

 Quantitative PCR (qPCR) is the premier method for quantifying gene expression 55	

because of its simplicity, accuracy, and low cost. However, the quantification accuracy 56	

of qPCR is dependent on normalization against reference genes to reduce the impact of 57	

technical noise and variation in sample preparation. qPCR data normalization is crucial 58	

for the reliable quantification of expression levels, so care must be taken to choose a 59	

reliable reference gene that has low variation in expression across diverse sample types 60	

(DHEDA et al. 2005; GUTIERREZ et al. 2008). Traditionally, high expression 61	

“housekeeping” genes involved in basic cellular functions were used for qPCR 62	

normalization based on the assumption that they would be stably expressed (THELLIN et 63	

al. 1999). Unfortunately, these traditional “housekeeping” reference genes, such as 64	

ubiquitin-conjugating enzyme (UBC), polyubiquitin (UBQ), β-actin, α- and β-tubulin, 65	

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), can exhibit surprisingly 66	

high expression variance in some species, or among different environmental conditions 67	

(SUZUKI et al. 2000; BRUNNER et al. 2004; DHEDA et al. 2004; CZECHOWSKI et al. 2005).  68	

In efforts to find alternatives to housekeeping genes, high-throughput 69	

technologies have been used to survey whole transcriptomes for novel, stably expressed 70	

genes. Microarrays have been successfully used for novel reference gene identification 71	

in a variety of plants, including Arabidopsis thaliana, Eucalyptus, and soybean 72	

(CZECHOWSKI et al. 2005; LIBAULT et al. 2008; DE OLIVEIRA et al. 2012). However, RNA-seq, 73	

a potentially more effective high-throughput method, has rarely been employed. RNA-74	

seq has many advantages over microarrays: it does not require an assembled genome 75	

(HAAS AND ZODY 2010; ROBERTSON et al. 2010; GRABHERR et al. 2011), it has the power to 76	

identify novel transcripts and splice variants (TRAPNELL et al. 2010), and it is sensitive 77	

enough to quantify transcripts with very low expression levels (MARIONI et al. 2008). In 78	

addition, RNA-seq is fast, relatively inexpensive, and shows minimal variation across 79	

technical replicates (MARIONI et al. 2008; MORTAZAVI et al. 2008; NAGALAKSHMI et al. 80	
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2008; WANG et al. 2009). For all of these reasons, RNA-seq is an attractive, whole-81	

transcriptome method for the detection of stably expressed genes and the identification 82	

of novel reference genes for qPCR normalization. This approach has rarely been used to 83	

evaluate potential qPCR reference genes (but see CHANG et al. 2012; YANG et al. 2014; 84	

ZHUANG et al. 2015). 85	

A potential pitfall of both the microarray and the RNA-seq approach to reference 86	

gene selection is that there are no accepted practices for the analysis of expression 87	

variability within whole transcriptomes. Many methods for analyzing expression 88	

variability from qPCR data have been developed, including geNorm, BestKeeper, and 89	

NormFinder (VANDESOMPELE et al. 2002; ANDERSEN et al. 2004; PFAFFL et al. 2004), but 90	

these programs can only analyze the expression data from a handful of genes at a time 91	

and thus are not useful for exploring whole transcriptomes. Without an established 92	

method for analysis, many diverse methods have been adopted for estimating 93	

expression variability within whole transcriptomes, including coefficient of variation 94	

(CV) calculations (CZECHOWSKI et al. 2005), fold change cut-offs (YANG et al. 2014), and 95	

p-value cut-offs (LIBAULT et al. 2008). However, no comparison of the different methods 96	

is currently available; each of the earlier studies included only a single whole-97	

transcriptome measure of expression variability. 98	

One system in which a transcriptomic approach to reference gene selection has 99	

great potential to advance gene expression studies is the monkeyflower genus Mimulus 100	

(recently split into genera Mimulus and Erythranthe (BARKER et al. 2012)). Mimulus has 101	

become a widely used model for evolutionary genetic studies because of its phenotypic, 102	

ecological, and genetic variation, with centers of species diversity in both North and 103	

South America (BEARDSLEY AND OLMSTEAD 2002; WU et al. 2008; SOBEL AND STREISFELD 104	

2013; TWYFORD et al. 2015). Mimulus is a powerful system for genetic studies due to the 105	

interfertility of diverse species and the availability of genomic resources, including the 106	

genome sequence of M. guttatus, M. cardinalis, M. lewisii, and M. luteus (HELLSTEN et al. 107	
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2013; YUAN et al. 2013; EDGER et al. in revision). Yet, despite the utility of Mimulus for 108	

studying the evolution of genes and gene expression, the only evaluation of qPCR 109	

reference genes to date is a non-quantitative study limited to only six housekeeping 110	

genes (SCOVILLE et al. 2011). A rigorous and quantitative genome-wide analysis of 111	

candidate qPCR reference genes is therefore of special utility for advancing 112	

evolutionary genetic studies in Mimulus. 113	

In this study, we systematically and quantitatively evaluate a panel of traditional 114	

reference genes and screen whole transcriptomes to identify a set of novel reference 115	

genes that can be used for qPCR expression studies in Mimulus. We utilize whole 116	

transcriptome RNA-seq libraries from two species: Mimulus guttatus, a North American 117	

diploid, and Mimulus luteus var. luteus, a Chilean allotetraploid (MUKHERJEE AND 118	

VICKERY 1962; VALLEJO‐MARÍN et al. 2015). We further develop the toolkit for 119	

transcriptome-enabled reference gene selection, by comparing the utility of two distinct 120	

methods – the “coefficient of variation (CV) method“ and the “fold change cut-off 121	

method” – for identifying novel stably expressed genes from RNA-seq data.  122	

In these two Mimulus species that differ in their ecology, ploidy, and level of 123	

resource development, we find that both the CV and fold-change methods identify a 124	

similar set of novel reference genes. We propose that these highly stable genes provide 125	

a good starting pool of candidate reference genes for qPCR expression studies in 126	

Mimulus, and report that some traditional reference genes are also satisfactory 127	

according to standard quantitative guidelines for qPCR. In addition, we propose a 128	

workflow that incorporates either the CV or the fold-change method to screen whole 129	

transcriptomes for novel reference genes in other systems. Across environmentally and 130	

genetically different plants, we found that gene expression means were relatively 131	

similar but expression variability fluctuated dramatically. Based on this finding, we 132	

suggest that transcriptomes should either be specific to the samples used for the 133	

planned qPCR study or should cover a wide span of biological and environmental 134	
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diversity, in order for reference genes to be selected with high confidence. 135	

 136	

MATERIALS AND METHODS  137	

Plant Materials 138	

Two batches of each species were grown in separate greenhouses, providing the RNA 139	

samples for both RNA-seq and qPCR (Figure 1).  Mimulus guttatus genotype CG (wild-collected 140	

in Dublane, Scotland) and Mimulus luteus var. luteus inbred line EY7 (El Yeso, Chile, see Cooley 141	

et al. (2008)) were grown at Duke University (NC, USA). RNA, from four tissue types of a single 142	

individual of each species grown at Duke University, was sequenced to produce the first set of 143	

transcriptomes (T1). Mimulus guttatus inbred line IM767 (Iron Mountain, OR, see Willis (1999)) 144	

and M. l. luteus inbred line EY7 (El Yeso, Chile) were grown at Whitman College (WA, USA). 145	

RNA from four tissue types of a single individual of each species grown at Whitman College 146	

was sequenced to produce the second set of transcriptomes (T2). RNA from four tissue types of 147	

four individuals (one of which was the same individual used for the T2 transcriptomes) from 148	

each species grown at Whitman College was extracted for use in qPCR. 149	

In the Whitman greenhouse, plants were grown with supplemental 14-hour lighting in 150	

Miracle-Gro potting soil (N:P:K = 0.21:0.11:0.16, The Scotts Company, Marysville, Ohio, U.S.A.). 151	

Plants were maintained on ‘self-watering’ capillary action flats with once daily top-watering. 152	

Greenhouse temperatures, as recorded by a wall sensor, ranged from 16°C to 36°C daily. Plants 153	

were fertilized twice weekly with Miracle-Gro Bloom Booster (N:P:K = 15:30:15). In the Duke 154	

greenhouse, plants were grown with supplemental 16-hour lighting with twice-daily watering. 155	

Greenhouse temperatures ranged from 12°C to 21°C daily. Plants were fertilized with Peter’s 156	

Professional fertilizer every two weeks, alternating between general purpose (N:P:K = 20:10:20) 157	

and low-phosphorus (N:P:K = 15:0:15) formulas, and fertilized with Jack’s Classic Blossom 158	

Booster (JR Peters INC, PA, USA) (N:P:K = 10:30:20) every week to enhance flowering.  159	

Tissue was harvested from young, budding plants, usually between the first and third 160	

flower. Four tissue types were collected: young leaf (less than 2.5 cm) near apical and lateral 161	

meristems, whole calyx from unemerged buds, petal (with stamen and pistil removed) from 162	
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unemerged buds, and stem (around 2.5 cm segments) from newer plant growth. Tissue samples 163	

were flash frozen in liquid nitrogen and stored at -80°C until the date of RNA extraction. 164	

 165	

 166	
Figure 1 167	
Sources of the plant materials that provided RNA for RNA-seq and qPCR. Mimulus guttatus genotype CG 168	
was wild-collected in Dublane, Scotland; M. l. luteus highly inbred line EY7 was originally collected from 169	

El Yeso, Chile (COOLEY et al. 2008); M. guttatus highly inbred line IM767 was originally collected from Iron 170	
Mountain, OR (WILLIS 1999).  171	
 172	

Transcriptome Preparation and Assembly 173	

Total RNA was isolated from four tissue types (stem, leaf, calyx, petal) from both M. 174	

guttatus and M. l. luteus. At Whitman, the Agilent Plant RNA Isolation Kit (Santa Clara, CA) 175	

was used, and at Duke, the Zymo Research Direct-Zol RNA MiniPrep (Irvine, CA) was used, 176	

following the manufacturer’s protocol, with on-column DNase I and elution in nuclease free 177	

water heated to 65°C. RNA concentration and integrity were assessed using a NanoDrop Lite 178	

spectrophotometer (Thermo Fisher Scientific, DE, U.S.A) or Qubit fluorometer (Thermo Fisher 179	

Scientific, DE, U.S.A.).  180	
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Whole transcriptome, RNA-seq libraries were constructed for four tissue types from 181	

each of two biological replicates (T1 and T2) for both M. guttatus and M. l. luteus (see Figure 1). 182	

T1 transcriptomes were prepared using the TruSeq RNA kit (Illumina; San Diego, CA) and then 183	

sequenced with single-end 100bp reads using one lane of an Illumina HiSeq-2000 at the 184	

University of Missouri DNA core. T2 transcriptomes were prepared using the Kapa Stranded 185	

mRNA-Seq kit (Kapa Biosystems; Wilmington, MA) and were sequenced using one lane of an 186	

Illumina Hiseq 2500 at the Duke University DNA core.  187	

 All Illumina reads were quality filtered using NextGENe v2.3.3.1 (SoftGenetics; State 188	

College, PA). Adapter sequences and reads with a median quality score of less than 22 were 189	

removed; reads were trimmed at positions that had three consecutive bases with a quality score 190	

of less than 20; and any trimmed reads with a total length less than 40bp were removed. This 191	

resulted in ~87.9% of the reads passing the quality-score filter. Expression levels, in FPKM 192	

(fragments per kilobase per million reads), were determined for a total of 25,465 genes in M. 193	

guttatus (diploid) and 46,855 genes in M. l. luteus (tetraploid). Quality-filtered reads for each 194	

library were aligned to the respective genomes using NextGENe v2.3.3.1. Only uniquely 195	

mapped reads were counted, using the following parameters: A. matching Requirement: >40 196	

Bases and >99%, B. Allow Ambiguous Mapping:  FALSE, and C. Rigorous Alignment: TRUE. 197	

This resulted in the alignment of over 74.4 million reads to the diploid M. guttatus genome and 198	

107.4 million reads to the tetraploid M. l. luteus genome.  199	

Genome completeness of the allotetraploid M. l. luteus in terms of gene content was 200	

assessed using BUSCO (SIMÃO et al. 2015) with the default setting and a set of universal single-201	

copy orthologs. The vast majority of BUSCO groups, 931 of 956 (97.4 percent), were identified in 202	

the M. l. luteus genome assembly, and 837 of those had duplicates. The high percentage of 203	

duplicate genes in this analysis indicates that homoeologs were not collapsed during the 204	

assembly of the genome. This is further supported by comparative genomic analyses of both 205	

Mimulus genomes (EDGER et al. in revision), revealing a 2:1 genome-wide ratio of M. l. luteus 206	

(tetraploid) : M. guttatus (diploid) syntenic blocks. 207	

 208	

 209	
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Analysis of RNA-seq libraries 210	

Within each species, genes with expression levels lower than 5 FPKM in any of the eight 211	

transcriptomes were excluded from any of the further stability analyses. We reasoned that such 212	

low-expression genes would make poor qPCR references due to the difficulties in detecting and 213	

quantifying their expression. After their removal, a total of 7,225 genes in M. guttatus and 10,755 214	

genes in M. l. luteus were evaluated. Two methods were used for the analysis of expression 215	

stability: simple CV calculations, and exclusion of differentially expressed genes (fold change 216	

method (ROBINSON et al. 2010)). 217	

For the CV method: Calculations for mean expression (Mean), standard deviation (SD), 218	

and the coefficient of variation (CV) were executed in Microsoft Excel or in R (Pumpkin Helmet, 219	

v.3.1.2). CV was calculated as SD/Mean. Mean and SD were measured over the four tissue types 220	

of both biological replicates (eight samples total) for each species. We adopted a CV cut-off for 221	

stable genes of 0.5, which was the cut-off for stable expression across heterogeneous samples 222	

advocated by HELLEMANS et al. (2007). 223	

For the fold change method: Log fold change was used to evaluate differential 224	

expression in pairwise sample comparisons. Genes with a high fold change (greater than 0.4 in 225	

M. guttatus and 0.3 in M. l. luteus) in any pairwise sample comparison were eliminated until a 226	

final list of stably expressed genes was obtained (Table S1). The cut-off values used in this study 227	

were selected so as to obtain a short list of genes with low variation in expression; the 228	

appropriate cut-off value can vary depending on the samples being analyzed and the overall 229	

goal of the analysis. The edgeR program (v. 3.12.0) was used to calculate log fold change 230	

because the program normalizes expression values by library size for each sample, but any 231	

method of fold change calculation can be used. The edgeR program was accessed through 232	

Bioconductor and analysis was executed in R. 233	

 234	

Gene Annotation 235	

Stably expressed genes were annotated based on the agreement between BLAST results 236	

from the NCBI nucleotide database (http://blast.ncbi.nlm.nih.gov/) and from the annotated 237	

Mimulus guttatus v.2 genome in the Phytozome v.10 database (http://phytozome.jgi.doe.gov/). 238	
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Traditional reference genes were identified in the RNA-seq datasets in a three-part method. 239	

First, known Arabidopsis thaliana sequences for traditional reference genes 60s ribosomal protein 240	

L8, actin 2/7, actin 11, β-tubulin 2, ubiquitin 5, ubiquitin conjugating enzyme 25, peroxin 4, 241	

GAPDH-C1, and EF1-α (see Table S2) were used in a BLAST search against the M. guttatus v.2 242	

genome in the Phytozome v.10 database in order to identify the appropriate M. guttatus 243	

homologs. Once a gene match with the correct annotation was identified in Phytozome, a short 244	

(approximately 20 bp) sequence from the coding region was then used to identify transcripts 245	

from the M. guttatus and M. l. luteus RNA-seq libraries. The resulting M. guttatus and M. l. luteus 246	

transcripts were used in a BLAST search against the NCBI nucleotide database to ensure that 247	

they had been correctly identified. 248	

 249	

qPCR Genes 250	

 Eight genes were selected for validation via qPCR (Table S3). Four traditional reference 251	

genes were selected based on both their widespread use in qPCR reference gene literature and 252	

on the ease of designing copy specific primers. The four traditional genes chosen were actin 2/7 253	

(ACT), GAPDH-C1 (GAP), peroxin 4 (PEX), and ubiquitin conjugating enzyme (UBC). See the 254	

above section on Gene Annotation for methods of gene identification within the transcriptome. 255	

Four additional genes were chosen based on their apparent stability across T1 tissues in both 256	

species, but were later found to be unstably expressed across T2 tissues (see Table S3). 257	

However, these genes were retained for analysis in order to compare the qPCR and RNA-seq 258	

methods. The four genes chosen were mediator of RNA polymerase 12 (MRP), pectin 259	

acetylesterase (PAE), receptor-like kinase (RPK), and FYVE zinc-finger transcription factor 260	

(ZNF). The Mimulus guttatus GenBank accession numbers for these eight genes, catalogued 261	

under Erythranthe guttata (BARKER et al. 2012), are: ACT = XM_012974510.1, GAP = 262	

XM_012999102.1, PEX = XM_013002418.1, UBC = XM_012995233.1, MRP = XM_012984744.1, 263	

PAE = XM_012984356.1, RPK = XM_012985914.1, ZNF = XM_013000433.1. 264	

 265	

qPCR Primer Design 266	
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 qPCR primers were designed using Primer3 267	

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) with the following criteria: Tm of 60 268	

± 3°C, PCR amplicon length of 130 to 250 bp, primer length of 18 to 25 bp, and GC content of 35 269	

– 60%. The Tm criterion was relaxed for UBC to 55 ± 3°C to enable the discovery of suitable 270	

primers. Primers were designed to optimally sit as close to the 3’ end of the transcript as 271	

possible and to span an intron, but these criteria were relaxed in an effort to design primers that 272	

are homeolog specific in the allotetraploid M. l. luteus. Mimulus l. luteus primers were aligned 273	

with BLAST against the M. l. luteus (Illumina masked v1.1) genome in CoGe 274	

(https://genomevolution.org/CoGe/) to ensure homeolog and paralog specificity. Mimulus 275	

guttatus primers were aligned with BLAST against the M. guttatus genome (JGI hardmasked 276	

vV2) in CoGe to ensure copy specificity. Primers were synthesized by Invitrogen (Life 277	

Technologies, U.S.A.). See Table S4 for the full list of primer pairs.  278	

To verify primer specificity, PCR products were amplified by Taq DNA polymerase in a 279	

Mastercylcer Nexus (Eppendorf, Germany), gel purified using the E.Z.N.A. kit (Omega Biotek, 280	

U.S.A.), and Sanger sequenced by Eton Bioscience (U.S.A). Although all primers produced a 281	

single band on an agarose gel, the gel extraction step was included to produce cleaner and more 282	

concentrated sequencing products. Sequencing confirmed the copy specificity of all primer 283	

pairs except for the M. l. luteus RPK and PEX primer pairs, which targeted two and three 284	

paralogs, respectively.  285	

 286	

cDNA Synthesis 287	

cDNA was synthesized from 1 µg of total RNA and a mixture of oligo dT and random 288	

primers using the Quanta qScript cDNA Synthesis kit (Quanta BioSciences, MD, U.S.A.) and 289	

following the manufacturer’s protocol. cDNA was stored at 4°C and unused RNA was stored at 290	

-80°C.  291	

Quality controls for cDNA were two-fold. First, all RNAs and cDNAs were checked for 292	

absence of genomic DNA contamination using primers that surround an actin intron (5’- 293	

CCCAAGGCTAACAGGGAGAA-3’ and 5’- GTGCTGGATTCTGGTGACG-3’). Second, gene 294	

expression estimates were obtained from the 3’ versus 5’ ends of a single gene. A 3’/5’ ratio 295	
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substantially greater or less than 1 may indicate degradation of the mRNA template, or 296	

incomplete processivity of the reverse transcription reaction. The MIQE guidelines (BUSTIN et al. 297	

2009) suggest a range of 0.2 – 5.0 for samples to be used in qPCR.  The 3’/5’ ratio of the receptor-298	

like protein kinase cDNA was tested for all tissue types in each individual used in this study, 299	

using two primer pairs that amplify in the 5’ region (5’-TGGGCTCGAGTATTTTGCTT-3’ and 300	

5’- TGCTTCCTAATCCAAAGATACCA -3’) or the 3’ region (5’-301	

CCTGAGGGTGACAAGACACA -3’ and 5’-ATCAATGGACAAAAGCAGGC -3’) about 1kb 302	

away from each other. Some 3’/5’ ratios were found to be > 5 (see Table S5). This could result in 303	

an underestimation of expression for genes with primers in the 5’ region of the gene, which 304	

includes ACT in both species and the M. guttatus ZNF. The 3’/5’ ratios also had a tissue bias, 305	

with all stem cDNA samples and some of the calyx cDNA samples having values >5. 306	

 307	

qPCR Conditions 308	

 Comparative qPCR was performed for four biological replicates (all from plants grown 309	

at Whitman College, see Plant Materials) and three technical replicates for each tissue type (leaf, 310	

stem, petal, and calyx) from each of the two species (M. guttatus and M. l. luteus). A total of eight 311	

genes were selected for qPCR validation (see section qPCR Genes and Table S3) using the 312	

primers listed in Table S4. Reactions contained 1X SYBR Green Master Mix (Brilliant III Ultra-313	

Fast SYBR Kit, Agilent Technologies, CA, U.S.A.), 400 nM of primer (except for when 314	

amplifying PEX4 from M. l. luteus, where 500 nM of primer was used), 1µL of 1:500 diluted ROX 315	

dye, and 1µL of cDNA (50 ng/µL) in a final volume of 12.5 µL. PCR reactions were performed 316	

in either optical 8-well PCR strips (Agilent Technologies, CA, U.S.A.) or optical 96-well plates 317	

(Greiner Bio-One, Belgium) using the Stratagene Mx3000P qPCR system (Agilent Technologies, 318	

CA, U.S.A). Samples were amplified for 40 cycles of 10s at 95°C and 20s at the appropriate 319	

annealing temperature (see Table S4) after an initial denaturation step at 95°C for 3 minutes. An 320	

additional dissociation curve was recorded after cycle 40 by heating from 55°C to 95°C with a 321	

ramp speed of 0.01°C per second (Figure S1). Raw qPCR fluorescence data were collected and 322	

analyzed by the default settings of the MxPro software v.4.10 (Agilent Technologies, CA, 323	

U.S.A.). Cq (“quantification cycle,” the cycle in which fluorescence from DNA amplification 324	
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first exceeds background fluorescence) was determined at a fluorescence threshold of 0.23 for 325	

all runs; this fixed threshold was based on the average adaptive threshold of all individual runs. 326	

Amplification efficiencies for each primer pair were determined using the Cq values obtained 327	

from a ¼ dilution series (1:4, 1:16, 1:64, 1:256, 1:1024) where E = 10(1/-slope). Efficiency for each 328	

primer pair was calculated to be between 83% and 102% using the standard curve method 329	

(Table S6). 330	

 331	

Analysis of qPCR Expression Data 332	

 Before analysis, the Cq values from qPCR were averaged over the three technical 333	

replicates, unless the replicates differed by >1 Cq. In that case, the outlier technical replicate was 334	

removed and Cq was averaged over the two remaining technical replicates. These averages 335	

were then both calibrator and efficiency normalized using the equation below. GAP amplified 336	

from the same sample of M. l. luteus young leaf cDNA acted as the inter-plate calibrator. 337	

Efficiency values for each gene are listed in Table S6. Relative expression of each gene was 338	

calculated as: 339	

 340	

 Relative Expression = EfficiencyΔCq, where ΔCq = Cq calibrator - Cq sample 341	

 342	

In order to have a metric of gene stability that could be directly compared to stability 343	

estimates from RNA-seq data, the coefficient of variation (CV) was calculated for each gene 344	

from the relative qPCR expression data. Calculations for mean expression (Mean), for standard 345	

deviation (SD), and for the coefficient of variation (CV= SD/Mean) were executed in Microsoft 346	

Excel. SD and Mean were calculated from the relative expression of each of the four tissue 347	

types, averaged over the four biological replicates per tissue.  348	

 349	

Statistical Analyses 350	

All statistical tests were run using R software (Pumpkin Helmet, v.3.1.2). Linear models 351	

were fitted to obtain t-test results and Pearson’s correlation coefficient.  352	

 353	
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Data Availability 354	

 All transcriptomic expression data are provided in Tables S7 and S8. Primer sequences 355	

are provided in Table S4. Raw reads from this study are deposited in Dryad 356	

(http://dx.doi.org/10.5061/dryad.84655) and are further analyzed in (EDGER et al. in revision). 357	

 358	

RESULTS    359	

Identification of Novel Reference Genes for Mimulus 360	

In order to identify potential qPCR reference genes, we compared two simple 361	

methods for evaluating variation in expression across tissue types and growing 362	

environments: (a) genes with the lowest overall CV across all tissues from both 363	

transcriptome sets (T1 and T2; see Figure 1) and (b) exclusion of differentially expressed 364	

genes, determined through calculations of fold change, between pairwise comparisons 365	

of all tissue samples from both transcriptome sets. We identified 50 genes per species 366	

using the CV method and 8 genes per species using the fold change method (Tables S9 367	

and S1) that have the potential to be good candidate reference genes for qPCR studies in 368	

Mimulus. 369	

Although CV was not correlated with total expression level (Figure S2), we used 370	

a minimum expression cut-off of 5 FPKM in order to exclude genes that are expressed at 371	

levels too low to be useful for qPCR normalization. The 50 genes with the lowest CV 372	

across both biological replicates of each species are listed in Table S9. Genes on this list 373	

have CVs under 0.14 for M. guttatus and under 0.12 for M. l. luteus. Although a 0.50 CV 374	

cut-off has previously been recommended for choosing qPCR reference genes 375	

(HELLEMANS et al. 2007), we find that a majority of robustly expressed genes fall under 376	

this cut-off (Figure 2). In M. guttatus, 4,106 genes out of 7,225 had a CV of less than 0.50; 377	

in M. l. luteus, 6,832 genes out of 10,755 were under this cut-off. 378	

For the fold change method, any genes with a log fold change greater than 0.4 in 379	

M. guttatus or 0.3 in M. l. luteus, in any pairwise sample comparison, were excluded. 380	
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Eight M. guttatus and eight M. l. luteus genes were identified in this manner that had 381	

low variation in expression across the four tissue types from two biological replicates 382	

(Table S1). The fold change method was consistent with the CV method; five M. guttatus 383	

genes and one M. l. luteus gene identified by the fold change method are also found on 384	

the top 50 CV list, and all of the genes identified by the fold change method are listed 385	

within the top 200 genes with the lowest CV (Table S10). 386	

 387	

 388	
Figure 2 389	
Distribution of Coefficient of Variation (CV) for all reliably expressed genes (>5 FPKM in all samples) in 390	
(A) M. guttatus and (B) M. l. luteus. The dashed line marks the 0.50 CV cut-off for stably expressed genes 391	

and the arrows point to the two traditional reference genes with the lowest variation in expression for 392	
each species (Table S2). The portion of the density curves containing the top 200 genes with the lowest CV 393	
are shaded black; all genes selected using the CV and fold change method fall within this region. 394	

 395	

Traditional Reference Genes in Mimulus 396	

 Since traditional reference genes can be inconsistently expressed in many 397	

biological systems (SUZUKI et al. 2000; BRUNNER et al. 2004; DHEDA et al. 2004; 398	

CZECHOWSKI et al. 2005), we investigated the expression variability of these traditional 399	
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“housekeeping” reference genes in Mimulus using both transcriptomics and qPCR. We 400	

chose nine common traditional reference genes to analyze from the RNA-seq datasets: 401	

60s ribosomal protein L8 (L8), actin 2/7 (ACT), actin 11 (ACT1), β-tubulin 2 (TUB), 402	

ubiquitin 5 (UBQ), ubiquitin conjugating enzyme 25 (UBC), peroxin 4 (PEX), GAPDH-403	

C1 (GAP), and EF1-α (EF1) (see Table S2). We then corroborated the expression 404	

variability for four of these nine genes (ACT, PEX, UBC, and GAP) using qPCR (see 405	

Table S3). 406	

In both M. guttatus and M. l. luteus, there were thousands of expressed genes 407	

with lower CVs than the traditional housekeeping genes (Figure 2, Table S2), and none 408	

of the traditional housekeeping genes were amongst the 16 genes identified by the fold-409	

change method. Nevertheless, four traditional genes in M. guttatus (GAP, UBC, TUB, 410	

and PEX) and four in M. l. luteus (L8, GAP, ACT, and UBC) do have CVs lower than 0.5, 411	

suggesting that could be useful reference genes for qPCR normalization in these species 412	

(Figure 3). 413	

The follow-up qPCR validation reported much lower expression variability for 414	

the tested subset of traditional genes. This is most likely due to a less variable group of 415	

plants being measured for qPCR than were measured for RNA-seq (see Figure 1). 416	

Expression variability was even lower when measures from petal tissue are excluded 417	

(Figure 3), as expression levels for all four tested genes were substantially higher in 418	

petal tissue than in the other three tissue types (Figure S3). This is only the case for the 419	

qPCR data and there is no trend in the RNA-seq data when petal is excluded, even 420	

though transcriptome T2 was derived from one of the same RNA samples that was used 421	

for qPCR. When all tissues were included in the qPCR variability calculations, we found 422	

that GAP had the lowest variation in expression in M. guttatus and PEX was the least 423	

variable in M. l. luteus. When petal was excluded, UBC was the least variable traditional 424	

reference gene in both species. 425	

 426	
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 427	
Figure 3 428	
Expression variability estimates for selected traditional reference genes, based on CV. Expression 429	

variability in M. guttatus (A) and M. l. luteus (B) measured via RNA-seq on both T1 and T2 (left column) 430	
or via qPCR on T2 samples only (right column). Grey bars show the calculated CV when all tissue types 431	
are included and black bars show the calculated CV when petal tissue is excluded. Genes are ordered 432	

from most variable to least variable, with a dash line showing a previously suggested cut-off for usable 433	
reference genes at 0.50 CV. For the tetraploid M. l. luteus, CV reported for the RNA-seq data is the 434	
average of both homeologs. The genes tested include 60s ribosomal protein L8 (L8), actin 2/7 (ACT), actin 435	

11 (ACT1), β-tubulin 2 (TUB), ubiquitin 5 (UBQ), ubiquitin conjugating enzyme 25 (UBC), peroxin 4 436	
(PEX), GAPDH-C1 (GAP), and EF1-α (EF1). CV was calculated from FPKM values for genes measured 437	
via RNA-seq and from relative expression values, calculated by EfficiencyΔCq, where ΔCq = CqCalibrator – 438	

Cqsample, for genes measured via qPCR.  439	

 440	

 441	
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Efficacy of Transcriptomics for Reference Gene Selection 442	

Although environmental condition was not a purposeful manipulation in our 443	

study, the different growth histories of the genetically identical plants used for the two 444	

M. l. luteus transcriptome sets allowed us to evaluate the robustness of gene expression 445	

to moderate environmental variation. This was achieved by comparing both mean 446	

expression and expression variability (measured by CV) across the different tissue types 447	

between T1 and T2. For comparison, we also evaluate the two M. guttatus transcriptome 448	

sets, although the plants used in this comparison were genetically as well as 449	

environmentally different (see Figure 1). 450	

The correlation in CV between T1 and T2 is weaker than the correlation in mean 451	

expression for both species, showing a stronger environmental effect on the variance 452	

than on the mean (Figure 4). Additionally, CV estimates were more closely correlated 453	

between the replicates of M. l. luteus than between the replicates of M. guttatus, as 454	

expected given that the M. l. luteus replicates came from the same highly inbred line of 455	

plants while the M. guttatus replicates came from different lineages. 456	

 457	
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 458	
Figure 4 459	
Correlation in expression mean (FPKM) and variability (CV), as measured by RNA-seq, between the 460	
biological replicates (T1 and T2) of M. guttatus (A) and M. l. luteus (B). Values for Pearson’s correlation 461	

coefficient are given above each graph and the line of best fit is shown in black. Genes with mean 462	
expression less than 1 FPKM were excluded from the plot.  463	

 464	

The expression data collected via RNA-seq were validated for accuracy using 465	

qPCR expression data for a selected group of eight genes including four traditional 466	
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reference genes (Table S3). Mean expression values measured by RNA-seq 467	

transcriptomes T1 and T2 were both in agreement with values found via qPCR (Figure 468	

5A). In contrast, expression variability estimated by qPCR was significantly correlated 469	

with T2 expression variability, but had no significant relationship to T1 expression 470	

variability (Figure 5B). This is most likely due to variation in plant lineage and plant 471	

growth conditions, as the T2 transcriptomes and the qPCR data derive from genetically 472	

identical plants that were grown in the same greenhouse, while the T1 transcriptomes 473	

derive from plants grown in a greenhouse at a separate institution. For M. guttatus, T1 474	

and T2 also differed in the accession used (Fig. 1). This pattern, particularly for the 475	

isogenic M. l. luteus transcriptomes, suggests that environmental factors may have a 476	

greater effect on the “noise” in gene expression than on the expression level itself. 477	

 478	

 479	
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 480	
Figure 5 481	
Comparisons of relative gene expression and of expression variability as determined by RNA-seq and by 482	
qPCR for a sample of four traditional reference genes (closed symbols) and four additional genes that had 483	

initially been found to be stably expressed in transcriptome T1 (open symbols) (Table S3). The T2 RNA-484	
seq transcriptomes and the qPCR data were derived from genetically identical plants grown in the same 485	
greenhouse, while the T1 RNA-seq transcriptomes were derived from plants grown in a greenhouse at a 486	

separate institution (Fig. 1). (A) There is a strong correlation in relative expression determined by qPCR 487	
and RNA-seq, for both T1 (left panel, r = 0.90, P < 0.001) and T2 (right panel, r = 0.85, P < 0.001). (B) 488	
Expression variability (CV) measured via qPCR is correlated with expression variability measured via T2 489	

(right panel, r = 0.74, P = 0.001), but is not correlated to expression variability measured via T1 (left panel, 490	
r = -0.42, P = 0.104). Expression data from both M. guttatus and M. l. luteus are included together. Relative 491	
expression of T1 and T2 is given in FPKM. Relative qPCR expression = EfficiencyΔCq, where ΔCq = 492	

CqCalibrator – Cqsample. 493	
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 494	

DISCUSSION   495	

Identification of Novel Reference Genes for Mimulus 496	

 While RNA-seq has the potential to accurately identify genes with low variation 497	

in expression, there is still not a universally accepted method for selecting reference 498	

genes from RNA-seq data.  Most of the programs that are widely used for reference 499	

gene selection, such as geNorm, BestKeeper, and NormFinder, were designed 500	

specifically for qPCR data and can only process a handful of genes at a time 501	

(VANDESOMPELE et al. 2002; ANDERSEN et al. 2004; PFAFFL et al. 2004). We explored two 502	

different methods for identifying stably expressed genes from whole transcriptome 503	

data: (1) ranking genes based on the coefficient of variation of expression across 504	

different samples (“CV method”) and (2) excluding unstable genes using a log fold 505	

change cut-off value (“fold change method”). We find that both methods identify many 506	

stably expressed genes that have the potential to be novel reference genes for qPCR 507	

expression studies in M. guttatus and M. l. luteus (see Tables S9 and S1). 508	

Using the CV method, all expressed genes from M. guttatus and M. l. luteus were 509	

ranked based on the variability of their expression across different tissue types and 510	

growing conditions and the top 50 genes with the lowest variability were identified 511	

(Table S9). Using the fold change method, we identified eight M. guttatus and eight M. l. 512	

luteus genes with low variability in expression across four different tissue types and two 513	

biological replicates. No traditional reference genes were identified as being among the 514	

top 50 most stably expressed genes, by either of our methods. In addition, the novel 515	

reference genes we identified had much lower expression variability in our system than 516	

any of the most commonly used traditional reference genes (Figure 2), which highlights 517	

the utility of the whole transcriptome approach to reference gene selection. 518	

The advantage to using either of these methods for reference gene selection is 519	

their simplicity in calculation. While the fold change method has the benefit of 520	
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producing a discrete list of genes with low variation in expression, the CV method has 521	

the benefit of quantifying expression variability in a way where genes can be ranked 522	

and directly compared. These methods have previously been used in other plant species 523	

to select novel reference genes from transcriptomic data (CZECHOWSKI et al. 2005; 524	

CHANG et al. 2012), but we are the first to show that these two methods produce 525	

comparable results. All of the genes found on the fold change short-list were among the 526	

200 genes with the lowest CV, which corresponds to the top 2-3% most stably expressed 527	

transcripts. Ideally, novel reference genes would be selected that score well according to 528	

both metrics. 529	

The CVs of the novel reference genes we identified are all less than 0.20, whereas 530	

a previously suggested cut-off for valid reference genes is a CV of 0.50 (HELLEMANS et al. 531	

2007). It is important to note that using a 0.50 CV cut-off in our system included a 532	

majority of expressed genes (Figure 2), and thus it was not a very discriminating 533	

standard for determining expression variability. Since the range of expression can be 534	

quite variable, depending on the relatedness of the samples, a single variability cut-off 535	

is unlikely to work universally for all experimental designs, and thus a transcriptomic 536	

approach appears especially beneficial for selecting stably expressed reference genes.  537	

 538	

Traditional Reference Genes in Mimulus 539	

 Many studies have pointed to the instability of traditional “housekeeping” 540	

reference genes (SUZUKI et al. 2000; BRUNNER et al. 2004; DHEDA et al. 2004; CZECHOWSKI 541	

et al. 2005). We find that some traditional reference genes in Mimulus have the potential 542	

to work well for qPCR normalization. Using a whole transcriptome method, we 543	

identified four traditional reference genes that have somewhat low variation in 544	

expression (CV < 0.50) in M. guttatus and M. l. luteus (Figure 3). Two genes, UBC and 545	

GAP, were even identified as stably expressed in both species and could potentially be 546	

good universal reference genes for the Mimulus genus. We confirmed our findings for 547	
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four of these traditional reference genes with qPCR and found that all four (GAP, ACT, 548	

UBC, and PEX) could be acceptable as reference genes for both species based on qPCR 549	

estimates of expression variability across tissues, although some of the genes were at or 550	

slightly above the recommended 0.5 CV cutoff when the relatively-divergent petal 551	

tissue samples were included (Figure 3). However, these traditional reference genes 552	

were nowhere near the most stably expressed in the transcriptome as a whole (Figure 553	

2), which highlights the opportunity to discover dramatically more stable reference 554	

genes using a transcriptome-guided approach. 555	

 Despite the widespread use of Mimulus as a model genus for genetics, very few 556	

papers have attempted to validate reference genes for use in this genus. SCOVILLE et al. 557	

(2011) qualitatively ranked the expression variability of six traditional reference genes 558	

in M. guttatus and found that UBQ and EF1α were the most stably expressed. We 559	

quantitatively investigated four of these six traditional reference genes in our own 560	

study and found that UBQ and EF1α had higher expression variability than other 561	

traditional reference genes and that, in both species, the expression of these two genes 562	

was not stable enough for either to be used as a reference gene under our study 563	

conditions. SCOVILLE et al. (2011) tested different lines of M. guttatus and included a 564	

wound treatment, which may have resulted in our differing reports of traditional 565	

reference gene stabilities. This again highlights the importance of reference gene 566	

validation for specific study conditions. 567	

 Although we found that some traditional reference genes can be used for qPCR 568	

normalization, they are not optimal reference genes; the variability in expression of the 569	

traditional reference genes is very high when compared to the variability of all robustly 570	

expressed genes (Figure 2, Table S2). This indicates that whole transcriptome 571	

approaches, such as RNA-seq, have great potential to discover novel reference genes 572	

that are stably expressed in the study system of interest. With the current speed and low 573	

cost of RNA-seq, as well as the online availability of multi-tissue and/or multi-574	



	 25	

environment RNA-seq data sets, we expect that the whole transcriptome approach will 575	

be increasingly useful for reference gene identification and validation.   576	

 577	

Efficacy of Transcriptomics for Reference Gene Selection 578	

 RNA-seq has been shown repeatedly to generate accurate measurements of gene 579	

expression (MARIONI et al. 2008; MORTAZAVI et al. 2008; NAGALAKSHMI et al. 2008; 580	

NOOKAEW et al. 2012). We find similar results in Mimulus when comparing the relative 581	

expression determined by RNA-seq to the relative expression determined by qPCR for 582	

eight selected genes (Figure 5A). We also find that estimates of expression mean are 583	

robust to moderate environmental and genetic variation, but that estimates of 584	

expression variability across tissue types are only in agreement when the samples were 585	

obtained from a shared environment (Figures 4 and 5). These results suggest that 586	

environmental changes may have a greater impact on expression variability than on 587	

expression means. 588	

For the goal of reference gene selection, where expression variability must 589	

remain low, this difficulty can be solved in two ways. One approach is to use the same 590	

samples for both RNA-seq and the subsequent qPCR analysis, as in Chang et al. (2012) 591	

and Yang et al. (2014). This method would be highly accurate, but would be extremely 592	

specific to particular study conditions. A second approach would be to evaluate a large 593	

variety of genotypes or growth conditions to discover genes that are maximally stable 594	

across genetically and environmentally distinct samples, as was done for Arabidopsis 595	

thaliana in Czechowski et al. (2005). This method would allow for the identification of a 596	

starting pool of “universally” stable genes. 597	

 598	

Reference Gene Selection using RNA-seq 599	

We show, using Mimulus as a case study, that RNA-seq is a promising tool for 600	

selecting genes with low gene expression variance that can be used as novel qPCR 601	
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reference genes. As many research labs regularly use RNA-seq as a first approach to 602	

collecting expression data, already completed RNA-seq transcriptomes are a readily 603	

available tool that can be used to search for candidate qPCR reference genes in any 604	

study system. Although we find that the variance in expression is variable between 605	

environmental conditions, we propose that transcriptomes from diverse samples can be 606	

pooled in order to identify more universally stable genes. We show that two simple 607	

methods for identifying genes with low expression variance, the CV method and the 608	

fold change method, both result in comparable evaluations of expression variance. 609	

Thus, either of these methods can be used to identify a preliminary set of highly stable 610	

candidate reference genes for qPCR experiments. 611	

 612	
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