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E2fl1 is a meiosis-specific transcription factor in the protist Tetrahymena thermophila
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ABSTRACT
Members of the E2F family of transcription factors have been reported to regulate the expression of genes
involved in cell cycle control, DNA replication, and DNA repair in multicellular eukaryotes. Here, E2FL1, a
meiosis-specific E2F transcription factor gene, was identified in the model ciliate Tetrahymena thermophila.
Loss of this gene resulted in meiotic arrest prior to anaphase I. The cytological experiments revealed that
the meiotic homologous pairing was not affected in the absence of E2FL1, but the paired homologous
chromosomes did not separate and assumed a peculiar tandem arrangement. This is the first time that an
E2F family member has been shown to regulate meiotic events. Moreover, BrdU incorporation showed
that DSB processing during meiosis was abnormal upon the deletion of E2FL1. Transcriptome sequencing
analysis revealed that E2FL1 knockout decreased the expression of genes involved in DNA replication and
DNA repair in T. thermophila, suggesting that the function of E2F is highly conserved in eukaryotes. In
addition, E2FL1 deletion inhibited the expression of related homologous chromosome segregation genes
in T. thermophila. The result may explain the meiotic arrest phenotype at anaphase I. Finally, by searching
for E2F DNA-binding motifs in the entire T. thermophila genome, we identified 714 genes containing at
least one E2F DNA-binding motif; of these, 235 downregulated represent putative E2FL1 target genes.
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Introduction

Meiosis is a key step in the eukaryotic sexual reproduction. By
duplicating chromosomes only once during 2 cell divisions, it
provides a mechanism for halving the chromosome number in
progeny germ cells. Meiotic events include DNA replication,
the formation of DNA double-strand breaks (DSBs), recombi-
national repair of DSBs, homologous chromosome pairing,
homologous chromosome segregation, and sister chromatid
resolution. Progression of meiosis is regulated by numerous
factors, such as cyclins, cyclin-dependent kinases (CDKs), and
transcription factors.

It is well established that E2F transcription factor family mem-
bers play essential roles in the early stages of the cell cycle.1-3 E2F
family members have been identified in a wide range of eukaryotes,
including mammals, Arabidopsis thaliana, and Caenorhabditis ele-
gans.3,4 E2F family members have E2F proteins and its dimeriza-
tion partner (DP) proteins. They formed heterodimers and
controlled the expression of genes related to cell cycle, DNA repli-
cation, andDNA repair.5 And, E2F familymember has a conserved
DNA binding domain in eukaryotes, which stimulates E2F-depen-
dent transcription.5,6 At least 8 different E2F proteins (E2f1–E2f8)
and 3 DP proteins (DP1, DP2, and DP3) have been identified in
mammals.3 In A. thaliana cells, there are 6 E2F genes and 2 DP
genes.4 Two E2F genes and one DP gene have been identified in C.
elegans.3 Eukaryotic E2F family members can act as transcriptional

activators or repressors. In mammalian cells, E2f1, E2f2, and E2f3a
act primarily as transcriptional activators, while E2f3b, E2f4, E2f5,
E2f6, E2f7, and E2f8 are transcriptional repressors for a subset of
E2F-regulated genes.3,7 The E2f4 and E2f5 transcriptional repress-
ors interact with the retinoblastoma protein (RB) to inhibit target
gene transcription in quiescent cells and during early G1 phase of
the cell cycle.8,9 At G1 or S phase entry, transcriptional activators
with free RB replace the repressors, leading to the increase in G1/S
phase gene expression and promote DNA replication at S phase.10

During progression from quiescent to S phase, RB phosphorylation
by cyclin–CDK complexes activates E2F activity. E2F pathway is
highly conserved in higher eukaryotes.11,12

E2F target genes have been identified in mammals and
plants.5,13 Large-scale systematic approaches have shown that
many E2F target genes function in cell cycle control, DNA replica-
tion, DNA damage repair, and many other processes.5,14 Charac-
terization of these genes revealed that E2F DNA-bindingmotifs are
largely conserved during evolution.15 Thus, E2F DNA-binding
motifs in different multicellular eukaryotes can serve as a reference
for studying E2F target genes in unicellular eukaryotes. The E2F
familymembers are conserved inmost eukaryotic lineages.16While
E2F proteins and their function in the cell cycle are extensively
investigated among multicellular eukaryotes, little is known about
their roles in the cell cycle control of unicellular eukaryotes. Here,
we report homologs of E2F family proteins in the model ciliate

CONTACT Wei Miao miaowei@ihb.ac.cn

Color versions of one or more of the figures in this article can be found online at www.tandfonline.com/kccy.
yThese authors contributed equally to this work.

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis

CELL CYCLE
2017, VOL. 16, NO. 1, 123–135
http://dx.doi.org/10.1080/15384101.2016.1259779

http://www.tandfonline.com/kccy
http://www.tandfonline.com/kccy
http://dx.doi.org/10.1080/15384101.2016.1259779


Tetrahymena thermophila and study the role of a meiosis-specific
member of the E2F family.

T. thermophila is a unicellular ciliated protist capable of vege-
tative and sexual reproduction. All cells contain 2 nuclei. The
diploid (2n) germline micronucleus (MIC) contains 5 pairs of
metacentric chromosomes. It is transcriptionally inactive in vege-
tative propagation and undergoes mitotic divisions and meiosis.
The polyploid (»50n) somatic macronucleus (MAC) divides by
amitotic splitting and is not transmitted to sexual progeny. Genes
from the MAC are transcribed during cell proliferation and
determine the phenotype of the cell. When starved cells of 2 dif-
ferent mating types are mixed together, they will conjugate (i.e.
form pairs) and both will initiate meiosis. All meiotic nuclear
divisions in Tetrahymena (and other ciliates) are closed, i.e., the
nuclear envelope is not transiently disassembled.17

Meiosis has been reasonably well characterized at the cytological
andmolecular levels inT. thermophila. The earliest detectable event
is the formation of DNA double-strand breaks (DSBs) by the con-
served endonuclease Spo11.18 DSBs trigger formation of the phos-
phorylated histone H2A.X (g-H2A.X) and elongation of the MIC
to about twice the length of the cell via an ataxia-telangiectasia and
Rad3-related protein (ATR)-dependent response.19,20 Within the
elongated nucleus, chromosome arms are arranged in parallel, with
all centromeres clustered at one end and all telomeres clustered at
the opposite end. This arrangement promotes homologous pair-
ing.19 At the same time, DSBs are processed in a manner that is
widely conserved in eukaryotes: DSB ends are resected and single-
stranded 30 overhangs become decorated by the recombination
protein Dmc1 and Rad51. These single strands can invade DNA
tracts on the homologous chromosome.21 The heteroduplexes cre-
ated by this strand exchange are extended byDNA repair synthesis,
which can bemonitored by the incorporation of 5-bromo-20-deox-
yuridine (BrdU; in Tetrahymena, the pre-meiotic DNA replication
is completed prior to mixing the starved cells and thus before pair
formation).22 Then, subsets of these DNA joint molecules become
crossovers. After, 5 condensed bivalents are appeared.23 Ultimately,
owing to the role of separase Esp1, homologous chromosomes and
sister chromatids are segregated.24

Little is known about developmental programs controlled by
transcription factors that initiate and regulate the progression
of meiosis in T. thermophila. In this study, screening E2F family
members by gene prediction analysis and bioinformatic analy-
sis, we found an E2F transcription factor homolog E2FL1
(TTHERM_00695710), was specifically expressed during con-
jugation. Based on the cytological experiments and transcrip-
tome sequencing data, we found that disruption of this gene
resulted in arrested meiosis and decreased expression of genes
involved in DNA replication, DNA repair, and the associated
homologous chromosome segregation. Finally, using a bioin-
formatics approach, we have identified many putative E2FL1
target genes in T. thermophila.

Results

E2FL1 is a meiosis-specific transcription factor in
T. thermophila

Gene prediction analysis identified 51 conjugation-related tran-
scription factors in T. thermophila.25 Among them, 7 E2F

transcription factor family members had been identified: these
were named as E2FL1, E2FL2, E2FL3, E2FL4 and DPL1, DPL2,
DPL3 (Table S1). Domain prediction showed that all E2F fam-
ily members in T. thermophila have a conserved E2F/DP family
winged-helix DNA-binding domain (Fig. 1A), which has dem-
onstrated that all E2F family members are transcription factor
in T. thermophila. It also can be seen that the T. thermophila
E2fl1 showed the greatest similarity to C. elegans Efl-2
(Fig. 1A), which is a candidate transcriptional activator.

The majority of the T. thermophila meiosis genes were only
transcribed during conjugation and the genes expression profiles
were peaked at early stage of conjugation (around 2 h post mixing).
We assumed that the transcription factor which specifically acti-
vated the meiotic genes transcription would exhibit the similar
expression profile. So, the expression profiles of all E2F family
homologs were investigated using microarray data from the Tetra-
hymena Functional Genomics Database (TetraFGD, http://tfgd.
ihb.ac.cn/). E2FL1 (TTHERM_00695710) was not expressed
under vegetative growth or starvation conditions, but it was
specifically expressed during conjugation (Fig. 1B, C). Tran-
scriptome sequencing analysis showed that E2FL1 gene expres-
sion was particularly high at 2 h post mixing, which was
consistent with previous microarray data (Fig. S1). Therefore,
we hypothesized that E2fl1 is a meiosis-specific transcription
factor and may play an important role at an early stage of
meiosis.

Our conjecture that E2fl1 acted as a meiosis-specific tran-
scription factor in T. thermophila was supported by the subcel-
lular localization of a C-terminal hemagglutinin (HA)-tagged
E2fl1 fusion protein during conjugation. Granular HA signals
were not detected under vegetative growth. However, we
observed HA signals in MACs from the beginning of the meio-
sis until anaphase II (Fig. 1D), and in the crescent stage at 4 h
post mixing, HA signals was very highlight, which indicated
that the expression of E2fl1 protein was highest at this time.

E2fl1 is essential for sexual reproduction

To study E2FL1 gene function, we knocked out its open reading
frame (ORF) in the Tetrahymena macronuclear (MAC)
genome. Transcriptome sequencing analysis confirmed that the
E2FL1 gene was completely knocked out in both mating types
(Fig. S1). Consistent with the previous result that E2FL1 is a
meiosis specific gene, thus E2FL1 gene knockout had no effect
on vegetative growth (Fig. S2). To understand whether E2fl1 is
required for the sexual reproduction, the viability of sexual
progeny of e2fl14 is evaluated (see material and methods for
details). Strikingly, none of sexual progeny of e2fl14 cell mat-
ings was survived, whereas 71.2% of the progeny of WT mat-
ings was viable. The results indicated that E2fl1 is essential for
sexual reproduction in T. thermophila.

Bivalents are arranged abnormally at a meiotic stage
corresponding to anaphase I in e2fl14 cells

During T. thermophilameiosis, prophase has 5 stages that are clas-
sified by the degree of MIC elongation: leptene, zygotene, pachy-
tene, diplotene and diakinesis.26 At stages roughly corresponding
to leptotene, zygotene, and pachytene of meiotic prophase,
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chromosomes are arranged in parallel bundles within the elongated
MIC. Once chromosomes are paired, the nucleus shortens and 5
condensed bivalents become visible; they assemble at the nuclear
equator at metaphase I. Finally, the MIC undergoes 2 meiotic divi-
sions to separate the homologous chromosomes and sister chroma-
tids (Fig. 2A). Early meiotic MIC elongation and shortening had
similar temporal properties (initiation and duration) in e2fl14 cells
to those of WT cells, which seemed normal at meiotic prophase by
the disruption of E2FL1. However, meiosis progression was tempo-
rarily halted at a metaphase and then until 6 h post mixing arrested
at a stage prior to anaphase I with 5 dense chromatin masses

arranged in tandem. Finally, only at 7 h post mixing did the MIC
begin to form a single nucleus (Fig. 2A, B). Because one of the most
critical events at meiotic prophase is homologous pairing, fluores-
cence in situ hybridization (FISH) confirmed that homologous
chromosomes were paired normally at pachytene in e2fl14 cells
(Fig. 3A), suggesting that homologous chromosomes pairing was
not affected by deletion of E2FL1. However, FISH also confirmed
that the 5 dense chromatin masses in e2fl14 cells were equivalent
to bivalents (Fig. 3B). Their tandem arrangement was remarkable
because in the WT such an arrangement did not occur, even tran-
siently. In a word, the results indicated that in e2fl14 cells bivalents

Figure 1. T. thermophila E2fl1 is a meiosis-specific transcription factor. (A) Phylogenetic tree shows the E2F and DP transcription factors protein in H. sapiens, A. thaliana,
C. elegans, and T. thermophila. The red box indicates T. thermophila E2fl1. H, A, C, T stand for H. sapiens, A. thaliana, C. elegans, and T. thermophila, respectively. Every pro-
tein has different domains. (B) Expression profiles of 7 E2F homologs in T. thermophila based on microarray data from the TetraFGD. The blue box indicates the expression
of E2FL1 during vegetative growth and starvation in T. thermophila. (C) The T. thermophila E2FL1 expression profile based on microarray data from the TetraFGD. G and S
in (B) and (C) indicate vegetative growth and starvation. “0”, “2”, “4”, “6”, “8”, “10”, “12”, “14”, “16”, ,” “18” in (B) and (C) indicate the time post mixing. (D) E2fl1-HA (green)
localizes to the MAC during meiosis but not during vegetative growth (both mating partners express HA-tagged E2fl1). Scale bar: 10 mm.
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are arranged abnormally at a meiotic stage corresponding to ana-
phase I.

Immunostaining revealed that the arrangement of
a-tubulin in e2fl14 cells is normal before anaphase I. At
pachytene, a-tubulin and MICs became stretched to form a
so-called full crescent shape at 4 h post mixing. At meta-
phase (at 5 h post mixing), MICs were rearranged and
located in the middle of spindle-like bundles in both WT
and e2fl14 cells. However, due to the meiotic abnormalities
caused by E2FL1 deletion, a-tubulin in e2fl14 cells formed
aberrant structures at anaphase (at 6 h post mixing).
Instead of forming the bundle-like structure seen in WT
cells, a-tubulin in e2fl14 cells formed a spindle-like bundle
(Fig. 3C). Therefore, a-tubulin arrangement in the bivalents
of e2fl14 cells appears abnormal.

The DNA repair synthesis stage of DSB processing is
abnormal in e2fl14 cells

The appearance at pachytene and diplotene–diakinesis and dis-
appearance at metaphase of g-H2A.X (a marker of DSB forma-
tion) was similar in both WT and e2fl14 cells (Fig. 4A). The
appearance at pachytene and disappearance at diplotene-diaki-
nesis of Dmc1 (a marker of DSB processing) indicated that
DSB repair was normal in e2fl14 cells (Fig. 4B). At diplotene–
diakinesis, 22% of WT cells (n D 50) had a weak Dmc1 signal
and 78% had no signal. In e2fl14 cells, 18% (n D 50) had a
weak Dmc1 signal and the remainder had no signal (Fig. 4B).
This suggests that DSBs are repaired with a similar efficiency in
WT and e2fl14 cells. However, we unexpectedly found that
DNA repair synthesis differed in e2fl14 and WT cells. When

Figure 2. The e2fl14 phenotype is arrested a meiotic stage prior to anaphase I. (A) The e2fl14 phenotype and meiotic events in T. thermophila. DAPI staining shows
abnormal meiosis in e2fl14: cells are arrested a stage prior anaphase I. At anaphase I, homologous chromosome segregation can be seen in WT cells, whereas e2fl14 cells
have 5 dense chromatin masses arranged in tandem. Scale bars: 10 mm. (B) The meiotic time course, classified according to the morphological criteria,26 is similar in WT
and e2fl14 MICs before the metaphase stage. The red asterisk at 6 h post mixing (which corresponds to WT anaphase I) indicates that e2fl14 cells have formed 5 dense
chromatin masses arranged in tandem after metaphase stage. The blue asterisk at 7 h post mixing (which corresponds to WT anaphase II) indicates that some MICs in
e2fl14 cells have formed a single nucleus. At least 100 MICs are evaluated for each time point.
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BrdU was added at 3.5 h post mixing, it became incorporated in
WT MICs during the shortening phase, when repair-related
DNA synthesis is known to take place.22 Consequently, we
observed foci using an anti-BrdU antibody in 46 out of 50 WT
MICs at this or a later stage. In contrast, 0 out of 50 MICs at
corresponding stages in e2fl14 cells had BrdU signals
(Fig. 4C). This may indicate that DSB repair is arrested in
e2fl14 cells at an as yet unknown intermediate stage.

Genes with roles in DNA metabolic and homologous
chromosome segregation are downregulated in e2fl14
cell

We next investigated the effect of E2FL1 knockout on gene expres-
sion using a twofold cutoff for differentially expressed genes
(DEGs; see Material and methods for details). At 2 h post mixing,
the expression of only 914 DEGs differed from WT. The

proportion of DEGs increased with time up to 5589 at 6 h post
mixing (Fig. S3). This is consistent with a function of E2fl1 from
about 6 h post mixing, which matches with the onset of a cytolog-
ically observable defect in the mutant (Fig. 2B). Gene Ontology
(GO) enrichment analysis of downregulated or upregulated DEGs
at 2 h, 3 h, 4 h, 5 h, 6 h, and 7 h post mixing was performed. Then,
we calculated the number of genes belongs to the enriched terms at
each time point. It is obvious that the numbers of downregulated
DEGs in enriched terms are far more than upregulated DEGs
(Fig. 5A). Therefore, the function of downregulated genes seem
more concentrated, and perhaps ismore important for us to under-
stand the regulation of E2fl1. A significant proportion of the 5179
DEGs that were downregulated at least at one time point post mix-
ing are classified into GO terms related to translation, DNAmetab-
olism, cell cycle, and organelle organization (Fig. 5B). The most
important GO term was DNA metabolism which was involved in
DNA replication and DNA repair. The expression of DEGs to

Figure 3. Bivalents are arranged abnormally in e2fl14 cells at a stage corresponding to anaphase I. (A) FISH (red) analysis shows that homologous chromosome pairing is
normal in e2fl14 cells. ‘d’ shows the distance between 2 dots in elongated MICs at meiotic prophase. The statistical analysis used Mann-Whitney test. (B) FISH (red) analy-
sis shows that MICs formed bivalents at metaphase in WT cells and an abnormal structure in e2fl14 cells. (C) a-tubulin immunostaining (green) shows abnormal microtu-
bule stretching in e2fl14 cells from meiotic pachytene to anaphase. Scale bar: 10 mm.
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Figure 4. The DNA repair synthesis stage of DSB processing is abnormal in e2fl14 cells. (A) g-H2A.X (green) foci indicate the same meiotic prophase in MICs of both
e2fl14 and WT cells in a mating pair. The foci also appear at diplotene or diakinesis; however, they are absent at metaphase in WT and e2fl14 cells. (B) Intense Dmc1
immunostaining (red) is present in WT MICs at pachytene but completely absent at diplotene or diakinesis, similar to in e2fl14 cells. (C) BrdU immunostaining (green)
shows numerous foci at diplotene–diakinesis in WT meiotic MICs, but none in e2fl14 cells. Scale bars: 10 mm.
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DNA replication and DNA repair which were found by GO analy-
sis was completely downregulated at 2–7 h post mixing (Table S2;
Fig. 5C). This may indicated that genes of DNA replication and
DNA repair were regulated by E2fl1.

Microtubules are crucial for homologous chromosome seg-
regation at anaphase I of meiosis.27 Therefore, E2FL1 knockout
may lead to a microtubule defect. Transcriptome sequencing
analysis showed that a-tubulin gene (ATU1) expression was

Figure 5. Differentially expressed genes (DEGs) are analyzed in WT and e2fl14 cells. (A) Distribution of upregulated and downregulated DEGs after GO enrichment at 2–
7 h post mixing. The histogram shows that the number of downregulated DEGs in enriched terms is far more than upregulated DEGs. (B) GO enrichment analysis of DEGs
that are downregulated at least at one time point post mixing. The GO terms include translation, DNA metabolism, cell cycle, and organelle organization. (C) Heat map
shows fold change in the expression of genes related to DNA replication and DNA repair in the e2fl14 cells. (D) Heat map shows fold changes in meiotic gene expression,
including gene related to homologous chromosome segregation in T. thermophila. (E) Heat map shows fold change in the expression of putative E2FL1 target genes in
the e2fl14 cells. (F) GO enrichment analysis of putative E2FL1 target genes. The GO terms include DNA metabolism and organelle organization.

CELL CYCLE 129



normal in e2fl14 cells, which may explain that a-tubulin local-
ization is normal before anaphase and appears abnormal at
anaphase in e2fl14 cells. However, expression of the g-tubulin
gene (GTU1), another microtubule component, was strongly
inhibited in e2fl14 cells at 2–5 h post mixing (Fig. 5D). Genes
encoding anaphase-promoting complex (APC) components,
APC activator Fzy1/Cdc20, the cohesion complex (Smc1, Smc3
and Rec8), the Esp1 separase, the condensation complex
(Smc2, Smc4, Cap-D, and Cap-H), the kinetochore (CenH3
(Cna1 in T. thermophila) and Ndc80), the microtubule–kineto-
chore attachment (polo-like kinases, aurora B kinases, and the
Mad3 spindle checkpoint protein) (Table S3) are important
regulators of homologous chromosome segregation. The strong
downregulation of all these genes in e2fl14 cells at 2–7 h post
mixing (Fig. 5D), may explain the abnormal homologous chro-
mosome segregation seen during meiosis.

Cytological experiments and differential expression analysis
of genes related to DNA replication and DNA repair indicated
that incomplete DNA repair synthesis may be responsible for
the e2fl14 phenotype. In addition, a sharp reduction in the
expression of genes encoding proteins related to homologous
chromosome segregation at 2–7 h post mixing in e2fl14 cells,
is expected to weaken microtubule–chromosome attachment
and microtubule–kinetochore attachment, resulting in abnor-
mal or absent homologous chromosome segregation, which
may explain the meiotic arrest phenotype.

Many genes containing E2F DNA-binding motifs are
downregulated in e2fl14 cells

Identifying the complete pool of target genes of E2F transcrip-
tion factor family members in the Tetrahymena genome would
provide a valuable resource for investigating the roles of E2F
proteins in the Tetrahymena life cycle. All E2F family members
have conserved DNA-binding motifs that are necessary and suf-
ficient for binding to DNA-binding motifs in target gene pro-
moters. Therefore, to predict E2F DNA-binding motifs in the
Tetrahymena genome, we analyzed the E2F DNA-binding motifs
of several well-studied model eukaryotes, including humans,
Mus musculus, A. thaliana, C. elegans, and Drosophila mela-
nogaster (Table 1). Using the approach (see material and meth-
ods for details), we identified E2F family target genes containing

these sequences within 1 kb upstream of the translation start site
(TSS) in the Tetrehymena genome. A total of 714 Tetrahymena
genes have at least one E2F DNA-binding motif, representing
putative target genes of the 7 E2F family members in T. thermo-
phila. Of these, 316 DEGs were identified at 2 h, 3 h, 4 h, 5 h,
6 h, and 7 h post mixing in e2fl14 cells, of which 235 genes
(74.4%) were downregulated for at least at one time point post
mixing (Fig. 5E, Table. S4). Many genes containing E2F DNA-
binding motifs were downregulated in e2fl14 cells, thus support-
ing their classification as putative E2FL1 target genes.

GO enrichment analysis of these downregulated genes
showed over-representation of terms related to DNA metabo-
lism, and organellar organization (Fig. 5F, which is similar to
Fig. 5B). Genes related to DNA metabolism in Fig. 5B and 5F
overlap with those related to DNA replication and DNA repair
that we listed previously. Some enriched genes, such as RFC2,
RFC3, RFC4, MCM5, MSH2, and MSH3, are reported to be
E2F target genes in other eukaryotes, and are therefore likely to
also be E2FL1 target genes in Tetrehymena. Downregulation of
these genes in e2fl14 cells may be responsible for the abnormal
DNA repair synthesis, and possibly for the meiotic arrest.

Discussion

E2fl1 is a meiosis-specific putative transcriptional activator

Gene prediction analysis, domain prediction analysis, and tran-
scriptome sequencing analysis suggest that T. thermophila
E2fl1 may be a meiosis-specific transcription factor. Then,
according to the phylogenetic analysis, the T. thermophila E2fl1
is a close neighbor of the C. elegans Efl-2, which is a candidate
transcriptional activator and had a role in DNA damage-
induced germ cell apoptosis.3 In addition, mammalian E2F
family members regulate the expression of genes involved in
DNA replication, DNA repair, nucleosome assembly, and mul-
tiple cell cycle control points.28 However, genes related to DNA
replication and DNA repair were mostly downregulated in
e2fl14 cells. Many genes containing E2F DNA-binding motifs
are also downregulated in e2fl14 cells, including several such
as RFC2, RFC3, RFC4, MCM5, MSH2, and MSH3 that are
reported to be E2F target genes in other eukaryotes.5 Therefore,
E2fl1 may be a meiosis-specific transcriptional activator.

This study provides evidence from transcriptome sequenc-
ing analysis and cytological experiments of E2FL1 knockout
cells that E2fl1 may encode a meiosis-specific transcriptional
activator involved in regulating meiotic DNA repair synthesis
and homologous chromosome segregation.

E2fl1 is important for DNA repair synthesis

On the one hand, the e2fl14 phenotype in T. thermophila is
unusual. The appearance of Dmc1 in MICs after the elongation
stage and the disappearance of well-condensed, intact bivalents
suggest that DSBs are repaired. In contrast, no evidence of DNA
repair synthesis (by BrdU incorporation) was found. An alternative
method of meiotic DSB repair by synthesis-independent non-
homologous end joining in T. thermophila is unlikely,29 but
remains a possible explanation. It is also conceivable that strand
invasion and heteroduplex formation occurs, but the subsequent
elongation of invading strands fails. In this case, we hypothesized

Table 1. The number of genes with E2F DNA-binding motifs (identified in several
well-studied eukaryotes) in Tetrahymena.

Species
E2F binding

motifs Cite
Gene number
in Tetrahymena

Humans TTTSSCGC (Ren B et al., 2002) 111
TTTSGCGC (Kirienko NV and Fay

DS 2007)
76

Mouse TTTSSCGC (Ren B et al., 2002) 111
TCCCGC (Kehoe SM et al., 2008) 103

Plant WTTSSCSS (Vandepoele K et al., 2005) 571
TTTSSSSSS (Ramirez-Parra E et al., 2005) 126
TTTSSCGSS (Ramirez-Parra E et al., 2005) 32
TTTCSSCG (Lincker F et al., 2006) 25
TCTCCCGCC (Ramirez-Parra E et al., 2005) 1

C. elegans TTCSCGCS (Kirienko NV and Fay
DS 2007)

15

D. melanogaster TTGGCGC (Korenjak M et al., 2012) 84

Note: “W” stands for “A” or “T”, “S” stands for “C” or “G.”
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that mature chiasmata were not formed and that bivalents were
held together by crossover intermediates in the absence of E2FL1.
Therefore, homologous chromosomes would be stably connected
by thesemolecular recombination intermediates.

On the other hand, in response to DSB signals, the repair
protein Rad51 functions in the attachment and strand invasion.
RAD51 gene expression is also reported to be regulated by E2F
family members.5 In T. thermophila, RAD51 gene disruption
resulted in the fragmented chromatin at metaphase I during
meiosis.21 RAD51 gene expression was also downregulated after
E2FL1 inhibition (Fig. 4B). Therefore, the level of RAD51
expression may affect which method is used for strand invasion
in T. thermophila. In addition, DNA replication genes such as
those encoding DNA replication licensing factor mini-chromo-
some maintenance (MCM) proteins and replication factor C
(RFC) proteins are regulated by E2F family.5 Moreover, MCM
complex proteins that colocalize with g-H2A.X are involved in
chromatin remodeling in response to DNA damage.30 Expres-
sion of these genes was sharply downregulated in e2fl14 cells,
which might have impaired the process of DNA repair synthe-
sis. However, this phenomenon has not been previously
reported and further investigation is therefore necessary.

E2fl1 is also important for homologous chromosome
segregation

Microtubules are important for homologous chromosome segrega-
tion in many eukaryotes,27 although little is known about their role
in this process in T. thermophila. g-tubulin has conserved roles in
microtubule nucleation, centrosome duplication, and spindle for-
mation in many eukaryotes.27,31,32 It also interacts with Rad51 in
DNA recombination repair,33 and modulates the transcriptional
activity of E2F family members during S phase entry.34 However,
GTU1 expression was strongly downregulated at meiotic prophase
in the e2fl14 cells, suggesting that E2FL1 might cooperate with
g-tubulin to regulate downstream genes.

The APC activator Fzy1/Cdc20, the cohesin complex (Smc1,
Smc3, and Rec8), and the Esp1 separase are essential for
homologous chromosome segregation.27 The APC activator
Fzy1/Cdc20 promotes endocycle onset and progression.35

Atypical E2F proteins control gene expression during the cell
cycle.36 The cohesin complex is loaded onto chromosomes dur-
ing premeiotic S phase. It is involved in DNA damage repair
and promotes homologous recombination repair.37 In T. ther-
mophila, loss of the cohesin complex genes lead to abnormal
meiosis, causing cells to be arrested at the metaphase-anaphase
transition along with chromosome missegregation and a failure
in DSB repair. In addition, loss of ESP1 prevented homologous
chromosome separation at meiosis I.24

Then, the condensation complex (Smc2, Smc4, Cap-D, and
Cap-H) has an important role in chromosome condensation and
segregation in many eukaryotes.27 E2F members are reported to
directly regulate the expression of mammalian Smc2 and Smc4.14

In T. thermophila, the expression of the condensation complex
genes is sharply downregulated at 2–7 h post mixing in e2fl14
cells, indicating that E2fl1 may control the condensation complex
genes expression, leading to a chromosome condensation defect
that alters homologous chromosome segregation in e2fl14 cells.

In summary, although DSB formation, DSB repair, and
homologous chromosome pairing occur normally during

meiosis in e2fl14 cells, DNA repair synthesis is incomplete
and homologous chromosomes do not segregate. Therefore,
the 5 dense chromatin masses may represent 5 pairs of homolo-
gous chromosomes in the e2fl14MIC. However, further inves-
tigation is needed to determine what eventually happens to the
T. thermophilaMIC in the absence of E2FL1.

The E2F family has a conserved function in eukaryotes

Studies in model eukaryotes, such as Mus musculus, A. thaliana,
Drosophila melanogaster, and C. elegans, have revealed the con-
served function of various E2F family members.3 In these eukar-
yotes, E2f transcriptional activators regulate cell cycle progression
and cell proliferation, and control the expression of genes related to
cell cycle and DNA replication.12,38 When these genes are mutated,
DNA replication and cell cycle progression are inhibited, even
resulting in ectopic cell division; and, the expression of genes
related to cell cycle and DNA replication is decreased.39,40 How-
ever, E2f transcriptional suppressors are also important for cell
cycle progression and cell differentiation.39 Mutation these genes
increase the expression of cell cycle genes and decrease DNA
endoreplication; cell proliferation and cell division are also
affected.41-43 Some atypical E2Fs have diverse functions, for exam-
ple,A. thaliana E2Ff represses cell wall biosynthesis genes.44

So far, no E2F family member with a meiosis-specific function
has been reported. T. thermophila contains homologs of several
E2F family members, including a novel example of a meiosis-spe-
cific E2F family gene, E2FL1. When E2FL1 was mutated, the
expression of DNA metabolic genes was strongly downregulated
and the progression of cell cycle was inhibited. Furthermore, most
putative E2FL1 target genes are downregulated in e2fl14 cells and
some are conserved between T. thermophila and other eukaryotes.
This study therefore showed that E2F family members have highly
conserved functions in model eukaryotes (such as regulating DNA
replication gene expression and controlling cell cycle progression)
and thus have conserved target genes. The other T. thermophila
E2F homologs will be further investigated.

Materials and methods

Strains and cell culture

T. thermophila strains CU427 (VI) and CU428 (VII) were
served as WT controls which were obtained from the Tetrahy-
mena Stock Center, Cornell University (http://tetrahymena.vet.
cornell.edu/). Cells were propagated in super proteose peptone
(SPP) medium (1% proteose peptone, 0.2% glucose, 0.1% yeast
extract, 0.003% Sequestrene) on a rotary shaker at 135 rpm at
30�C.45 For meiosis experiments, cells were grown to a density
of 3 £ 105 cells ml¡1 and then starved in 10 mM Tris-HCl (pH
7.4) for at least 20 h. Conjugation was induced by mixing 2
populations of starved cells of different mating types at equal
densities (»2 £ 105 cells ml¡1). Samples of conjugating cells
were collected at the indicated time points and prepared for
cytological analysis.

Macronuclear gene knockout

To construct E2FL1 knockout strains, »1 kb fragments
upstream and downstream of the of E2FL1 gene ORF were
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amplified using primers from Table S5: E2FL1KO-5FW,
E2FL1KO-5RV, E2FL1KO-3FW, and E2FL1KO-3RV. Using
fusion polymerase chain reaction (PCR), the 2 flanking frag-
ments were joined to the ends of the neo4 cassette, comprising
the neo4 resistance gene under the control of the Cd2C-induc-
ible MTT1 metallothionein promoter.46 Then the product was
then cloned into the pBlueScript SK (C) vector to construct the
pE2FL1KO plasmid. Finally, the knockout construct was intro-
duced into WT cells of CU427 and CU428 by biolistic transfor-
mation as described previously.47 The transformants were
selected in SPP media containing decreasing concentrations of
CdCl2 (from 1 mg ml¡1 to 0.1 mg ml¡1) and increasing paro-
momycin (from 150 mg ml¡1 to 64 mg ml¡1) until all MAC
copies of the WT allele were replaced by the knockout con-
struct completely owing to phenotypic assortment.47

Protein tagging

E2fl1-HA-expressing cells were created using a knock-in
method to fuse the HA tag to the 3’ of the gene at its target
genomic locus. To create the tagged construct, the last 500 bp
of the ORF and 2 regions of downstream of the E2FL1 gene
were amplified by fusion PCR to connect to the neo4 cassette.
The gene fragments were amplified using the primers from
Table S5: E2FL1HA-CDSFW, E2FL1HA-CDSRV, E2FL1HA-
3UPFW, E2FL1HA-3UPRV, E2FL1HA-3DOWNFW, and
E2FL1HA-3DOWNRV. The three PCR products were cloned
into the pBlueScript SK (C) vector to construct the pE2FL1HA
plasmid. Finally, transformations and selections were per-
formed as described for the knockout strains.

Cytological methods

For 40, 60-diamidino-2-phenylindole (DAPI) staining and HA
immunostainings, cells were fixed and prepared by the methods of
Loidl and Scherthan (2004). In short, 5ml conjugating cells suspen-
sion, 250ml of 10% Triton X-100 and 500ml of 37% formaldehyde
were added and incubated for 30 min at room temperature (RT).
The fixed cell suspension was then centrifuged and resuspended in
500 ml fixative solution (4% paraformaldehyde and 3.4% sucrose
in water). Cell suspension (80 ml) was then spread onto a slide and
air-dried in a fume hood.22 For Dmc1 immunostaining need a cold
condition with a higher concentration of 10% Triton X-100, which
will remove free proteins from nucleus.48

For g-H2A.X immunostaining, cells were prepared by the
methods of Mochizuki et al. (2008). Conjugating cell suspen-
sion (5 ml) was fixed with 20 ml partial Schaudinn’s fixative
(saturated HgCl2, absolute ethanol 2:1). After incubation for
5 min at RT, cells were washed twice with 500 ml methanol,
and then resuspended in 500 ml methanol. A few drops of this
suspension were applied to a slide from a height of at least
50 cm and then air-dried. For FISH, 495 ml of Schaudinn fixa-
tive was supplemented with 5 ml 100% acetic acid to cell pellet
prepared from 5 ml conjugating cell suspension. Incubating 1 h
at RT, the cells suspension was centrifuged and resuspended in
300 ml M/A solution (methanol, acetic acid 2:1). Several drops
were applied to the slides and then air-dried.

For 5-Bromo-2’-deoxyuridine (BrdU) immunostaining, BrdU
reagent (from a 0.2 M stock in dimethyl sulfoxide(DMSO)) was

added to conjugating cells at 3.5 h post to a final concentration of 2
£ 10¡4 M and incubated in the dark for 1 h. Slides were prepared
as DAPI staining. Incubating the slides using 1 M potassium thio-
cyanate at 90�C for 15 min, rinsing twice with 2 £ sodium chlo-
ride-sodium citrate (SSC) solution, and denaturing in 70%
formamide containing 2£ SSC solution for 2 min at 68�C expose
the labeled nucleotides to the antibody.22 Then, the slides were
placed in ice-cold water to stop denaturation.

For a-tubulin immunostaining, 5 ml conjugating cell sus-
pension was centrifuged and incubated with 5 ml PEM buffer
for 1-2 min at RT, and then with 243 ml of 37% formaldehyde
for 30 min at RT. The cell suspension was re-centrifuged and
resuspended in 0.5-1 ml of PEM buffer containing 0.1 M gly-
cine. Cell suspension (150 ml) was spread onto the coated poly-
L-lysine and air-dried.

For immunostaining, the slides were washed twice with 1 £
phosphate buffered saline (PBS) and once with 1 £ PBS con-
taining 0.05% Triton (5 min each). Primary and FITC- or Cy3-
labeled secondary antibodies were applied as described previ-
ously and mounted with anti-fading agent (Vector Laboratories
Inc., Burlingame, CA, USA) supplemented with 0.5 mg ml¡1

DAPI.49 Primary antibodies: HA immunostaining (1:100 rabbit
anti-HA monoclonal antibody, Sigma, St. Louis, MO, USA),
Dmc1 immunostaining (1:100 mouse anti-DMC1 monoclonal
antibody, NeoMarkers, Fremont, CA, USA), g-H2A.X immu-
nostaining (1:100 mouse anti-g-H2A.X monoclonal antibody,
BioLegend, San Diego, CA), BrdU immunostaining (1:50 rat
anti-BrdU antibody, Abcam, Cambridge, UK), a-tubulin
immunostaining (1:150, mouse anti-a-tubulin monoclonal
antibody, Lab Vision, Fremont, CA, USA). For FISH, a probe
corresponding to a 22.1 kb intercalary chromosomal region
was produced by PCR and Cy3 labeled by nick translation.50

The probe and chromosomal DNA were denatured with hot
formamide and hybridized for 36-48 h at 37�C.22 Then the
slides were washed with 1 £ PBS and mounted with DAPI.

Cell staining was observed by fluorescence microscopy, Z-
stacks of images were recorded using MetaViewsoftware (Uni-
versal Imaging, Downingtown, PA, USA), deconvoluted using
AutoDeblur (AutoQuant Imaging, Watervliet, NY, USA), and
projected with ImageJ (Wayne Rasband, N.I.H.; http://rsb.info.
nih.gov/ij/) software.

T. thermophila growth analysis

Cells of different strains at same density (3250»5000 cells
ml¡1) were propagated in 30 ml SPP medium on a rotary
shaker at 135 rpm at 30�C until they reached log phase (about
after 12 h), and were then counted every 2 h using a Z Series
Coulter Counter until they reached the plateau stage (at about
48 h). The doubling time was then calculated using the formula:
t D ln (2) (growth rate)¡1.51 The experiment had 3 replications
to calculate the doubling time.

Testing the viability of sexual progeny

For testing the viability of sexual progeny, cells were prepared
by the method from Mochizuki et al. (2008). In short, conjugat-
ing-cell pairs after 6-10 h post mixing were selected into single
droplets of SPP medium and kept 2 days at 30�C. After this
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time colonies that had formed were transferred to 96-well
plates. One day later, aliquots were transffered to SPP medium
containing 100 ug ml¡1 paromomycin and 1 ug ml¡1 CdCl2.
After meiosis, the old MAC carried the neo4 paromomycin
resistance gene, whereas the new MAC did not carry. Colonies
that survived paromomycin treatment for 2 days were scored
as parental; otherwise, they were scored as progeny because
only those that had successfully undergone meiosis and pro-
duced paromomycin-sensitive colonies were counted.

Gene identification, phylogenetic and heat map analysis

E2F family members were identified based on the new gene
predictions (version 2014: http://ciliate.org/index.php/home/
downloads).

To identify homologous genes involved in microtubule–kineto-
chore attachment and spindle checkpoint in Tetrehymena,
BLASTP analysis was performed to compare gene expression in
model eukaryotes and T. thermophila. The gene expression profiles
were retrieved fromTetraFGD database.25,52,53

To identify putative Tetrehymena E2FL1 putative target
genes, E2F DNA-binding motifs in several eukaryotes, includ-
ing humans, Mus musculus, A. thaliana, Oryza sativa, Nicoti-
ana benthamiana, C. elegans, and D. melanogaster, were
analyzed to determine the E2F DNA-binding motifs. These
E2F DNA-binding motifs were used to search 1 kb regions
upstream of the translation start site in all Tetrehymena genes.
Genes containing the E2F DNA-binding motifs were putative
E2F family members target genes. The number of target genes
associated with the DNA-binding motif for each E2F family
member is listed in Table 1.13,14,54-58

For phylogenetic analysis, multiple sequence alignment was
performed using clustalW.59 Phylogenetic tree was constructed
using MEGA6 with the Maximum Likelihood method and
1000 bootstrap replicates.60 The protein domain prediction was
based on NCBI’s conserved domain database.61 A heat map
was generated using the MeV program (version 4.9.0).62

Transcriptome sequencing analysis

Total RNA was extracted from WT and e2fl14 mating cells at
2 h, 3 h, 4 h, 5 h, 6 h and 7 h post mixing using the RNeasy Pro-
tect Cell Mini Kit (Qiagen, Germany), as previously described
(TetraFGD: http://tfgd.ihb.ac.cn/index/smphelp).63 The poly-A
tailed mRNA as enriched using the Sera�Mag magnetic oligo
(dT) beads (GE), and Illumina sequencing libraries were con-
structed according to the manufacturer’s protocols. Paired-end
(150 bp £ 2) sequencing was performed for all the samples
using Illumina Hiseq4000 sequencer. All RNA sequence data
have been submitted to GenBank databases under accession
number GSE81856. Raw reads adaptors were trimmed with
Trim-Galore (version 0.4.0)64 and then mapped to the T. ther-
mophila Macronuclear genome assembly (version 2014: http://
ciliate.org/index.php/home/downloads) using TopHat (version
2.0.9).65 Expression levels were normalized to fragments per
kilobase of exon per million fragments mapped (FPKM) using
the Cuffdiff program (version 2.1.1).66

Genes with very low expression (FPKM< 10) were excluded
from the DEGs analysis. DEGs between WT and e2fl14 cells

were identified using a twofold cutoff. GO enrichment analysis
was carried out using BiNGO (version 3.0.2).67,68 False discov-
ery rate correction was used in multiple testing to control for
false positives, and significantly enriched GO terms were
defined by a corrected P-value of <0.001.

Abbreviations

APC anaphase-promoting complex
ATR ataxia-telangiectasia and Rad3-related protein
BrdU 5-Bromo-20-deoxyUridine
CDKs cyclin-dependent kinases
e2fl1D E2FL1 knockout strains
DEGs differentially expressed genes
DP dimerization partner
DSBs double-strand breaks
FPKM fragments per kilobase of exon per million fragments

mapped
GO gene ontology
MAC macronucleus
MIC micronucleus
RB retinoblastoma protein
TSS translation start site
WT wild-type
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