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Cdk3, a conjugation-specific cyclin-dependent kinase, is essential for the initiation of
meiosis in Tetrahymena thermophila
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ABSTRACT
Meiosis is an important process in sexual reproduction. Meiosis initiation has been found to be highly diverse
among species. In yeast, it has been established that cyclin-dependent kinases (Cdks) and cyclins are essential
components in the meiosis initiation pathway. In this study, we identified 4 Cdks in the model ciliate,
Tetrahymena thermophila, and we found one of them, Cdk3, which is specifically expressed during early
conjugation, to be essential for meiosis initiation. Cdk3 deletion led to arrest at the pair formation stage of
conjugation. We then confirmed that Cdk3 acts upstream of double-strand break (DSB) formation. Moreover, we
detected that Cdk3 is necessary for the expression of many genes involved in early meiotic events. Through
proteomic quantification of phosphorylation, co-expression analysis and RNA-Seq analyses, we identified a
conjugation-specific cyclin, Cyc2, whichmost likely partners with Cdk3 to initiatemeiosis.
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Introduction

Meiosis is an essential process in all sexually reproducing unicellu-
lar and multicellular eukaryotes, including animals, plants, yeasts,
and protists. It involves a series of cellular events, including DNA
double-strand break (DSB) formation, homologous chromosome
recombination and chromosome segregation. Although all of these
events are conserved among species, diverse mechanisms control
meiosis initiation.1,2 In Saccharomyces cerevisiae, starvation induces
expression of IME1, which encodes a transcription factor that
transactivates early meiotic genes.3 One of the target genes, IME2,
encodes the meiosis induction protein kinase (Ime2), which pro-
motes meiotic DNA replication.4,5 Sci1, an inhibitor of Cdc28 (a
cyclin-dependent kinase, [Cdk]), is phosphorylated by Ime2 lead-
ing to its degradation. In conjunction with the cyclins Clb5 and
Clb6, Cdk28 then triggers the initiation of pre-meiotic S phase.6,7

In Schizosaccharomyces pombe, themeiosis initiation pathway con-
sists of Ste11 (a transcription factor), Mei2 (an RNA-binding pro-
tein), Pat1 (a kinase), Mmi1 (another RNA-binding protein) and
Cdc2 (a Cdk) bound to Cig2 (a cyclin). Here, responding to nutri-
tional cues,Mei2 promotes exit from themitotic cell cycle by antag-
onizing the elimination of meiotic mRNAs.8-11 Thus, while the
mechanisms of meiosis initiation are very different and the genes
involved in these processes have little sequence homology, Cdks
and cyclins play important roles in both S. cerevisiae and S. pombe.

Cdks, cyclins and their regulatory factors are key cell cycle regu-
lators. Currently, more than 20 members of the Cdk family have
been identified in humans.12 These are characterized by a con-
served structure comprising an ATP-binding domain, a PSTAIRE-

like cyclin-binding domain and an activating T-loop domain.13

Cdks are involved in 2 main processes: (1) integrating cellular sig-
nals to modulate gene transcription and (2) cell division.12-16 In S.
cerevisiae and S. pombe, all cell cycle events are controlled by a sin-
gle essential Cdk (Cdc28 and Cdc2 respectively), assisted by
Pho85.17 In mammals, there are 3 subfamilies of cell cycle Cdks:
Cdk1 (Cdk1–Cdk3), Cdk4 (Cdk4 and Cdk6) and Cdk5 (Cdk5 and
Cdk14–Cdk18).15 In yeast, Cdc28/Cdc2 is essential for meiosis ini-
tiation; further, a lack of Cdk2 or Cdk4 causes sterility in mice.13,18-
21 Therefore, Cdk involvement inmeiosismay be conserved among
species.

However, the molecular mechanism responsible for meiosis ini-
tiation in ciliates, an important branch of the eukaryotes, is
unknown. The unicellular ciliate Tetrahymena thermophila is an
excellent model eukaryote for studying meiosis. All ciliates, includ-
ing T. thermophila possess 2 nuclei: a diploid germline micronu-
cleus (MIC) and a polyploid somatic macronucleus (MAC).22

Whenmixed together, cells of different mating types can conjugate
under starvation conditions, which involves initiating synchronous
meiosis of theirMICs.23Meiosis has beenwell studied inT. thermo-
phila in recent decades, thus providing a good model system for
exploring themechanism of ciliate meiosis initiation.22-27

To determine whether Cdks are involved in meiosis initia-
tion in ciliates, we screened T. thermophila for proteins con-
taining the PSTAIRE-like cyclin-binding domain and identified
Cdk3 (also named Tcdk3) as a candidate. Here we determine
its role in meiosis and identify its likely cyclin partner.

CONTACT Wei Miao miaowei@ihb.ac.cn

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kccy.
Supplemental data for this article can be accessed on the publisher’s website.

© 2016 Taylor & Francis

CELL CYCLE
2016, VOL. 15, NO. 18, 2506–2514
http://dx.doi.org/10.1080/15384101.2016.1207838

http://www.tandfonline.com/kccy
http://www.tandfonline.com/kccy
http://dx.doi.org/10.1080/15384101.2016.1207838


Results and discussion

Cdk3 is a candidate meiotic regulator in T. thermophila

Cdks are a family of protein kinases that require cyclin binding for
activation.17 Therefore, to identify T. thermophila Cdks, we
screened for genes that encode proteins that containing the
PSTAIRE-like cyclin-binding domain. In total, 4 genes were identi-
fied: Cdk3, Cdc2, Cdk1 and Cdc28 (Table S1). Multiple sequence
alignment showed that all 4 proteins have a conserved ATP-bind-
ing domain, and a T-loop (Fig. 1A), indicating that they are cyclin-
dependent kinases.

To determine whether these 4 Cdks could be cell cycle Cdks,
we constructed a phylogenetic tree together with human Cdk1–
Cdk20 and 6 well characterized S. cerevisiae Cdks (Fig. 1B).15

Cdks are classified into 2 groups: cell cycle (Fig. 1B; shown in
red) and transcriptional Cdks (Fig. 1B; shown in blue).15 In
humans, only 4 Cdks are directly involved in cell cycle control:
Cdk1, Cdk2, Cdk4 and Cdk6.17 Our phylogenetic analysis
showed that all 4 T. thermophila Cdks we found are cell cycle
related: 3 (Cdk3, Cdk1 and Cdc28) are members of the Cdk1
subfamily, and Cdc2 is in the Cdk5 subfamily (Fig. 1B).

To further investigate the function of all 4 Cdks, their gene
expression profiles were determined by microarray analysis
under different conditions (Fig. 1C).28,29 CDC2, CDK1 and
CDC28 were expressed under growth, starvation and conjuga-
tion conditions; in contrast, CDK3 was specifically expressed
during conjugation, with maximal expression at 2 h after we
had triggered the meiotic program by mixing cells. RNA-Seq
data on CDK3 expression was consistent with the microarray
data, confirming that maximal expression occurs at 2 h post
mixing the cells (Fig. 1D). Since meiosis initiation occurs about
2 h after the trigger, Cdk3 may play an important role in meio-
sis initiation. And if meiosis initiation is promoted by a Cdk in
T. thermophila, Cdk3 is the most likely candidate.

Meiosis is arrested at the pair formation stage in cdk3D

In T. thermophila, meiosis can be initiated by mixing starved
cells of different mating types. After meiosis initiation, pro-
grammed DSBs induced by Spo11 induce MIC elongation dur-
ing meiotic prophase.24,30 Homologous chromosome pairing
occurs during maximal MIC elongation and DSBs are repaired
by homologous recombination. The MIC then shortens;
homologous chromosomes are segregated at anaphase I and
sister-chromatids at anaphase II.25,31 During the first 3 hours
post mixing, DSB formation occurs, as a response to which the
MIC elongation and DSB repair are initiated.

To investigate whether Cdk3 is involved in meiosis, Cdk3
knockout strains (cdk3D, 2 mating types) were constructed.
RNA-Seq analysis showed that CDK3 expression in these
strains was totally abolished during meiosis (Fig. S1). MIC
development was monitored in wild-type (WT) and cdk3D
strains. In WT cells, MICs started to elongate at meiosis initia-
tion; in contrast, MIC elongation did not occur in cdk3D cells
(Fig. 2A). A time course of meiosis showed that most WT pairs
had completed meiosis by 8 h post mixing; whereas cdk3D
paired cells were arrested at the pair formation stage (Fig. 2B).

We also compared gene expression in WT and cdk3D cells at
1–3 h post mixing. Pearson correlation coefficient (r) values for

gene expression had a diagonal distribution in WT cells
(Fig. 2C; white arrow in left panel); in contrast, r values in
cdk3D cells at all 3 time points showed the greatest correlation
with those seen at 1 h post mixing in WT cells (Fig. 2C; white
arrow in right panel). These data suggest that meiosis progress-
ing in WT but arrested at the pair formation stage in cdk3D
cells.

Next, differentially expressed genes (DEGs) were identified
at each time point using a twofold cutoff between WT and
cdk3D. Overlapping analysis of DEGs at the 1, 2, and 3 h time
points showed that most genes with altered expression at early
time points were also affected at later time points (Fig. 2D).
This means that the DEGs expression is not delayed but pre-
vented altogether. (If a gene expression is delayed, this gene
with altered expression at early time points but may not
affected at later time points.) An analysis of DEGs in cdk3D
showed an increase in the number of up- and down-regulated
genes from 1 to 2 h and from 2 to 3 h post mixing (Fig. 2E).
This suggests that a subset of genes is differently regulated early
and that more genes are differentially regulated later due to the
early arrest.

Cdk3 acts upstream of DSB formation in T. thermophila

Since both cytological and gene expression analyses showed
arrested meiosis at the pair formation stage in cdk3D cells, we
next confirmed whether Cdk3 acts upstream of meiosis. There
are 3 important events in the prophase stage of T. thermophila
meiosis: DSB formation, MIC elongation and DSB repair. Nei-
ther MIC elongation nor DSB repair occur in spo11D cells
which cannot form DSBs, indicating that MIC elongation and
DSB repair are initiated by DSB formation.24 Since DAPI stain-
ing showed that MIC elongation does not occur in cdk3D cells
(see above) (Fig. 2A), Cdk3 must act upstream of this process.

Therefore, we tested whether DSBs are formed in cdk3D
cells. To this end, we analyzed the mobility of meiotic DNA
species using pulsed-field gel electrophoresis. Chromosomes of
generative nuclei are too big to enter a pulsed-field gel, and
only fragmented meiotic DNA can do so.30 In the WT control,
a DNA band of DSB-generated fragment was present 3 h post
mixing, and nearly absent after DSB repair, i.e. 5 h post mixing
(Fig. 3A). A similar band was seen in the mre11D control
(which forms DSBs but cannot repair them), at 3h and 5 h post
mixing (Fig. 3A). In contrast, only a background signal (of sim-
ilar strength to the bands at 0 h post mixing in the controls)
was seen in the cdk3D samples, indicating that DSBs were not
formed (Fig. 3A). This result was consistent with down-regula-
tion of SPO11 in cdk3D cells (Fig. 3B). Additionally, in WT
cells, g-H2A.X signals, in response to DSB formation, were
observed in MIC, while there were no signals in cdk3D cells
(Fig. 3C). Therefore, it is likely that Cdk3 acts upstream of DSB
formation and is necessary for MIC elongation and DSBs
repair.

Next, we studied the expression of DSB repair genes in
cdk3D cells. Gene Ontology (GO) enrichment analysis of
downregulated DEGs at 2 h and 3 h post mixing showed signif-
icant enrichment of genes involved in DNA repair (Table S2;
Fig. 3D, 3 h post mixing, corrected probability value [corr-p] D
4.7£10¡5), suggesting that this process is not triggered or may
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be impaired when Cdk3 is absent. To confirm that DSB repair
is abnormal in cdk3D cells, a series of genes were selected for
further investigation (Table S1). After DSB formation in T.
thermophila, Com1 interacts with DSBs to produce 30 single-
stranded DNA molecules.30 Dmc1 then binds to the 30 ends of

these DNA molecules and the Hop2–Mnd1 complex stabilizes
Dmc1-ssDNA binding to promote homology search DNA
strand invasion, an important stage in DSB repair.24,32 Analysis
of fold changes in gene expression between cdk3D and WT
showed that genes related to DSB repair were down-regulated

Figure 1. Cdk3 is a T. thermophila conjugation-specific Cdk with maximal expression at the start of conjugation. (A) Multiple sequences alignment of proteins containing a
cyclin-binding domain (PSTAIRE) in T. thermophila and the Cdk1 subfamily of Homo sapiens and S. cerevisiae. (B) Phylogenetic analysis of Cdks in T. thermophila, H. sapiens
and S. cerevisiae. Scale bar represents 10 nucleotide substitutions per 100 nucleotides. (C) Expression of CDKs during the T. thermophila life cycle. Red box, CDK3 expres-
sion during exponential growth (E) and starvation (S) conditions, and at 0–18 h post mixing. Relative expression values were based on microarray data retrieved from Tet-
raFGD. (D) CDK3 expression profile based on microarray and RNA-Seq data.
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in cdk3D cells (Fig. 3B). These results support our finding that
DSB repair is not triggered or is abnormal in cdk3D cells.

Cdk3 may initiate meiosis together with Cyc2

To understand how Cdk3 acts on meiotic events, quantitative
phosphorylome analysis of WT and cdk3D cells was undertaken at
the pair formation stage of conjugation using tandem mass tag
labeling and affinity enrichment followed by high-resolution liquid
chromatography tandem mass spectrometry analysis. Altogether,
5272 phosphorylation sites in 2710 protein groups were identified,
of which, 2109 sites in 1340 proteins were quantified. The ratios of
unlabeled WT and cdk3D to 15N-labeled protein internal controls
were determined first and the base 2 logarithms of the cdk3D:WT
ratios (log2[cdk3D:WT]) were then calculated as described in the
Material and Methods (also see Fig. S2). Of the total quantified
sites, 87 sites in 77 proteins possess an S/T�-P-x-K/R motif (where
x represents any amino acid and the asterisk indicates the

phosphorylation site), which has been proven to be the full Cdk
consensus site in several organisms.17,33 Therefore, we focused on
these sites and proteins for further analysis.

To determine whether the Cdk consensus site is conserved in T.
thermophila, we assessed the distribution of the absolute value of
log2(cdk3D:WT). If the Cdk3 consensus site resembles S/T�-P-x-K/
R, the mean abundance of phosphopeptides containing this con-
sensus site should be decreased in cdk3D cells due to the decrease
of the phospho-Cdk3 targets. Consistent with this, ANOVA
revealed that phosphopeptides containing the full consensus site
were significantly less abundant in the absence of Cdk3 (Fig 4A).
Therefore, we defined 3 criteria for a Cdk3 substrate. First, its phos-
phorylation site must be identical to the full Cdk consensus
sequence. Second, the amount of phospho-peptide must be signifi-
cantly reduced in cdk3D cells. Third, its expression pattern should
resemble that of Cdk3.

This triple filtering approach identified a phosphorylation site
within the conjugation-specific cyclin, Cyc2, as the most likely

Figure 2. Meiosis is arrested at the pair formation stage in cdk3D cells. (A) DAPI staining shows progression through early conjugation in WT and cdk3D strains. (B) Time
course of conjugation stages in WT and cdk3D strains. (C) r values for genes expressions of whole transcriptome of each samples. Higher r value shows samples are more
similar and lower r value shows samples are more different. (D) Venn diagram shows overlapping DEGs at 1, 2, and 3 h post mixing. Numbers, gene number of each sub-
set. (E) Numbers of up- and down-regulated genes at 1, 2, and 3 h post mixing.
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Cdk3 target. In the absence of Cdk3, the abundance of the specific
phosphopeptide was strongly decreased (Fig. 4A, 4B; log2[cdk3D:
WT]D¡5.2, corr-pD 4.0£10¡37). Moreover, the sequence of the
phosphorylation site is SPQK, which matches the full Cdk consen-
sus (Fig. 4C). Additionally, Cyc2 is co-expressed with Cdk3
(Fig. 4D; rD 0.944, pD 4£10¡6).

A recent study shed light on the function of T. thermophila
Cyc2.34 Similar to cdk3D cells, CYC2 knockout results in arrest of
the meiotic conjugation process before the start of meiotic divi-
sions. MIC elongation (which is dependent on DSBs) does not
occur in cyc2D cells. Also g-H2A-X, which is a marker of DNA
damage, does not localize to MICs. These results strongly suggest

Figure 3. DSB formation and repair are inhibited in Cdk3 deficient cells. (A) Detection of DSBs. Pulse field gel electrophoresis was used to separate the genomic DNA and
a MIC specific southern probe was used to detect DSBs. (B) Downregulation of genes related to DSB formation and repair in cdk3D cells. (C) g-H2A.X staining of WT and
cdk3D cells. (D) GO enrichment of downregulated DEGs at 3 h post mixing. Color bar, corrected probability value (corr-p) of significance of enrichment.49
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that Cdk3 initiates meiosis by acting together with Cyc2. Further,
the Cyc2 phosphorylation site might be necessary for downstream
signaling or may be a target for phosphorylation-dependent ubiq-
uitination which is important for meiotic progression, in view of
previous studies in human.34-36

We next compared expression of meiosis-related genes
(Table S1) in cdk3D, cyc2D and spo11D cells. The effects of Cdk3
deficiency and Cyc2 deficiency appeared to be similar, while those
of Spo11 deficiency were different (Fig. 4E). In both cdk3D and
cyc2D cells, most meiosis-related genes were downregulated;

Figure 4. Cdk3may initiatemeiosis together with Cyc2. (A) Distribution of abundances changes of phosphorylated peptides between cdk3D andWT cells (log2[Lcdk3D/LWT], details see
Fig. S2). (B) Relative abundance (log2[LSample/HWT], details see Fig. S2) of phosphorylated Cyc2 in WT and cdk3D cells. (C) The phosphorylation site in Cyc2. (D) CDK3 and CYC2 are co-
expressed in WT cells. (E) Expression profiles of core meiotic genes in cdk3D, cyc2D and spo11D cells. Values for cyc2D expression were retrieved from NCBI (GSE79286) and those for
spo11D expression from TetraFGD. (F) Relationship among Cdk3, Cyc2, and proteins that function in early meiosis. Green arrow, promote genes function at their expression level;
orange arrow, promote an event by a phosphorylation pathway; gray arrow, perform the function in themeiosis events.
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however, in spo11D, most of these genes did not show differential
expression (only a few genes were slightly up-regulated) (Fig. 4E).
Heat map analysis of DEGs suggested that Cdk3 and Cyc2 might
belong to the samemeiosis initiation pathway.

The heat map also revealed that some DEGs, down-regu-
lated in cdk3D and cyc2D cells, are involved in DSB forma-
tion and processing, which are among the earliest events in
meiosis (Fig. 4F). Especially, SPO11, some DSB repair genes
(EXO1, COM1, DMC1, HOP2, and MND1) and some genes
related to chromosomal crossover (MSH4, MSH5 and SGS1)
were downregulated in both cdk3D and cyc2D cells
(Fig. 4E), suggesting that both proteins regulate the expres-
sion of several important meiotic genes (Fig. 4F). Studies of
Cdks and cyclins in other organisms suggest that a tran-
scription factor might link Cdk3 and Cyc2 to these meiotic
genes.13 On the other hand, regulation of some other genes
that are not under strict meiotic control like MRE11,
RAD50 and RAD51 (involved in DNA repair) as well as
MUS81 and EME1 (also named MMS4) (involved in chro-
mosomal crossover) were not regulated by Cdk3 and Cyc2
(Fig. 4E). In addition, the expression of most genes involved
in chromosome condensation (SMC2 and SMC4) and cohe-
sion (SMC1, SMC3 and REC8), which are important events
in late prophase, were not regulated by Cdk3 and Cyc2.
This suggests that Cdk3 and Cyc2 regulate gene expression
at early prophase during conjugation but (an)other signal-
ing pathway(s) may also be actively regulating prophase
mechanisms by controlling another set of genes involved in
these pathways. Notably, while Spo11 triggers meiotic MIC
elongation and homologous pairing via a kinase signaling
pathway involving Atr1 (Fig. 4F), it has no influence on the
progression of later meiotic events, hence, in spo11D meio-
sis, meiotic divisions take place.24 This DSB-independence
of downstream events was confirmed by our observation of
practically unchanged expression of meiosis-related genes in
spo11D cells (Fig. 4E).

Our results suggest that Cdk3 and Cyc2 together have
essential function in meiosis initiation in T. thermophila.
They promote the expression of genes important for early
prophase. In the absence of either of these proteins, conju-
gation was arrested at the pair formation stage and early
meiotic events (DSB formation, MIC elongation, and DSB
repair) did not occur. These results are consistent with pre-
vious studies in yeast,1,17 suggesting that the mechanism
controlling Cdk and cyclin function in meiosis initiation
may be conserved among species.

Materials and methods

Cell culture and conjugation induction

T. thermophilaWT strains CU427 (mating type VI) and CU428
(mating type VII) (Tetrahymena Stock Center [http://tetrahy
mena.vet.cornell.edu/]) were grown in Super Proteose Peptone
(SPP) medium (1 % Proteose Peptone, 0.2 % glucose, 0.1 %
yeast extract, 0.003 % Sequestrene).26 Cells of 2 different mating
types (at »2 £105 cells/ml) were starved in 10 mM Tris-Cl (pH
7.4) for 12–16 h, and then mixed in equal proportions for con-
jugation induction.

Gene identification, phylogenetic analysis, and gene
expression analysis

Since Cdks bind cyclin via the cyclin-binding PSTAIRE-like
motif, we first screened for proteins containing this motif based
on the gene predictions of T. thermophila (version 2014: http://
ciliate.org/index.php/home/downloads) using FIMO.37

Domain composition was then examined using InterproScan.38

For phylogenetic analysis, multiple sequences alignment
were first aligned with clustalW.39 Then, the alignment was
used to construct phylogenetic tree by MEGA6 with the NJ
method and 1500 bootstrap replicates.40 Multiple sequence
alignment result was visualized by ESPript 3.41

CDK3 knockout

To construct the CDK3 knockout strains (cdk3D), one DNA
fragment upstream of the CDK3 open reading frame and 2
downstream fragments were amplified using the following pri-
mers: CDK3-up1f-NotI, CDK3-up1r-HA and CDK3-down1f-
HA, CDK3-down1r-N4 and CDK3-down2f-N4, CDK3-
down2r-NotI, respectively (Table S3). Using fusion PCR, the 2
downstream fragments were joined to the NEO4 cassette which
contains a neomycin resistance gene driven by a Cd2C-induc-
ible MTT1 metallothionein promoter. To construct the knock-
out plasmid, the upstream fragment and fusion fragment were
then cloned into the pBlueScript SK (C) backbone. To obtain
CDK3 knockout strain of 2 mating types, the knockout con-
struct was obtained by NotI digestion and shot into starved
WT CU427 and CU428 cells by biolistic transformation,
respectively. Transformants were cultured in SPP containing
decreasing CdCl2 (from 1 mg/ml to 0.05 mg/ml) and increasing
paromomycin concentrations (from 120 mg/ml to 40 mg/ml)
until all WT chromosomes in the MAC were completely
replaced by knockout chromosomes.42

Detection of DSBs by pulsed-field gel electrophoresis

Detection of DSB-generated fragments followed a previously
described method.30 In short, intact DNA was extracted in aga-
rose plugs. DNA of intact MIC chromosomes cannot enter the
gel, while fragmented DNA migrates as a single band. For
detecting DSB-generated signal, MIC-borne DNA fragments
were then highlighted using Southern detection of a MIC-spe-
cific DNA (Tlr1). The Tlr sequence was excised from the
pMBR2 vector (NCBI accession number AF451863),43 gel-iso-
lated and radioactively labeled by random priming with 32P-
dATP, and hybridized to MIC DNA on the membrane.30

RNA-seq analysis

At 1, 2, and 3 h post mixing, total RNA was extracted from WT
and cdk3D pairs using the RNeasy Protect Cell Mini Kit (Qia-
gen), as described (TetraFGD: http://tfgd.ihb.ac.cn/index/
smphelp).44 mRNA with Poly-A tail were then enriched by the
Sera-Mag magnetic oligo (dT) beads (GE). Illumina sequencing
libraries were then constructed based on manufacturer’s rec-
ommendations. Paired-end (150 bp£2) sequencing has been
made for all the samples with an Illumina Hiseq4000
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sequencer. All sequence data have been submitted to GenBank
databases under accession number GSE80977. Adaptors of raw
reads were trimmed using Trim-Galore (version 0.4.0).45

Trimmed-reads were mapped to the T. thermophila MAC
genome (version 2014: http://ciliate.org/index.php/home/down
loads) using TopHat (version 2.0.9).46 Genes expression values
were quantify to the number of fragments per kilobase of exon
per million fragments mapped (FPKM) using Cuffdiff (version
2.1.1).47

r values between each samples was calculated using R software
on the basis of genes expression values (FPKM).48 DEGs were
screened using a cutoff with 2 fold changes between cdk3D and
WT cells for each same time point, and for control the false posi-
tives, very low expressed genes (FPKM < 10) were excluded. And
then, GO enrichment analyses were performed using BiNGO (ver-
sion 3.0.2).49,50 Hypergeometric test was used for statistical test, the
familywise error rate (FWER) was used for multiple testing correc-
tions to control the false positives, and the criteria of significant
enrichment were defined as corr-p< 0.01.

Proteomic quantification of phosphorylation

Proteomic quantification of phosphorylation was down as pre-
viously described.51 Briefly, bacteria were grown in M9 minimal
medium containing 15N-labeled ammonium sulfate as the sole
nitrogen source. For the internal control, both CU427 and
CU428 T. thermophila cells were added to a stationary phase
bacteria population to convert all proteins from the light to
heavy forms. Meanwhile, both mating types of WT and cdk3D
strains were cultured in standard SPP medium (not 15N-
enriched). For all labeled WT, unlabeled WT and unlabeled
cdk3D cells, the 2 mating types were mixed together after star-
vation to induce conjugation. Proteins were extracted from all
3 samples at the pair formation stage and equal proportions of
labeled and unlabeled proteins were mixed. To quantify protein
phosphorylation, the ratios of unlabeled samples to spiked
labeled protein internal controls were first determined and the
base 2 logarithm of final ratios between cdk3D and WT was cal-
culated from the relative ratios of light vs heavy forms in cdk3D
cells divided by those from WT cells (log2[Lcdk3D:HWT/LWT:
HWT] D log2[Lcdk3D/LWT]; illustrated in Fig. S2). Differentially
phosphorylated proteins were identified using DESeq2.52

Abbreviations

Cdks cyclin-dependent kinases
cdk3D CDK3 knockout strains
DEGs differentially expressed genes
DSBs double-strand breaks
FPKM fragments per kilobase of exon per million fragments

mapped
GO gene ontology
MAC macronucleus
MIC micronucleus
WT wild-type
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