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Abruzzi et al. argue that transcriptome oscillations found in our study in the absence of Bmal1 are of low
amplitude, statistical significance, and consistency. However, their conclusions rely solely on a different
statistical algorithm than we used. We provide statistical measures and additional analyses showing that
our original analyses and observations are accurate. Further, we highlight independent lines of evidence
indicating Bmal1-independent 24-hour molecular oscillations.

In their Comment, Abruzzi et al. (1) challenge our
observations on circadian molecular oscillations in the
absence of Bmal1. We were notified by the authors, and
found independently, that the genotypes of processed liver
RNA-seq data were swapped by mistake during analysis
(corrected in Erratum). This, however, does not affect the
major conclusions of the paper. There are still oscillations in
Bmal1–/–. Inverting those data does not change this. All other
data, including fibroblast RNA-seq, proteomics, and
phosphoproteomics, demonstrate circadian rhythms in
Bmal1 knockouts. Correcting the genotypes does not affect
our inferences about E26 transformation-specific (ETS)
transcription factors. ETS factors are found in both
genotypes, and only the specific factors involved are
changed [figure S6A of (2)].
Abruzzi et al. comment on Bmal1 transcript oscillations
in Bmal1–/– tissue. We examined the Bmal1 transcript in
both genotypes. This shows that exon 5 (the targeted region)
is missing in the knockout (3), whereas other exons (e.g., 7
and 8) of the transcript are transcribed, along with introns
(Fig. 1A). Thus, the transcript oscillates when quantified by
the RNA-seq pipeline we used, which performed wholetranscript quantification. The mature transcript in Bmal1–/–
would, however, produce a truncated, nonfunctional
protein, which is not detected. This was described originally,
and we found the same by immunoblotting [figure S4A of
(2)] (2, 3). We find that Bmal1 is also rhythmic in Bma1l+/+
tissue, as is Cry2 (Fig. 1B).
Abruzzi et al. showed JTK_cycle results for all of their
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analyses and did not compare their findings to RAIN, the
principal algorithm used in (2). As stated in (2), we used
RAIN because of its ability to detect asymmetric circadian
profiles (e.g., nonsinusoidal patterns) and its superior
sensitivity relative to JTK (4). JTK is not a “gold standard”
in the field. According to the “Guidelines for Genome-Scale
Analysis of Biological Rhythms” (5), no gold standard exists
(4). Most studies use a range of methods to define circadian
patterning, as we did [figure S1C of (2)] (5). There is no
justification to regard an exclusively JTK analysis as
superior to ours.
Given Abruzzi et al.’s claims, we compared raw P values
and FDR-adjusted P values from RAIN with those generated
by JTK, and also by harmonic regression (HR), another valid
method for circadian detection (6) (Fig. 1C). As we had
found [figure S1C of (2)], JTK gives lower numbers of
transcripts than RAIN for any statistical threshold, and HR
gives comparable numbers to RAIN (Fig. 1C). From
examining their code, we note that Abruzzi et al. performed
analyses with HR and JTK simultaneously but did not show
HR results in their Comment (reason undisclosed), and
focused only on JTK. Furthermore, FDRs in JTK are more
conservative than the true FDR (7); that is, JTK
underestimates rhythmic transcripts.
Many recent circadian transcriptome studies, including
those published by Abruzzi and Rosbash, use low statistical
stringency (i.e., P values without FDR adjustment) to obtain
deeper coverage of the rhythmic transcriptome (8, 9). In
Abruzzi et al. (2017), for example, they state “JTK_cycle
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fibroblasts, Abruzzi et al. show some genes that do not
respond to opposite entrainment. Such transcripts are not
surprising, given that not all transcripts will display this
behavior. However, a large number of transcripts do show
the expected behavior (n = 83 show a 9- or 12-hour phase
difference between AM and PM datasets), and we provide
further examples here (Fig. 2, D and E). Thus, their
assertion that particular transcripts (defined by their filters)
are indicative of the overall results is mistaken.
Is there other evidence for oscillations in Bmal1
knockouts? Welz et al. found circadian oscillations in skin
using a different Bmal1 knockout model (14). A comparison
of those data with ours demonstrates that 882 transcripts
overlap between our skin fibroblast data and in vivo
epidermis data (Fig. 2, F and G). Furthermore, Bmal1–/– skin
fibroblasts show circadian metabolic flux oscillations under
constant conditions (15). These data provide further
evidence of self-sustained circadian oscillations in Bmal1–/–
cells and tissues under constant conditions.
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identified transcripts as cycling that had … a p-value cutoff
of less than 0.05” (8). Another recent paper by these authors
used a P < 0.05 cutoff (9). It is not clear why the authors of
this Comment use far less stringent statistical cutoffs for
their own published work but insist that much stricter
criteria are required for our work. Regardless, whichever
algorithm is chosen, there are hundreds to thousands of
transcripts that show circadian oscillations at FDR < 0.05 or
0.1 in Bmal1–/–.
The amplitudes shown in figure S3A of (2) are expressed
as a peak-to-trough ratio. This is stated in the figure legend.
“Amplitude” and “fold change” are used interchangeably in
the field (5). We used peak-to-trough ratio because RAIN
does not calculate amplitude as an output. The calculation
used by JTK determines deviation from median expression,
which will be at least half the peak-to-trough value. Thus,
their amplitudes will not accord with ours unless rescaled.
We found similar amplitude distributions for rhythmic
transcripts in Bmal1+/+ and Bmal1–/– (Fig. 1E). Furthermore,
the amplitude distributions are comparable to earlier liver
circadian transcriptome studies by the Hogenesch group
(10) (Fig. 1F).
We disagree with Abruzzi et al.’s results concerning the
numbers of transcripts that are rhythmic among different
37°C datasets. We used an alternative metric requiring that
a transcript is rhythmic in at least two datasets to identify
consistently rhythmic ones (Fig. 2, A and B). It may not be
expected that high numbers of transcripts intersect among
all the datasets; circadian meta-analyses of the same tissue
show little concordance (11). Thus, we do not think that
intersection of all datasets is a fair comparison, given the
known variability among such datasets. Also, clones of
seemingly identical fibroblasts do not show the same
circadian characteristics from generation to generation. This
introduces further variability in passaged cells that could
explain some variability seen among our transcriptomic
datasets (12).
Abruzzi et al. speculate that transcriptomic oscillations
in Bmal1–/– cells and tissues are externally driven by
“unintended daily interventions.” We went to great lengths
to ensure constant conditions. The temperature was held
constant during synchronization and sampling phases
[figure S1B of (2)]. No medium changes occurred after
dexamethasone synchronization. Plates were kept in
constant darkness in light-tight incubators. Incubators were
situated on anti-vibration benches to minimize vibration.
Sample collection was done by trained personnel in a
randomized fashion. Furthermore, the phase distribution is
very similar to that seen in in vivo liver RNA-seq data (13),
falling into two predominant phases (Fig. 2C). This is
expected, rather than unusual (as claimed).
Finally, regarding differential entrainment of
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Fig. 1. Substantial numbers of rhythmic transcripts detected in Bmal1–/– liver tissue using different algorithms
and statistical thresholds. (A) Genome browser view of Arntl (Bmal1) transcript in wild-type and Bmal1–/– liver
tissues. Sequence reads for exon 3 to exon 8 are shown for both genotypes at the peak (CT21) and at the trough
(CT33). Exon 5 is disrupted in the knockout. (B) Rhythmic expression (Log2 transformed FPKM) of Cry2 in wildtype liver tissue (FDR < 0.05). (C) Thousands of 24-hour oscillating transcripts identified at different statistical
stringency levels [using three different algorithms: RAIN, harmonic regression (HR), and JTK_cycle] in Bmal1–/–
liver tissues (after correcting the genotype switching). (D) Schematic showing how the amplitudes were calculated
as peak-to-trough ratio (fold-change) in our study. (E) Amplitude [peak-to-trough ratio (fold-change)] for rhythmic
genes in wild-type and Bmal1–/– liver tissues (RAIN FDR < 0.1, 24-hour period). (F) Comparative analysis of our data
with the amplitude of cycling transcripts (profiled using microarray analysis) in mouse liver as reported in (10).
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Fig. 2. Overlap among rhythmic transcripts identified in different Bmal1–/– mouse skin fibroblast (MSF) experiments.
(A) Rhythmic transcripts (RAIN, FDR < 0.1) identified in at least two of four Bmal1–/– MSFs experiments performed at
37°C. Results represent a significant overlap (521/3790, 14% of all identified rhythmic transcripts) among the datasets.
(B) Overlap among rhythmic transcripts (RAIN, FDR < 0.1) identified in 27°, 32°, and 37°C Bmal1–/– MSF datasets
(585/3488 in at least two of three datasets, 17% of all identified rhythmic transcripts). (C) Rose plots representing the
frequency distribution of the phases of cycling transcripts identified in Bmal1+/+ and Bmal1–/– liver tissues in our study
(2). We compared our data with the phase distribution of cycling genes (exon) in wild-type mouse liver as demonstrated
in (13) (whole-transcriptome RNA-seq analysis). (D) Phase difference distribution for the rhythmic transcripts (RAIN
FDR < 0.1) in AM and PM datasets (Bmal1–/– fibroblasts synchronized 12 hours apart). (E) Many of the identified rhythmic
transcripts in AM and PM datasets exhibited antiphase rhythms in Bmal1–/– MSFs (phase difference 9 or 12 hours).
Oppositely phased abundance profiles (log2 transformed FPKM) of a few representative rhythmic genes (RAIN, FDR <
0.1, in addition to those shown in the original manuscript). Samples from three biological replicates were pooled together
for RNA-seq analysis at each time point. (F and G) Venn diagrams showing overlap between rhythmic transcripts (RAIN
FDR < 0.1) identified in Bmal1–/– MSFs (if rhythmic in any of the 37°C datasets) (F) and Bmal1–/– liver tissues (G) in our
study (2) and in Bmal1–/– epidermis (KO-ArntlstopFL/stopFL) under constant conditions (DD), as identified in (14) (GEO
accession: GSE114943; FPKM values reanalyzed using the RAIN algorithm).
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