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Abstract

Most expression studies measure transcript abundance across multiple conditions followed
by clustering and functional enrichment. This enables discovery of shared function for
differentially expressed genes, but is not useful for determining whether pre-defined
groups of genes share or diverge in their expression patterns. Here we present a simple
data transformation method that allows Gaussian parametric statistical analysis of
transcript abundance for groups of genes, thus enabling a biologically relevant hypothesis-
driven approach to gene expression analysis.

Determining gene function remains a fundamental problem in biology. Measuring
gene expression levels via RNA-seq analyses across various treatments and developmental
stages from many tissues greatly facilitates gene, pathway, and genomic functional
annotation and interpretation. Many sophisticated statistical models and implementations
have been developed to reduce measurement bias introduced during sampling and
technical procedures?2345, Following normalization, downstream analyses commonly aim
to discover the function of genes that share differential expression (DE) patterns based on,
shared biochemical pathways, biological processes, etc. Other, less commonly used
approaches assess DE within pre-defined gene sets®’. Such existing approaches are either
‘competitive’ or ‘self-contained,” terms coined by Geoman and Buhlmann®. The competitive
approach identifies gene sets enriched with more or less DE as compared to the
background gene set. The self-contained approach focuses only on the information from
gene sets of interest. Each approach has important caveats. Competitive group analysis
depends on the background distribution and assumes independent sampling82.19, Self-
contained analyses are highly affected by extreme values of expression for single genes;
thus one highly expressed gene could result in failure to detect otherwise significant
patterns. Here we present a different method: expression data transformation followed by
Gaussian statistical assessment that enables comparison of expression patterns among pre-
defined groups, both within and across treatments.

After read count normalization and transcript normalization (based on, e.g.,
housekeeping gene mean values), transcript abundance can be compared among individual
genes or groups of genes. The distribution of expression values across all genes generally
follows an exponential curve, with the majority of genes expressed at relatively low levels
(see Figure 1a). Through log transformation, these distributions become approximately
normal (Figure 1b), thus enabling downstream analysis of differences among specific
groups of genes including parametric approaches (e.g., Student’s t-test) to determine the
significance of differences among groups based on expression pattern differences. To
demonstrate this approach, we use a well-known phenomenon: the response of genes to
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heat stress. Heat shock proteins (HSP) are regulated by heat shock factors (which are a
specific group of transcription factors; abbreviated here HSF TFs)11.12, HSF TFs are
negatively regulated by heat shock factor binding proteins (HSBPs)1314, By dividing maize
genes into subgroups, i.e., HSPs (reported in Pegoraro et al.1>), HSBPs (from Gramenel3.14),
HSFs and other TFs (from GRASSIUS1617), and housekeeping genes (from Lin et al.18), we
compare each group’s response to heat stress using RNA-seq datasets reported by
Makarevitch et al.1. For the full set of genes analyzed, see Table S1.

As expected, the expression pattern of shoot tissues of maize seedlings is extremely
positively skewed (Figure 1a; non-stressed condition). Log transformation results in a
distribution much closer to normal (Figure 1b). Log-transformed data collected from the
shoot tissues of maize seedlings under non-stress (Figure 1c) and heat stress conditions
(Figure 1d) generally follow the normal distribution (i.e., 93.1%-97.4% of all log
transformed data were located within a 95% confidence interval), indicating that this
transformation approach is reasonable. Because this method relies upon transformation to
approximate a normal distribution, it is important to check the results of log
transformation not only for all sampled genes and for all conditions, but also for each
individual gene group and treatment combination. In this example, the housekeeping
genes, HSFs, other TFs, and HSBPs all appear to roughly approximate the normal
distribution (as assessed via QQ-plot; Figs. S1-8). However, the transformed expression
pattern for HSPs do not follow the normal distribution (see Figs. S9 and S10) and are
therefore not appropriate for analyses using parametric tests of significance among groups.
This result exemplifies the need to inspect transformed distributions as a step in applying
this method.

As one might expect given the well-understood biology of response to heat stress,
transcription of HSF TFs increases in response to heat stress and shows a very different
distribution than other TFs (Figure 1, panels e and f). Relative to the non-stress condition,
HSF TFs have right-shifted RNA expression distributions relative to housekeeping genes
and other TFs under heat stress. Beyond inspecting the distributions, this data
transformation approach allows application of parametric statistical approaches, e.g., the t-
test, to compare mean values between distributions within a given sample. As shown in
Table 1, under non-stress conditions, the t-test fails to reject the null hypothesis (i.e., HSF
TF and other TF have no differences in mean values). However, as shown in Table 2, under
heat stress t-test results reject the null hypothesis, indicating that the higher expression of
HSF TFs is significantly different than that of other TFs. As shown in Table 3, the expression
distribution shifts between Figure 1 panels e and f are significant only for HSF TFs, but not
for other TFs nor for the HSBP group.
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Figure 1. Log transformation enables Gaussian modeling of expression patterns among groups of
genes. (a) The percentage of maize genes with a given RNA expression level (transcripts per million) plotted
for the non-stress condition. (b) Log transformation of the same RNA expression values results in a roughly
normal distribution. (Note y axis is not the same between panels a and b.) (¢ and d) QQ-plots (normal
distribution quantiles plotted against sample quantiles) for the log-transformed data collected for non-stress
(c) and heat stress (d) shown as black circles. Solid red diagonal indicates perfect concordance. Red dashed
lines indicate the 95% confidence interval (CI). Purple brackets indicate the percentage of data falling outside
the 95% CI. (e and f) RNA expression levels normalized by housekeeping genes are plotted by percentage for
non-stress (e) and heat stress (f) conditions. Housekeeping genes shown in green, HSPB in red, HSF TFs in
turquoise, and other TF family genes in purple.
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Table 1. t-test p-values between gene sets under non-stress conditions.

Sample size HSF TF HSPB Other TF
HSF TF 19 - <0.0004* 0.272
HSPB 37 - - 0.0001*
Other TF 1,299 - - -

* p-values smaller than 0.05 after Bonferroni multiple test correction.

Table 2. t-test p-values among the same groups of genes under stress

conditions.

Sample size HSF TF HSPB Other TF
HSF TF 23 - 0.5003 0.0060*
HSPB 37 - - <0.0001*
Other TF 1,234 - - -

* p-values smaller than 0.05 after Bonferroni multiple test correction.

Table 3. t-test p-values among the same groups of genes
under two conditions.

HSF TF HSPB Other TF
Heat vs 0.0039* 0.1659 0.2457
normal
* p-values smaller than 0.05 after Bonferroni multiple test
correction.

One could easily use this approach to study other phenomena and to test various
biological hypotheses. For example, recent studies report that motifs around regulatory
regions of genes (such as transposable elements!?, high GC content motifs20, and G-
quadruplexes?1) may influence gene expression levels under stress conditions. One could
also apply this approach to evaluate the influence of gene sequence composition bias on
expression (e.g., GC content effects) as well as expression differences that may be
attributable to a gene’s local context (e.g., location on the chromosome or adjacency to
other genes). Lastly, this method could be used to reassess the reasonableness of pre-
defined gene sets based on sequence similarity, phylogeny, or other sequence features.

Novel approaches to enable hypothesis testing for shared regulation of gene sets are
needed. The approach we developed and report here is anticipated to be among the first of
many such grouping-oriented analytics approaches under development.
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Supplementary Material

Table S1. Gene group member identifiers.

Data
Gene Group Source Gene Identifiers
HSP Pegoraro  GRMZM2G005753, GRMZM2G007729, GRMZM2G009683, GRMZM2G012631,

GRMZM2G039886, GRMZM2G047434, GRMZM2G048611, GRMZM2G054076,

etal. 2011 GRMZM2G059502, GRMZM2G069603, GRMZM2G072300, GRMZM2G078895,
GRMZM2G087758, GRMZM2G092632, GRMZM2G112626, GRMZM2G119483,
GRMZM2G129987, GRMZM2G141784, GRMZM2G149647, GRMZM2G156033,
GRMZM2G158232, GRMZM2G175860, GRMZM2G324956, GRMZM2G341404,
GRMZM2G360681, GRMZM2G364069, GRMZM2G399136, GRMZM2G406268,
GRMZM2G413897, GRMZM2G416120,

HSPB Gramene GRMZM2G002578, GRMZM2G021687, GRMZM2G028218, GRMZM2G031721,
GRMZM2G031981, GRMZM2G035651, GRMZM2G038801, GRMZM2G039089,
GRMZM2G040561, GRMZM2G048434, GRMZM2G054076, GRMZM2G056988,
GRMZM2G062788, GRMZM2G065355, GRMZM2G071996, GRMZM2G081910,
GRMZM2G091811, GRMZM2G095695, GRMZM2G098460, GRMZM2G111713,
GRMZM2G113340, GRMZM2G118316, GRMZM2G118731, GRMZM2G125304,
GRMZM2G134917, GRMZM2G134980, GRMZM2G144020, GRMZM2G145527,
GRMZM2G146000, GRMZM2G146673, GRMZM2G164475, GRMZM2G167463,
GRMZM2G168590, GRMZM2G174236, GRMZM2G307368, GRMZM2G321404,
GRMZM2G364069,

HSF TF GRASSIUS GRMZM2G002131, GRMZM2G005815, GRMZM2G010871, GRMZM2G025685,
GRMZM2G026742, GRMZM2G059851, GRMZM2G088242, GRMZM2G105348,
GRMZM2G115456, GRMZM2G118047, GRMZM2G118453, GRMZM2G118485,
GRMZM2G125969, GRMZM2G132971, GRMZM2G165272, GRMZM2G165972,
GRMZM2G179802, GRMZM2G301485, GRMZM2G384339,

Other TF GRASSIUS GRMZM2G000171, GRMZM2G000603, GRMZM2G000610, GRMZM2G000686,
GRMZM2G000818, GRMZM2G001048, GRMZM2G001223, GRMZM2G001243,
GRMZM2G001272, GRMZM2G001289, GRMZM2G001426, GRMZM2G001447,
GRMZM2G001577, GRMZM2G001592, GRMZM2G001663, GRMZM2G001875,
GRMZM2G001930, GRMZM2G002075, GRMZM2G002128, GRMZM2G002225,
GRMZM2G002915, GRMZM2G002978, GRMZM2G003304, GRMZM2G003406,
GRMZM2G003424, GRMZM2G003466, GRMZM2G003509, GRMZM2G003558,
GRMZM2G003715, GRMZM2G003755, GRMZM2G003944, GRMZM2G004060,
GRMZM2G004356, GRMZM2G004483, GRMZM2G004523, GRMZM2G004531,
GRMZM2G004548, GRMZM2G004619, GRMZM2G004641, GRMZM2G004908,
GRMZM2G004957, GRMZM2G005126, GRMZM2G005155, GRMZM2G005207,
GRMZM2G005301, GRMZM2G005353, GRMZM2G005624, GRMZM2G005732,
GRMZM2G005954, GRMZM2G006042, GRMZM2G006352, GRMZM2G006416,
GRMZM2G006429, GRMZM2G006477, GRMZM2G006493, GRMZM2G006631,
GRMZM2G006745, GRMZM2G006752, GRMZM2G006871, GRMZM2G007063,
GRMZM2G007406, GRMZM2G008166, GRMZM2G008234, GRMZM2G008259,
GRMZM2G008356, GRMZM2G008482, GRMZM2G008691, GRMZM2G008764,
GRMZM2G008898, GRMZM2G009163, GRMZM2G009406, GRMZM2G009478,
GRMZM2G009530, GRMZM2G009598, GRMZM2G009892, GRMZM2G010017,
GRMZM2G010298, GRMZM2G010920, GRMZM2G010929, GRMZM2G011015,
GRMZM2G011588, GRMZM2G011598, GRMZM2G011932, GRMZM2G012262,
GRMZM2G012584, GRMZM2G012654, GRMZM2G012717, GRMZM2G012724,
GRMZM2G012999, GRMZM2G013271, GRMZM2G013302, GRMZM2G013391,
GRMZM2G013398, GRMZM2G013581, GRMZM2G013617, GRMZM2G013657,
GRMZM2G013688, GRMZM2G014653, GRMZM2G014805, GRMZM2G014902,
GRMZM2G015080, GRMZM2G015097, GRMZM2G015433, GRMZM2G015610,
GRMZM2G015666, GRMZM2G016150, GRMZM2G016637, GRMZM2G016649,
GRMZM2G016749, GRMZM2G016756, GRMZM2G016817, GRMZM2G017142,
GRMZM2G017268, GRMZM2G017319, GRMZM2G017349, GRMZM2G017355,
GRMZM2G017429, GRMZM2G017520, GRMZM2G017586, GRMZM2G017882,
GRMZM2G018030, GRMZM2G018138, GRMZM2G018398, GRMZM2G018414,
GRMZM2G018485, GRMZM2G018487, GRMZM2G018508, GRMZM2G018876,
GRMZM2G019106, GRMZM2G019335, GRMZM2G019446, GRMZM2G019806,
GRMZM2G019907, GRMZM2G020081, GRMZM2G020150, GRMZM2G020156,
GRMZM2G020254, GRMZM2G020772, GRMZM2G020799, GRMZM2G020805,
GRMZM2G020928, GRMZM2G021339, GRMZM2G021573, GRMZM2G021610,
GRMZM2G021777, GRMZM2G021831, GRMZM2G022359, GRMZM2G022499,
GRMZM2G022686, GRMZM2G023257, GRMZM2G023285, GRMZM2G023291,
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GRMZM2G023667, GRMZM2G023872, GRMZM2G024530, GRMZM2G024550,
GRMZM2G024655, GRMZM2G024799, GRMZM2G024948, GRMZM2G024973,
GRMZM2G024976, GRMZM2G025014, GRMZM2G025812, GRMZM2G025989,
GRMZM2G026157, GRMZM2G026223, GRMZM2G026417, GRMZM2G026643,
GRMZM2G026833, GRMZM2G026927, GRMZM2G027068, GRMZM2G027309,
GRMZM2G027976, GRMZM2G028039, GRMZM2G028054, GRMZM2G028151,
GRMZM2G028438, GRMZM2G028594, GRMZM2G028813, GRMZM2G028980,
GRMZM2G029323, GRMZM2G029850, GRMZM2G029933, GRMZM2G029979,
GRMZM2G030272, GRMZM2G030280, GRMZM2G030325, GRMZM2G030458,
GRMZM2G030710, GRMZM2G030744, GRMZM2G030762, GRMZM2G030877,
GRMZM2G030882, GRMZM2G031001, GRMZM2G031200, GRMZM2G031963,
GRMZM2G031983, GRMZM2G032071, GRMZM2G032336, GRMZM2G032478,
GRMZM2G032655, GRMZM2G033138, GRMZM2G033267, GRMZM2G033356,
GRMZM2G033413, GRMZM2G033570, GRMZM2G033612, GRMZM2G033915,
GRMZM2G034110, GRMZM2G034113, GRMZM2G034217, GRMZM2G034362,
GRMZM2G034421, GRMZM2G034563, GRMZM2G034638, GRMZM2G034840,
GRMZM2G034868, GRMZM2G034876, GRMZM2G035092, GRMZM2G035370,
GRMZM2G035405, GRMZM2G035944, GRMZM2G036092, GRMZM2G036297,
GRMZM2G036351, GRMZM2G036837, GRMZM2G036966, GRMZM2G037128,
GRMZM2G037200, GRMZM2G037630, GRMZM2G037650, GRMZM2G037792,
GRMZM2G038066, GRMZM2G038073, GRMZM2G038158, GRMZM2G038303,
GRMZM2G038691, GRMZM2G038722, GRMZM2G038783, GRMZM2G038988,
GRMZM2G039074, GRMZM2G039094, GRMZM2G039187, GRMZM2G039586,
GRMZM2G039828, GRMZM2G039870, GRMZM2G039889, GRMZM2G040115,
GRMZM2G040298, GRMZM2G040349, GRMZM2G040452, GRMZM2G040481,
GRMZM2G040642, GRMZM2G040673, GRMZM2G040736, GRMZM2G041127,
GRMZM2G041223, GRMZM2G041415, GRMZM2G041462, GRMZM2G041701,
GRMZM2G041761, GRMZM2G041818, GRMZM2G041991, GRMZM2G042101,
GRMZM2G042250, GRMZM2G042704, GRMZM2G042756, GRMZM2G042893,
GRMZM2G042895, GRMZM2G043250, GRMZM2G043854, GRMZM2G044004,
GRMZM2G044077, GRMZM2G044359, GRMZM2G044382, GRMZM2G044408,
GRMZM2G044576, GRMZM2G044752, GRMZM2G044824, GRMZM2G044902,
GRMZM2G045109, GRMZM2G045236, GRMZM2G045431, GRMZM2G045678,
GRMZM2G045748, GRMZM2G045883, GRMZM2G045977, GRMZM2G046474,
GRMZM2G046816, GRMZM2G046885, GRMZM2G047038, GRMZM2G047370,
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Sample Quantiles
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Figure S1. QQ-plot of housekeeping gene transcription levels under
normal conditions. Normal distribution quantiles plotted against sample
quantiles for the log-transformed data collected from non-stress shown as
black circles. Black diagonal indicates perfect concordance.
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Figure S2. QQ-plot of HSF TF transcription levels under normal
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from non-stress shown as black
circles. Black diagonal indicates perfect concordance.
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Figure S3. QQ-plot of HSP binding gene transcription levels under
normal conditions. Normal distribution quantiles plotted against sample
quantiles for the log-transformed data collected from non-stress shown as
black circles. Black diagonal indicates perfect concordance.
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Figure S4. QQ-plot of other TF gene transcription levels under normal
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from non-stress shown as black
circles. Black diagonal indicates perfect concordance.
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Figure S5. QQ-plot of housekeeping transcription levels under heat
stress conditions. Normal distribution quantiles plotted against sample
quantiles for the log-transformed data collected from heat stress shown as
black circles. Black diagonal indicates perfect concordance.
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Figure S6. QQ-plot of HSF TF transcription levels under heat stress
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from heat stress shown as black
circles. Black diagonal indicates perfect concordance.
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Figure S7. QQ-plot of HSP binding gene transcription levels under heat
stress conditions. Normal distribution quantiles plotted against sample
quantiles for the log-transformed data collected from heat stress shown as
black circles. Black diagonal indicates perfect concordance.
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Figure S8. QQ-plot of other TF transcription levels under heat stress
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from heat stress shown as black
circles. Black diagonal indicates perfect concordance.
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Figure S9. QQ-plot of HSP gene expression levels under normal
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from heat stress shown as black
circles. Black diagonal indicates perfect concordance.
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Figure S10. QQ-plot of HSP gene expression levels under heat stress
conditions. Normal distribution quantiles plotted against sample quantiles
for the log-transformed data collected from heat stress shown as black
circles. Black diagonal indicates perfect concordance.
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