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e Housekeeping genes (HKGs) are constitutively expressed with low variation across tis-
sues/conditions. They are thought to be highly conserved and fundamental to cellular mainte-
nance, with distinctive genomic features.

e Here, we identify 1505 HKGs in the unicellular marine diatom Thalassiosira pseudonana
based on an RNA-seq analysis of 232 samples taken under 12 experimental conditions over
0-72 h. We identify promising internal reference genes (IRGs) for T. pseudonana from the
most stably expressed HKGs.

¢ A comparative analysis indicates < 18% of HKGs in T. pseudonana have orthologs in other
eukaryotes, including other diatom species. Contrary to work on human tissues, T. pseudo-
nana HKGs are longer than non-HKGs, due to elongated introns. More ancient HKGs tend to
be shorter than more recent HKGs, and expression levels of HKGs decrease more rapidly with
gene length relative to non-HKGs.

e Our results indicate that HKGs are highly variable across the tree of life and thus unlikely to
be universally fundamental for cellular maintenance. We hypothesize that the distinct
genomic features of HKGs of T. pseudonana may be a consequence of selection pressures
associated with high expression and low variance across conditions.
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Introduction

Gene expression can vary greatly with environmental conditions
and, in multicellular organisms, across tissues. Substantial inter-
est has been paid to a small proportion of genes with nearly con-
stant expression levels across tissues, developmental or cell cycle
stages, and conditions, which are commonly referred to as
housekeeping genes (HKGs) (Butte ez al., 2001; Watson, 2004;
Eisenberg & Levanon, 2013). Hundreds to a few thousand
HKGs have been identified in humans and other model organ-
isms such as Arabidopsis and Zea mays L. (Warrington et al.,
2000; Hsiao eral., 2001; Eisenberg & Levanon, 2003, 2013;
Lee etal., 2007; Zhu et al., 2008; She ez al., 2009; Chang ez al.,
2011; Lin eral, 2014; Cheng eral, 2017). Transcriptomic
studies of HKGs in humans and higher plants indicate that
HKGs are often involved in gene expression, biogenesis of
nucleotides and amino acids, and intracellular transport (Eisen-
berg & Levanon, 2013; Cheng ez al., 2017). More than 40% of
HKGs in Arabidopsis have human orthologs, suggesting HKGs
might be highly conserved across the tree of life (Cheng ez al.,
2017). A subset of HKGs identified from these model organ-
isms with especially low variance in expression such as actins

(ACT), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
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tubulins (TUB), histone, elongation factor 1-a (EFG1-a) and
rRNA, have been widely used as internal reference genes (IRGs),
or control genes for the internal calibration of gene expression in a
range of model and nonmodel organisms (Thellin eral, 1999;
Nicot et al., 2005).

In humans, there is evidence that HKGs have several distin-
guishing characteristics relative to tissue-specific genes, including
higher average relative expression and a more compact structure
including shorter introns, untranslated regions and coding
sequence (CDS), and a slower rate of evolution (Eisenberg &
Levanon, 2003; Vinogradov, 2004; Zhang & Li, 2004). Tran-
scription consumes time and resources, so a more compact gene
structure may be evolutionarily selected in HKGs with high levels
of expression; this is referred to as the selection for economy
hypothesis (Castillo-Davis ezal., 2002). Other studies, in rice,
Arabidopsis (Ren etal., 2006), yeast (Vinogradov, 2001) and
humans (Zhu eral., 2008), have found that highly expressed
genes are less compact. These contradictory findings may be due
to differences in sequencing technology used, environmental con-
ditions examined, tissues or organism considered, and the bioin-
formatic criteria used to identify HKGs (Zhang eral, 2015).
Further work on HKGs across a wider array of organisms and
conditions is needed to assess whether HKGs and IRGs and their

New Phytologist (2022) 1
www.newphytologist.com


https://orcid.org/0000-0001-8735-2313
https://orcid.org/0000-0001-8735-2313
https://orcid.org/0000-0001-8805-1205
https://orcid.org/0000-0001-8805-1205
https://orcid.org/0000-0002-4127-8311
https://orcid.org/0000-0002-4127-8311
https://orcid.org/0000-0001-7784-2319
https://orcid.org/0000-0001-7784-2319
https://orcid.org/0000-0003-4212-3917
https://orcid.org/0000-0003-4212-3917
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.18039&domain=pdf&date_stamp=2022-03-24

genomic characteristics are well conserved across the tree of life
and consistent with the selection for economy hypothesis.

It has been hypothesized that HKGs provide insight into the
basic mechanisms underlying cellular maintenance (Eisenberg &
Levanon, 2003, 2013; Vinogradov, 2004; Zhang & Li, 2004;
Zhu etal., 2008; Lv ez al., 2015). HKGs in protists have received
relatively little attention in the literature compared with those in
model organisms such as humans and plants. Marine diatoms are
unicellular photosynthetic eukaryotes that are responsible for c.
20% of global primary production (Falkowski ez al., 1998; Field
eral., 1998), and thus play a critical role in ocean biogeochem-
istry (Tréguer eral., 2018). In a pioneering study, Alexander ez al.
(2012) identified 179 potential IRGs in the model diatom
Thalassiosira pseudonana grown under replete and phosphorus-,
iron- and phosphorus-and-iron co-limited conditions. They sam-
pled at one time point selected when growth rate deviated from
the replete control conditions using Tag-Seq. They found that
several genes traditionally used as IRGs in other model organ-
isms, and applied in phytoplankton studies, were significantly
variable in 7. pseudonana, indicating that HKGs may not be well
conserved across diverse eukaryotic lineages. Taking advantage of
advances in sequencing technology and the increased availability
of genome and proteomic sequences of diverse diatoms (Arm-
brust etal., 2004; Bowler eral, 2008; Basu eral, 2017; Mock
etal., 2017), here we determine whether: HKGs in 7. pseudonana
are more highly expressed, or compressed, or evolved slower than
non-HKGs; there is a high level of conservation in HKGs across
eukaryotes; and IRGs identified by Alexander eral. (2012) are
stable under a wide range of stressors including reduced and ele-
vated light, reduced and elevated temperature, reduced pH,
nutrient (N, P, Fe and Si) starvation, a reactive oxygen stress and
a control sampled over a time course, plus a filtration and cen-
trifugation treatment, using RNA-seq.

Materials and Methods

Strain, culture conditions and experimental treatments

The marine diatom Thalassiosira pseudonana (Hustedt) Hasle et
Heimdal, CCMP 1335) was obtained from the Bigelow National
Center for Marine Algae and Microbiota and maintained axeni-
cally in 250-ml polycarbonate bottles in modified nutrient-
replete ESAW medium (Berges eral., 2001), at 20°C, pH 8.1
and a continuous photon flux density of 100 pmol m > s (we
refer to this as the control). Thalassiosira pseudonana was exposed
to the control conditions and 10 experimental treatments: four
nutrient starvation treatments (N-, P-, Si- and Fe-free media), a
low- and a high-temperature treatment (14 and 26°C), a low and
a high irradiance treatment (10 and 800 pmol m2s ), alow-
pH treatment (pH 7.8) and a reactive oxygen species (ROS)
stress treatment that was created by exogenous addition of 0.165
mM H,O,. Cultures were filtered, centrifuged and rinsed before
the initiation of the treatments (room temperature, three rounds
at 3000 g 3 min and total time =~ 0.5 h). We sampled the con-
trol bottles both before and immediately after centrifugation at
time 0, and refer to the sampling after centrifugation as the
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filtration and centrifugation treatment. Due to time and space
constraints, we conducted the experiment in three batches, and
therefore, there were three control runs and filtration and cen-
trifugation treatment runs. Each control and treatment was con-
ducted in four biological replicate bottles. The control was
sampled at 0, 6, 24 and 72 h. The 10 environmental treatments
were sampled at 2, 6, 24 and 72 h after the initiation of the treat-
ment. In all the experimental set-ups were included a set of con-
trol samples (five time points, run in three batches) and
environmental treatments (10 environmental treatments X four
time points, and the filtration and centrifugation samples run in
three batches, each with one time point) and four replicates for a
total of 232 samples. Additional details on the experimental set-
up are provided in Supporting Information Table S1 and Fig. S1
and our study that summarizes the photophysiological responses
to these treatments (Li ef 4/, 2021).

Sampling, RNA extraction and sequencing

Cultures were sampled at a final cell concentration of ¢. 5 x 10’
cells ml™", regardless of the treatment, and filtered on polycar-
bonate (PC) Millipore membranes (pore size: 0.8 pm; diameter:
25 mm) under gentle vacuum pressure (<18 kPa or 5 in Hg) and
low light. Samples were immediately frozen in liquid nitrogen
and stored at —80°C until further analysis. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) follow-
ing the manufacturer’s instructions. In brief, samples were placed
in 1 ml of TRIzol reagent with lysing matrix D (MP Biomedicals,
Santa Ana, CA, USA) and homogenized using a FastPrep 24
Machine for three cycles of 30 s each at a speed setting of
8.0 m s~ ', and incubated with ice between cycles (MP Biomedi-
cals), followed by a standard phenol—chloroform extraction. The
aqueous phase was transferred to a gDNA eliminator column
(RNeasy Plus Mini Kit, Hilden, Germany) to remove the gDNA.
RNeasy Plus Mini Kit and Qiagen’s RNase-free DNase Set (an
on-column treatment) were used for further purification and
gDNA removal. RNA quality and content were measured by a
NanoDrop ND-1000 Spectrophotometer, and the concentration
of the samples was then adjusted to 100 ng ul~" for sequencing,
All RNA samples had an A260/A280 > 2.1 and A260/A230 >
2.4. All samples passed the RNA integrity analysis determined
using an Agilent 2100 Bioanalyzer, using the RNA 6000 Nano
Kit (Agilent, Palo Alto, CA, USA). Sequencing was performed by
[llumina NovaSeq 6000 System at the Genome Quebec Innova-
tion Centre. An Illumina TruSeq Stranded mRNA library prepa-
ration method was used for paired-end 100-bp reads. All raw
read files (detailed descriptions of these files are provided in
Dataset S1) are available through NCBI SRA (BioProject:
PRJNA734969).

Bioinformatic analyses

The quality of the raw reads was assessed by Fastqc v.0.11.8
(Andrews, 2010) and FastQ Screen v.0.13.0 (Wingett &
Andrews, 2018) and summarized using MULTIQC (Ewels ez al,
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2016). Trimming of the raw reads was performed to remove low-
quality bases and adapter sequences with TRIMMOMATIC v.0.38
(Bolger etal., 2014). Trimmed reads were mapped and aligned
to the genome of 7. pseudonana CCMP 1335 (assembly
ASM14940v2, https://www.ncbi.nlm.nih.gov/genome/54) to
generate the SAM files using Hisat2 (v.2.1.0) (Kim et al., 2015).
The SAM files were then sorted and converted into binary BAM
files by SAMTo0LS (v.1.7) (Li etal., 2009). The BAM files were
used to calculate the gene expression transcripts per million
(TPM) using STRINGTIE v.2.1.2 (Pertea eral., 2015). The gene
count matrix was generated from the STRINGTie gtf results using
a PyTHON script (prepDE.py) provided with STRINGTIE. The gene
count matrix was used to assess the log fold change (log,FC) and
the SD of log fold change (logfesd) using DESEQ2 v.1.24.0 (Love
etal., 2014). We compared expressions at =2, 6, 24 and 72 h
for each environmental treatment with the control at the same
time, and expression in the centrifugation and filtration treat-
ment at ¢~ 0.5 h with the control at time #= 0 h. Functional
annotation of the HKGs in 7. pseudonana was performed using
gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis using the R package
GOstATs (Falcon & Gentleman, 2007) with a P-value cut-off of
0.01, and R package KEGGPROFILE (Zhao etal., 2012) with a
Padj cut-off of 0.01, respectively. We identified the potential
localization of HKGs in 7. pseudonana based on subcellular pro-
tein targeting using HECTAR v.1.3 (https://webtools.sb-roscoff.fr/).
In addition, we downloaded chromosome and subcellular loca-
tion data for all 77 pseudonana proteins from UNIPROT (hteps://
www.uniprot.org/) and analysed the localization of the HKGs
using R v.4.0.2 (R Development Core Team, 2020) and cGrLOT2
R package (Wickham, 2016).

Defining HKGs and relative expression breadth

To identify HKGs in 7. pseudonana, we adopted criteria similar
to those used in humans (Eisenberg & Levanon, 2013): (1)
nonzero expression in all samples examined: TPM > 0 in all 232
samples; (2) low variance in gene expression: coefficient of varia-
tion (CV) of TPM across all samples < 200%; (3) no exceptionally
high expression compared with the mean: |logy(TPM/(mean
TPM))| < 2; (4) and an additional constraint of low magnitude
and low variability in differental expression for all treatments: |
log,FC| <1 and SD of log,FC < 0.5. We checked the expressional
stability of HKG gene expression in independent differential gene
expression data for 7. pseudonana CCMP 1335 from 56 treat-
ments archived at DiatomPortal (http://networks.systemsbiology.
net/diatom-portal/, data downloaded on 22 September 2021). We
analysed and compared the expressional stability (using [log,FC|
and SD of log,FC) of HKGs and non-HKGs. To investigate the
expressional stability of orthologs of HKGs of T. pseudonana in
Phaeodactylum tricornutum CCAP 1055/1, we identified Phaeo-
dactylum orthologs of Thalassiosira genes using the INPARANOID
v.4.1 program and database (http://inparanoid.sbe.su.se/)
(O’Brien etal, 2005). We found 1505 Thalassiosira HKGs have
941 Phaeodactylum orthologs. We downloaded differential expres-

sional data for Phacodactylum from Diatomicsbase (https://www.
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diatomicsbase.bio.ens.psl.eu/, data downloaded on 27 September
2021). We removed differential expression data of knockdown cell
lines and experiments with only one or two biological replicates.
The compiled dataset included 39 conditions from 14 studies. We
then compared the expressional stability (using |log,FC| and SD
of log,FC) between these 941 Phaeodactylum orthologs of 1505
Thalassiosira HKGs (ptHKGs) and the remaining Phacodactylum
genes (non-ptHKGs).

The expression breadth in organisms with tissues is tradition-
ally defined as the number (or proportion) of tissues under which
a gene is expressed (Zhu ez al., 2008). We propose that an analo-
gous concept for unicellular organisms is the proportion of exper-
imental conditions under which a gene is expressed (we refer to
this as the expression breadth, EB). In T. pseudonana, the vast
majority of the detected genes (11 013, 94.4%) have a median
TPM > 0 under all treatments and controls. A TPM threshold of
10 yields 5611 (48.1%) genes under the treatments and controls
examined. We define a relative expression breadth (REB) for T.
pseudonana as the percentage of examined experimental treat-
ments under which a gene is expressed with median TPM > 10.

Conservation of HKGs across diverse lineages

To assess the evolutionary conservation of the HKGs of T.
pseudonana, we identified and analysed the distribution of
orthologs of the HKGs across 37 species representing diverse
clades from all kingdoms. To identify 7Thalassiosira-specific
HKGs in the 37 species analysed, we downloaded protein
sequences of Minidiscus variabilis CCMP 495 from JGI (hueps://
genome.jgi.doe.gov/) and 36 other organisms from NCBI
(htep://www.ncbi.nlm.nih.gov/genome). We then identified
orthologs between 7. pseudonana CCMP 1335 and M. variabilis
CCMP 495 and Cyclotella cryptica CCMP 332 using protein
sequences and the INPARANOID v.4.1 program (O’Brien etal,
2005). A phylogenetic tree of 37 species was constructed from a
database of their proteomes (http://www.ncbi.nlm.nih.gov/
genome or https://genome.jgi.doe.gov/) using CVTREE3 with a
k-mer size of eight (Zuo & Hao, 2015). We identified ortholo-
gous gene pairs between T. pseudonana and the 36 other species
using INPARANOID v.8.0 (O’Brien ez al., 2005). We calculated the
number of these pairs found in each of 36 organisms and the
ratio of these counts to the total number of genes in 7. pseudo-
nana with orthologs in any of these 36 organisms. We blasted the
HKGs only identified in 7. pseudonana against Tara Oceans data
as a check to validate whether the genes had been observed inde-
pendently by the Basic Local Alignment Search Tool (BLAST) pro-
gram (Altschul ez al. 1990) (https://www.genoscope.cns.fr/tara/),
including the Tara Oceans eukaryotic genome (the ‘SMAGs’)
nucleotides and peptides, metagenomic transcriptome (MGT)
nucleic sequences, and the Tara Oceans eukaryote gene catalog
(the ‘MATOU’ unigene sequences).

In a separate analysis of genes independently identified as
HKGs, we compared the 1505 HKGs we identified in 7. pseudo-
nana, and HKGs identified in Homo sapiens (3804 HKGs identi-
fied across 16 human tissues) (Eisenberg & Levanon, 2013) and
Arabidopsis thaliana (692 HKGs identified across 11 plant
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tissues) (Cheng etal., 2017) to identify how many HKGs were
shared across these model organisms using R v.4.0.2 (R Develop-
ment Core Team, 2020) and UpseTR v.1.4.0 (Conway ezal.,
2017). We looked for orthologs of these genes among the HKGs
identified in 7. pseudonana. Note the criteria for identifying
HKGs in H. sapiens and A. thaliana differed somewhat from our
criteria for 7. pseudonana: HKGs in T. pseudonana, H. sapiens
and A. thaliana were defined using different conditions and tis-
sues, and the threshold for expression variation was different for
A. thaliana compared with that for 7. pseudonana and H. sapiens.

The evolution of HKGs in diatoms

To assess the rate of evolutionary change in HKGs vs non-HKGs
in T. pseudonana, we computed the ratio of the number of non-
synonymous to synonymous (dN : dS) differences in all identified
orthologs between 7. pseudonana and six other diatoms and the
brown macroalga Ectocarpus siliculosus. We analysed the genome
sequences and gff files of 7. pseudonana CCMP 1335, M. vari-
abilis CCMP 495, C. cryptica CCMP 332, Thalassiosira oceanica
CCMP 1005, P. tricornutum CCAP 1055/1, Fragilariopsis cylin-
drus CCMP 1102, Pseudo-nitzschia multistriata B856 and Ecto-
carpus siliculosus Ec 32 (CCAP 1310/04) obtained from NCBI
(http://www.ncbi.nlm.nih.gov/genome or https://genome.jgi.
doe.gov/). The CDS and protein fasta sequences were obtained
from the genome sequences using the gff files and the Gffread
function in CUFFLINKS (Trapnell ez al, 2010). Orthologous gene
pairs between 7. pseudonana and the seven other species were
identified from the protein fasta sequences using INPARANOID
v.8.0 (O’Brien etal., 2005). One-to-one orthologous gene pairs
were identified using an INPARANOID score of 1 and selecting the
first gene of another diatom when there were multiple matches to
a 1. pseudonana gene. The CDS of the orthologous gene pairs
was used to calculate dN : dS using the YNOO program in the
phylogenetic analysis of maximum likelihood (PamL) package
(Yang, 2007) and the paml-yn00-run-pipeline (Zhang eral,
2020). Multiple sequence alignment and PAML format conversion
were performed by ParaAT (Zhang etal, 2012) and MAFFT
(Nakamura ezal., 2018) as part of the paml-yn00-run-pipeline.
Oudlier genes showing abnormally high dS > 10 were not consid-
ered in our analysis.

Nucleotide substitution rate, gene length and expression
level of HKGs compared across diatoms, eukaryotes and
prokaryotes

We examined the relationship between the evolutionary origin
of HKGs in T. pseudonana and the nucleotide substitution
rate, gene structure and expression level. We clustered the 37
organisms described above into four phyletic groups: T.
pseudonana, other diatoms (not T. pseudonana, six species),
nondiatom eukaryotes (24 organisms) and prokaryotes (bacte-
ria and archaea, six organisms). We classified the 1505 HKGs
of T. pseudonana into five groups according to their evolution-
ary history as revealed by the set of orthologs identified as: T,
unique to 7. pseudonana; D, present in at least one species of

New Phytologist (2022)
www.newphytologist.com

New
Phytologist

diatom, but not in any nondiatom eukaryote or prokaryote; E,
present in at least one diatom and at least one nondiatom
eukaryote, but not in any prokaryote; P, present in all groups;
and a final group for all remaining HKGs with ambiguous
evolutionary history. The evolutionary rate dN : dS, gene
length, CDS length and expression level (TPM) were calcu-
lated and analysed using these groups.

Evaluating IRGs in T. pseudonana

To identify internal reference genes (IRGs) in 7. pseudonana, we
adopted criteria similar to those used in studies on humans
(Eisenberg & Levanon, 2013) and in a prior study on 7. pseudo-
nana (Alexander etal, 2012). We selected HKGs (as described
above) and altered our constraints to TPM > 10, CV of TPM <
25%, |logo(TPM/(mean TPM))| < 1 (2-fold) and |log,FC| < 0.4.
To these genes, we added six IRGs previously identified in 7.
pseudonana using different methods and criteria (Alexander ez al.,
2012). We evaluated an additional 10 commonly used IRGs
identified in other eukaryotes and their orthologs from UniProt
(Consortium, 2019) from a literature search (Dataset S2). The
ten commonly used IRGs are as follows: ACT, GAPDH, TUB,
calmodulin, histone, EFG1-a, ribosomal protein (RP), cyclin-
dependent kinase (CDK), TATA box-binding protein (TBP) and
probable adenine phosphoribosyltransferase (APT).

Statistical analyses

All experiments were performed using four independent bio-
logical replicates. A Mann—Whitney U-test was used to test
whether HKGs and non-HKGs are associated with significant
differences in several gene characteristics of interest. A linear
regression analysis was used to test the relationship between
the log gene length and log median TPM. A Spearman rank
correlation analysis was used to test the monotonic trend in
gene length and dN : dS with REB in HKGs and non-HKGs.
Statistical analyses were all carried out using R v.4.0.2 (R
Development Core Team, 2020).

Results

We identify 1505 HKGs in 7. pseudonana (TPM > 0 in all sam-
ples, CV(TPM) < 200%, [logo(TPM/(mean TPM))| < 2,
[logoFC| < 1 and SD(log,FC) < 0.5). We provide a list of these
genes and their annotation in Dataset S3.

The HKGs we identified in our experiment exhibit lower vari-
ation in absolute log,FC values and smaller SD in log,FC relative
to non-HKGs in 7. pseudonana data archived in the DiatomPor-
tal dataset (Fig. S2a,b). We found most of the HKGs (c. 90%,
1353 of 1505) have log,FC < 1 under 48 or more of the 56 treat-
ments in the DiatomPortal dataset (Fig. S2¢). We also found 676
HKGs have |logo,FC| < 1 across 55 or 56 treatments (Fig. S2¢)
and lower log,FC variation than the remaining 7. pseudonana
genes (Fig. S2d,e). The 1505 HKGs of Thalassiosira have 941 P.
tricornutum orthologs (ptHKGs). The ptHKGs have smaller SD
in log,FC relative to non-ptHKGs (Fig. S3a,b).
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Gene expression and genomic features of the HKGs

The median TPM values of HKGs are significantly higher than those
of the non-HKGs (Table 1, Mann—Whitney U-test, P < 0.05), and
median TPM increases with expression breadth (% REB) across all
genes (Fig. 1a). The selection of HKGs includes a threshold on
TPM, but this is only one criterion, and the threshold is quite low.
HKGs in 7. pseudonana have longer gene lengths, CDS lengths per
gene, exon lengths, total exon length per gene and total intron length
per gene, greater number of introns per gene and exons per gene, but
lower absolute logo,FC values than those of non-HKGs (Table 1,
Mann—Whitney U-test, P< 0.05), and no difference in intron length
between HKGs and non-HKGs. These results indicate HKGs in 7.
pseudonana are more highly expressed and less compact than non-
HKGs; however, both the HKGs and non-HKGs with shorter gene
lengths (Fig. 1b, slope = —0.28, P < 0.001 for HKGs, and slope =
—0.14, P<0.001 for non-HKGs) and CDS lengths (Fig. S4a, slope
= —0.36, P < 0.001 for HKGs, and slope = —0.29, < 0.001 for
non-HKGs) tend to have higher TPM values than longer HKGs or
non-HKGs. A majority of HKGs (82%, 1232 of 1505) are expressed
in all treatments (REB = 100%; Fig. S5a).

The HKGs we identified have a lower dN : dS than non-
HKGs when comparing T. pseudonana to centric diatom species
(M. variabilis, C. crypticaand T. oceanica) (Table 1, Mann—Whit-
ney U-test, P < 0.05). This difference is not significant when the
comparison is broadened to three other pennate diatom species
(P. tricornutum, F. cylindrus and P. multiseries) and E. siliculosus
(Table 1). Log dN : dS is negatively correlated with % REB,
regardless of the diatom species used in the analysis (Fig. S4b;
Table S2, rank correlation —0.16 to —0.29, P<0.001).

Conservation of HKGs

To test the conservation of HKGs in T. pseudonana, we searched
for orthologs of our HKGs in 36 species from across the tree of
life (Fig. 2a—c). We also compared HKGs identified in this study
with those independently identified across 16 human tissues and
11 Arabidopsis tissues (Fig. 2d). We found most of the HKGs we
identified in 7. pseudonana (1454 of 1505, 96.6%) have
orthologs in at least one of 36 species examined (Fig. 2a). Over
half of these HKGs (779 of 1454, 52.0%) have orthologs
observed in no more than six other species. Fifty-one 7. pseudo-
nana HKGs are found only in 7. pseudonana, but most of them
(44 of 51) can be found in Tara Oceans field data (Dataset S3);
39 of the 51 HKGs were found to have no orthologous annota-
tions in the INPArRANOID, EGGNOG, KO or GO databases
(Dataset S3). In our analysis, 91 of the 7. pseudonana HKGs
were found only in the diatom species examined (Fig. 2b). In
general, species with more recent common ancestors with 7.
pseudonana have more orthologs of the HKGs found in T.
pseudonana (Fig. 2c). Within bacteria, archaea, eukaryotes,
diatoms, prokaryotes (bacteria + archaea) and all 36 species
examined, we detected 25, 20, nine, 242, three and zero common
orthologs of the HKGs of T. pseudonana (Fig. S5b). The list of
these genes and their annotations are provided in Dataset S3.
The proportion of shared orthologous HKGs relative to all
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Table 1 Gene statistics summarized for nonhousekeeping genes (non-
HKGs) and housekeeping genes (HKGs) in Thalassiosira pseudonana.

Non-HKGs HKGs
Parameters (n=10168) (n =1505)
Expression level (TPM) 27.5(90.4) 34.1 (51.8)*

Differential expression (log,FC)

Gene length (bp)

CDS length per gene (bp)

Exon length (bp)

Total exon length per gene (bp)

Intron length (bp)

Total intron length per gene (bp)

Intron number per gene

Exon number per gene

dN : dS (Thalassiosira pseudonana—
Minidiscus variabilis) (n=7647)

dN : dS (Thalassiosira pseudonana—
Cyclotella cryptica) (n=5586)

dN : dS (Thalassiosira pseudonana—
Thalassiosira oceanica) (n =5724)

dN : dS (Thalassiosira pseudonana—
Phaeodactylum tricornutum)
(n=5191)

dN : dS (Thalassiosira pseudonana—
Fragilariopsis cylindrus) (n=5184)

dN : dS (Thalassiosira pseudonana—
Pseudo-nitzschia multiseries)
(n=4319)

dN : dS (Thalassiosira pseudonana—
Ectocarpus siliculosus) (n=2931)

Annotated genes by KO terms

Annotated genes by GO terms

0.273 (0.528)
1368 (1729)
1158 (1478)

392 (610)
1224 (1542)
84 (97)
90 (186)

1(1.53)
2(2.53)
0.075 (0.088)

0.089 (0.109)
0.095 (0.108)

0.119 (0.132)

0.118 (0.126)

0.126 (0.134)

0.149 (0.157)

2231 (21.9%)
6396 (62.9%)

0.151 (0.216)*
1477 (1896)*
1278 (1632)*

412 (660)*
1341 (1690)*
82 (107)
99 (206)*

1(1.56)*
2 (2.56)*
0.067 (0.076)*

0.083 (0.103)*
0.086 (0.099)*

0.119(0.130)

0.116 (0.124)

0.128 (0.138)

0.149 (0.158)

467 (31.0%)
1074 (71.4%)

TPM, transcripts per million; bp, base pair; CDS, coding sequence; dN : dS,
nonsynonymous-to-synonymous ratio; KO, Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology; and GO, gene ontology.

Values reported are medians and means (in parentheses), except for
annotation data, which are counts and percentages relative to total gene
count. Significant differences between means for non-HKGs and HKGs are
noted with an asterisk (Mann-Whitney U-test, P <0.05).

shared orthologs between T. pseudonana varied between 14% and
18% across diverse eukaryotes and between 9% and 10% across
diverse prokaryotes (Fig. 2¢).

We compared identified HKGs in T. pseudonana with HKGs
identified in previous RNA-seq studies conducted on H. sapiens
and A. thaliana (Fig. 2d). Homo sapiens and A. thaliana have 1303
(34% of 3804 H. sapiens HKGs) and 207 (30% of 609 A. thaliana
HKGs) HKGs, respectively, that are orthologous to HKGs in 7.
pseudonana. Most HKGs in 7. pseudonana (1215, 81% of 1505)
were not identified as HKGs in H. sapiens and A. thaliana. Only a
small set of 24 HKGs are common across these three organisms.
In aggregate, these results suggest HKGs in 7. pseudonana are
mostly unique. We list the 24 HKGs shared across 7. pseudonana,
H. sapiensand A. thaliana and their annotations in Dataset S3.

The evolution, length and expression of different age
groups of HKGs in T. pseudonana

We divided the HKGs with orthologs in other species into four
groups: unique to 7. pseudonana (T); found in other diatoms but
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Fig. 1 Covariation between selected gene statistics (Table 1). (a) Median transcripts per million (TPM) of Thalassiosira pseudonana genes increases with
increasing relative expression breadth (rank correlation 0.83, P <0.001). We define a relative expression breadth (REB) for T. pseudonana as the
percentage of examined experimental conditions under which a gene is expressed with median TPM > 10. (b) Median TPM decreases with increasing gene
length, with a more negative slope for HKGs (slope and SE —0.28 + 0.03 for gene length, R = 0.056, P < 0.001) than for nonhousekeeping genes (non-
HKGs) (slope and SE —0.14 4 0.02 for gene length, R? = 0.004, P < 0.001). Data points outside whiskers in boxplots are shown in black circles. bp, base

pair.

not in other organisms (D+T); found in other eukaryotes and other
diatoms but not in bacteria or archaea (E+D+T); and found in bac-
teria or archaea, other eukaryotes and other diatoms (P+E+D+T).
HKGs in P+E+D+T are likely to be the most ancient and com-
pared with HKGs in other groups had smaller dN : dS, were
slightly shorter in both gene length and CDS length and were more
highly expressed (Figs 2e, S6). A similar pattern holds for all 7.
pseudonana genes (HKGs and non-HKGs; Fig. S7).

Functional annotation and localization of the HKGs in T.
pseudonana

The HKGs in 7. pseudonana are involved in a wide array of bio-
logical functions (Figs 3a, S8). Enriched KEGG categories
include transcription, repair and protein catabolism pathways,
including the spliceosome (ko3040), the mRNA surveillance
pathway (ko3015), basal transcription factors (ko3022),
ubiquitin-mediated proteolysis (ko4120) and nucleotide exci-
sion repair (ko3420) (Fig.3a). The enriched gene ontology
(GO) categories are associated with basic biological processes
including several transport processes, for example vesicle-
mediated transport  (GO:0016192), intra-Golgi vesicle-
mediated transport (GO:0006891) and RNA splicing, via
transesterification reactions (GO:0000375) (Fig. 3a). The GO-
enriched molecular function categories include the structural
constituent of the nuclear pore (GO:0017056), molecular
adaptor activity (GO:0060090), and catalytic activity, acting on
a protein (GO:0140096) (Fig. S8). GO-enriched cellular
component terms include the following: Golgi apparatus
(GO:0005794), protein-containing complex (G0:0032991)
and the nuclear envelope (GO:0005635) (Fig. S8). All enrich-
ment results are provided in Dataset S4.

The HKGs in T. pseudonana fell into six classes based on pre-
dicted protein localization using HECTAR (Fig. 3b), including
chloroplast, no signal peptide or anchor, signal peptide, other
localization, mitochondrion and signal anchor. The category
‘other localization’ represented most (78.9%, 1188) of the

New Phytologist (2022)
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localized HKGs; however, ‘signal anchor’ had the highest ratio of
HKG localization, 19.5%, relative to the gene localization of all
T. pseudonana genes. We found that only 199 (of our 1505)
HKGs had UniProt subcellular location annotations, and most
of these genes had annotations of ‘membrane’ (70) and ‘nu-
cleus’ (59) (Fig. 3¢c). Three UniProt subcellular location annota-
tions (‘Golgi apparatus membrane; Membrane’, ‘Nucleus,
nuclear pore complex’, and ‘Mitochondrion inner membrane’)
are most highly associated with HKGs. Moreover, we found
that chromosomes 4, 7, 5, 2 and 6 have both relatively higher
numbers and ratios of HKGs (Fig. 3d). These results suggest
HKGs appear to be mainly localized to the mitochondria and
Golgi membranes and the nuclear pore complex, but we were
unable to localize the majority of HKGs in 7. pseudonana
(Fig. 3b—d).

Expression stability of commonly used IRGs

Very few of the commonly used IRGs (see Dataset S3 for a summary
table of IRGs used in the literature) are stably expressed in all samples
and under all treatments in our experiment. We find only seven genes
(18.9%) of the 37 previously identified IRGs have a CV of TPM <
25%, TPM > 50 and [log,FC| < 1 for all treatments in our 7. pseudo-
nana experiment (Fig. 4). These genes include all previously identified
actin genes, except ACT1, as well as TUB4, and two ubiquitin ligases
(THAPSDRAFT_40148 and THAPSDRAFT_22432). Among the
30 remaining commonly used IRGs, half (15) have CV of TPM >
50% and many of them have a TPM > 50 and [log,FC| > 3. These
genes incdude all GAPDH  genes, TUB2, CAM
(THAPSDRAFT_19631 and THAPSDRAFT_263535), H4
(THAPS_35229, THAPS_35279 and THAPSDRAFT_37357), two
EFl-a (THAPSDRAFT bd1861 and THAPSDRAFT_267957)
and two ubiquitin ligases (THAPSDRAFT 21152 and
THAPS_23335). These 30 genes would qualify as excellent IRGs
under certain conditions (see Figs S9, S10). For example, GAPDH
exhibits stable expression under high-temperature and low-pH
treatments. TUB genes (except TUB4) exhibit stable expression

© 2022 The Authors
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Fig. 4 Expression level (transcripts per million (TPM), log scale, box-violin plot), the coefficient of variation of TPM and differential expression (log,FC,
box-violin plot) in Thalassiosira pseudonana for 37 commonly used internal reference genes across all conditions examined. Horizontal dotted lines are
guides to aid comparison across genes and identify the TPM or log,FC threshold for each HKG. Gene symbols are actin (ACT), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), tubulin (TUB), calmodulin (CaM), histone H4 (H4), elongation factor 1o (EF1-a), ribosomal large subunit (RL), cyclin-
dependent kinase (CDK), TATA box-binding protein (TBP), probable adenine phosphoribosyltransferase 2 (APT2), cyclophilin (CYP) and ubiquitin ligase
(UL). Genes selected from Alexander et al. (2012) are in labelled in red. The violin plots show the full distribution of the data. Data points outside whiskers
in boxplots are shown in black circles. Detailed annotations of these genes are provided in Supporting Information Dataset S4.

except under N-starvation, Si-starvation, low-light and ROS treat- (THAPSDRAFT _2222), Ser/Thr kinase (THAPS_263127),
coatomer subunit beta (THAPSDRAFT_26212), suppressor of
actin mutation protein-like protein (THAPSDRAFT_31160)
R . and WD40 repeat protein (THAPSDRAFT _36367). All seven
ecommended internal reference genes for T. pseudonana . .

IRGs have a minimum of two orthologous gene annotations
Here, we identify seven new IRGs in 7. pseudonana with high  (INPARANOID/EGGNOG/KO/GO). We provide detailed annota-
TPM (= 10) and very low variation in expression and differen- tions for these IRGs (Dataset S3), TPM values, CV of TPM and
tial expression (CV of TPM < 25%, log,(TPM) < 1 and log,FC values under all treatments (Fig. S11). Expression levels
logo,FC < 0.4) across all our samples and under all treatments for these IRGs range from a median TPM of 18.4-150.0
(Fig. 5). Of these IRGs, five have UniProt protein annotations, (Fig. 5). As far as we are aware, none of these seven IRGs have
including ANAPC4_WD40  domain-containing protein  been previously identified as IRGs. If we relax our criteria from a

ments.
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Fig. 5 Expression of the newly identified internal reference genes (IRGs)
for Thalassiosira pseudonana showing the expression level (TPM,
transcripts per million, log scale, box—violin plot), coefficient of variation
(CV) of TPM and differential expression (log,FC, box—violin plot) across all
conditions examined. Horizontal dotted lines are guides to aid comparison
across genes and identify the TPM or log,FC threshold for each IRG. The
violin plots show the full distribution of the data. Data points outside
whiskers in boxplots are shown in black circles. Annotation for each gene
by locus tag is provided in Supporting Information Dataset S4.

requirement that log,FC < 0.4 to log,FC < 0.5, we obtain a list
of 19 IRGs. Annotation, TPMs and log,FC values under all
treatments for these 19 IRGs are provided (Dataset S3;
Fig. S12). This expanded list of IRGs includes HKGs and IRGs
(such as THAPSDRAFT 41068 (ACT2) and THAPSDRAFT_
269504 (ACT4)) that have been previously identified in
T. pseudonana and a number of other model organisms. Note we
find that the expression of IRGs can be distinctly more stable
under particular experimental conditions than under the full
suite of treatments (Figs S9, $10). For example, the ACT genes
(except ACT1) are very stable under the P- and Fe-starvation
treatments.

The seven IRGs we identified also exhibit low variation in log,FC
values (between —1 and 1) under 54 or more conditions in the 7.
pseudonana data in the DiatomPortal dataset (Fig. S2f) and have five
Phacodactylum orthologs with stable differential expression under 39
conditions in the Diatomicsbase data (Fig. S3¢).
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Discussion

Much effort has been made to identify HKGs from human and
higher plant tissues, and to investigate their expression and func-
tional, structural and evolutionary features, in an attempt to
better understand the mechanisms underlying basic cellular
maintenance (Eisenberg & Levanon, 2003, 2013; Vinogradov,
2004; Zhang & Li, 2004; Zhu ez al., 2008; Lv et al., 2015). Here,
we identify 1505 HKGs in the model marine unicellular eukary-
otic diatom 7. pseudonana using a deep-sequencing RNA-seq
approach on 232 samples taken under 12 environmental condi-
tions taken over 0—72 h, control conditions over 0—72 h, and a
filtration and centrifugation treatment taken at ~ 0.5 h
(Table S1; Fig. S1). Analyses of independent experiments con-
ducted by several other investigators on 7. pseudonana archived
in DiatomPortal provide additional support that the HKGs iden-
tified in our experimental study exhibit lower variability in
expression over a wide range of experimental conditions than
non-HKGs (Fig. S2). Furthermore, we found that orthologs of
the 7. pseudonana HKGs in P. tricornutum also exhibit high
expressional stability relative to other genes (Fig. S3).

We evaluated the expression, several structural features, evolu-
tion and their level of conservation of the 1505 HKGs we identi-
fied in 7. pseudonana across a range of prokaryotes and
eukaryotes across the tree of life and found the following: (1) the
HKGs of T. pseudonana are more highly expressed and longer
than non-HKGs, but the expression level of HKGs (and non-
HKGs) is negatively correlated with gene length (Table 1; Fig. 1);
(2) more ancient HKGs in 7. pseudonana appear to evolve more
slowly, and are more highly expressed and shorter than the
younger HKGs (Fig. 2); and (3) HKGs are not highly conserved
across the tree of life (Fig. 2). Based on our analyses, we identify
seven new IRGs for 7. pseudonana (Figs 4, 5) that also exhibit
low log fold change in independent experimental data on T.
pseudonana (Fig. S2) and orthologs in P. tricornutum (Fig. S3).

It has been hypothesized that highly expressed genes may be
subject to selection pressure favouring a reduction in gene length
to reduce the energy burden of transcription (Castillo-Davis
et al., 2002; Eisenberg & Levanon, 2003). This idea is referred to
as the selection for economy hypothesis. The evidence for this
hypothesis across eukaryotes is challenging to interpret. Several
studies on human and Mus musculus HKGs and human and
Caenorhabditis elegans highly expressed genes provide support for
the selection for economy hypothesis (Castillo-Davis ez al., 2002;
Eisenberg & Levanon, 2003; Li ezal, 2007), but studies on
highly expressed genes in Saccharomyces cerevisiae (Vinogradov,
2001), rice and Arabidopsis (Ren et al., 2006) appear to contra-
dict the hypothesis. These apparently contradictory results have
been ascribed to differences in genome configuration or the func-
tional role of introns across diverse eukaryotes (Vinogradov,
2001; Ren etal, 2006). Here, we found that the HKGs of 7.
pseudonana are more highly expressed than non-HKGs, but gene
length was not affected as expected; median gene length is larger
in HKGs than in non-HKGs (Table 1). Thalassiosira pseudonana
genes have similar CDS length to genes in humans and Arabidop-
sis (Eisenberg & Levanon, 2003; Ren eral, 2006), but T.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation



New
Phytologist

pseudonand’s average gene length (including introns) is less than
one-tenth the length of human genes and about half the length of
plant genes (Kaul ez al.,, 2000; Eisenberg & Levanon, 2003; Ren
etal., 2006; Zhu etal, 2008). The short gene lengths in 7.
pseudonana may mitigate or limit further selection for economy
on their HKGs. The selection for economy hypothesis is still sup-
ported by the fact that highly expressed genes 7. pseudonana do
tend to be shorter (Fig. 1). In aggregate, these results suggest that
gene expression is an important determinant of gene length in
eukaryotes.

Evolutionary history, specifically the age of genes, may influ-
ence gene length and expression levels in HKGs in 7. pseudonana.
We tested whether older HKGs are shorter than younger HKGs
by partiioning HKGs into approximate age classes. Through
homology with genes in other diatoms, eukaryotes and prokary-
otes, we find evidence of a negative correlation between gene age
and gene length, CDS length, evolutionary rate and a positive cor-
relation with expression level (Fig. 2¢). Older HKGs in 7. pseudo-
nana are shorter than younger HKGs and have evolved at a
slower average rate, consistent with the notion that older genes
may be expected to be more strongly affected by selection for
economy. This economy may enable or be offset by higher expres-
sion levels. Similarly, in humans, the fly and yeast, gene age is
highly correlated with gene expression, but in contrast to our find-
ings, older genes are longer (Alba & Castresana, 2005; Wolf ez al,
2009; Vishnoi ezal,, 2010). Our finding that older genes (HKGs
and non-HKGs) are shorter provides additional support for the
selection for economy hypothesis in 7. pseudonana.

HKGs are expected to be evolutionarily conserved because
of their assumed contribution to basic cellular maintenance
(Eisenberg & Levanon, 2003), their slow evolutionary rates
(Zhang & Li, 2004; Zhu eral., 2008; Lv etal, 2015) and the
reported overlap in HKGs between humans and Arabidopsis
(Cheng etal., 2017). However, our evidence shows that HKGs
in T. pseudonana are largely distinct from genes in other
organisms (Fig. 2a). Across a range of diverse eukaryotes, the
proportion of orthologs that are HKGs in 7. pseudonana range
between 14% and 18% (Fig.2c), but the identity of these
HKGs changes from organism to organism (Fig.2a,b). Fur-
thermore, we identified only 24 HKGs shared among 7.
pseudonana, humans and A. thaliana (Fig. 2d), although the
HKGs in humans and A. thaliana were identified somewhat
differently. Technologies and criteria for identifying HKGs
have changed over time, with documented inconsistencies in
genes identified as housekeeping, even within humans (Zhang
etal., 2015). Alternative annotations (such as GO biological
processes) may reveal more consistency in function of HKGs,
but our analysis found HKGs spread across many GO_BP
sublevel terms and did not help us find many similarities in
HKGs across organisms. The notion of HKGs stretches back
at least half a century (Watson, 2004), but definitions and
methods of identification have not been consistent across stud-
ies. Our results suggest that many of the unique gene architec-
of HKGs are probably primarily
attributable to being highly expressed genes with low variance

ture characteristics

across conditions.
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The most stringently selected HKGs can be used as IRGs,
which are valuable as internal standards, but as with the
broader class of HKGs, we find the best IRGs in 7. pseudonana
are distinct from previously identified IRGs in other organisms
and are not well conserved across organisms (Table S3). We
found that many commonly used IRGs (23 of 37) did not even
meet our criteria for HKGs in 7. pseudonana, since their
expression varied across our panel of stressors. Since HKGs
have not been previously systematically identified in eukary-
otic phytoplankton, IRG candidates are typically selected from
distantly related organisms and their expression stability is
tested by qRT-PCR (Siaut ez /., 2007; Guo & Ki, 2012; Bach
etal., 2013; Guo etal, 2013; Adelfi eral., 2014; Lohbeck
etal., 2014; Ding etal., 2015; Lee eral., 2015; Deng ezal.,
2016). Borrowing IRGs from other organisms provides a
restricted and biased sample for screening, so we used our
comprehensive survey to identify seven genes with more stable
expression than previously used IRGs and an additional panel
of IRGs that can be used under restricted sets of experimental
conditions. Expressional stability of several orthologs of these
IRGs in P. tricornutum (Fig. S3) indicates that some of these
genes may be useful IRGs for other diatoms.

Our results show that some HKGs, which are defined based
on a statistical analysis of expression levels across tissues or treat-
ments, include some genes that are conserved across the tree of
life, but are predominantly composed of genes that are only
HKGs in a small number of organisms or a limited region of the
tree of life. In contrast to HKGs in humans, HKGs in 7. pseudo-
nana are longer than non-HKGs. Despite this result, there is still
evidence for the selection for economy hypothesis since more
highly expressed or more ancient HKGs are shorter than other
HKGs. Many of the gene architecture characteristics of HKGs
seem to be attributable to being highly expressed genes with low
variance across conditions. HKGs and IRGs are thus of great
interest in genetic analysis, but are unlikely to be universally fun-
damental to cellular maintenance.
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