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Abstract In a number of dimorphic and hemibiotrophic
pathogens, cell cycle regulation has been shown to be
important for morphological changes related to infectious
growth or infection-related morphogenesis. However, the
role of mitotic CDK kinase Cdc2, the key regulator of cell
cycle, in pathogenic growth is not clear, because most fun-
gal pathogens have a single CDC?2 gene that is essential for
cell cycle progression and viability. Interestingly, the wheat
scab fungus Fusarium graminearum has two CDC2 genes.
Although CDC2A and CDC2B have redundant functions
in vegetative growth and asexual production, only CDC2A
is required for invasive growth and plant infection. In this
study, we showed that Cdc2A and Cdc2B interacted with
each other and may form homo- and heterodimers in veg-
etative hyphae. We also identified sequence and structural
differences between Cdc2A and Cdc2B that may be related
to their functional divergence. These results, together with
earlier studies with cyclins, important for differentiation
and infection in Candida albicans and Ustilago maydis,
indicated that dimorphic and hemibiotrophic fungal patho-
gens may have stage-specific cyclin—CDK combinations or
CDK targets during saprophytic and pathogenic growth.
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Introduction

In eukaryotic organisms, cell cycle involves a series of
complex cellular events, including DNA synthesis and
chromosomes replication (Sendinc et al. 2015). The cyclin-
dependent protein kinases (CDKs) function as the central
regulator of cell cycle and their stage-specific activities are
determined by interacting with different cyclins (Bloom
and Cross 2007). In addition, CDKs are subjected to acti-
vation phosphorylation by CDK kinase and inhibitory
phosphorylation by Weel kinase for cell cycle progression
(Morgan 1997). In the budding and fission yeasts that are
used as the model organisms for studying cell cycle and
other cellular events (Hapala et al. 2013; Teparic and Mrsa
2013; Veide Vilg et al. 2014), a single CDK known as Cdc2
or Cdc28 is essential for cell cycle progression (Fisher and
Nurse 1996; Mendenhall and Hodge 1998). Similarly, the
model filamentous fungi Neurospora crassa and Aspergil-
lus nidulans have a single copy Cdc2 ortholog that is essen-
tial for hyphal growth (Borkovich et al. 2004; Osmani et al.
1994).

Unlike the model yeasts and filamentous fungi, the wheat
scab fungus Fusarium graminearum has two CDK genes,
CDC2A and CDC2B (Wang et al. 2011). Deletion of either
CDC2A or CDC2B had no obvious defects in vegetative
growth and conidiation, but deletion of both is lethal, indi-
cating that these two CDC2 orthologs have redundant func-
tions during hyphal growth and asexual reproduction (Liu
et al. 2015). However, it appears that their functions have
diverged and only CDC2A is important for plant infection
and sexual reproduction. In infection assays with flowing
wheat heads and corn silks, the cdc2B mutant was normal
in virulence, but the cdc2A mutant was almost non-patho-
genetic. Further characterization showed that the cdc2A
mutant formed penetration structures, but failed to develop
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lobed infectious hyphae inside wheat coleoptile cells (Liu
et al. 2015). During sexual reproduction, the cdc2B mutant
was normal in ascospore formation, but the cdc2A mutant
was defective in ascosporogenesis (Liu et al. 2015). These
observations indicate that Cdc2A and Cdc2B, two closely
related Cdc2 paralogs, have distinct functions in differ-
ent developmental and infection stages in F. graminearum.
Although similar observation has not been reported in other
fungi and animals with a single mitotic CDK, the B-type
CDKs in plants are known to play development-specific
roles in cell cycle regulation (Harashima et al. 2013).

Materials and methods

The interaction between Cdc2A and Cdc2B was assayed by
yeast two-hybrid and co-IP as described (Liu et al. 2015).
Briefly, for yeast two-hybrid assays, the ORFs of CDC2A
and CDC2B were amplified from cDNA of PH-1 and
cloned into pGBKT7 as the bait construct and pGADT7
as the prey construct, respectively. The resulting CDC2A-
bait and CDC2B-prey constructs were co-transformed
into yeast strain AHI109 (Clontech). The resulting trans-
formants were assayed for growth on synthetic dropout
(SD) medium lacking tryptophan, leucine, and histidine
(SD-Trp-Leu-His) and p-galactosidase activities. For co-IP
assays, the CDC2A-GFP and CDC2B-3xFLAG fusion
constructs were generated by cloning genomic fragments
containing these two genes into pFL2 and PFL7 vectors
(Wang et al. 2011; Liu et al. 2015), respectively. The result-
ing fusion constructs were co-transformed into PH-1. The
expression of both transforming vectors was confirmed by
PCR and Western blot analysis. Total proteins isolated from
transformants expressing both transforming constructs
were incubated with anti-Flag M2 beads (Sigma-Aldrich,
St. Louis, MO). Proteins bound to anti-FLAG beads were
eluted following the instructions provided by Sigma-
Aldrich. Western blots of total proteins and proteins eluted
from anti-Flag M2 beads were detected with the anti-GFP
(Roche, Indianapolis, IN) and anti-actin (Sigma-Aldrich)
antibodies.

Results and discussion

To further determine the functional relationship between
Cdc2A and Cdc2B, we first examined their interactions by
yeast two-hybrid assays. Yeast cells expressing the Cdc2A
bait and Cdc2B prey constructs were able to growth on
SD-Leu-Trp-His plates and had beta-galactosidase activi-
ties (Fig. la), indicating that they may directly interact
with each other. To confirm this observation, we also gen-
erated CDC2A-GFP and CDC2B-3xFLAG constructs and
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co-transformed them into the wild-type strain PH-1. In the
resulting transformants, the expression of Cdc2A—-GFP and
Cdc2B-3xFLAG fusion proteins was confirmed by West-
ern blot analysis with total proteins isolated from vegeta-
tive hyphae. In proteins of the same transformants eluted
from anti-FLAG beads, the Cdc2 A—GFP band was detected
with an anti-GFP antibody (Fig. 1b). These results showed
that Cdc2A and Cdc2B interact with each other and may
form heterodimers in vegetative hyphae. The formation of
heterodimers between Cdc2 proteins has not been reported,
likely due to the fact that the model organisms studied for
cell cycle regulation has a single Cdc2. Therefore, it will
be important to further characterize the roles of possible
homo- and heterodimers of Cdc2 paralogs in cell cycle reg-
ulation in F. graminearum.

Cdc2A and Cdc2B are 78 % identical in amino acid
sequences. Both of them have typical CDK structures,
including the inhibitory and activation phosphorylation
sites, activation T-loop, and cyclin-binding site PSTAIRE
(Liu et al. 2015; Morgan 1997). They also have simi-
lar 3-D structures after protein structure prediction (Liu
et al. 2015). However, Cdc2A and Cdc2B have some
sequence and structural differences that may be related
to their functional divergence (Fig. lc). Seven residues
in the 55-68 amino acid region adjacent to the PSTAIRE
helix (cyclin-binding site) differ between these two Cdc2
proteins, which may affect the interaction of Cdc2A/2B
with CDK cyclins. Cdc2A and Cdc2B also are different
at residue 194 in the T-loop that may affect its activation.
In addition, based on their predicted 3D structures, the
surface topography and the width of the active cleft site
in Cdc2A and Cdc2B also are slightly different (Fig. 1c).
Some of these sequence or structure features may be
responsible for the functional specificity of Cdc2A, and
characterization of their functions will be important to
better understand cell cycle regulation during invasive
growth in F. graminearum.

To our knowledge, Cdc2A is the first CDK that has been
shown to be specifically required for infectious growth.
This is not surprising because most fungal pathogens have
only one CDC?2 ortholog and the single copy CDC2 gene
is essential for viability. However, it has been well docu-
mented in dimorphic pathogens such as the human path-
ogen Candida albicans and corn smut fungus U. maydis
that cell cycle regulation plays an important role in patho-
genesis and morphogenesis, although they have only one
Cdc2 ortholog (Perez-Martin and Castillo-Lluva 2008;
Perez-Martin et al. 2006; Wilson and Hube 2010; Zheng,
et al. 2004). In C. albicans, the yeast-to-hypha transi-
tion is related to pathogenesis. A hyphal-specific cyclin
Hgcl (hypha-specific G1 cyclin) has been identified and
is required for cell cycle progression in hyphae and dur-
ing infection (Wilson and Hube 2010; Zheng et al. 2004).
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Fig.1 Two Cdc2 orthologs and their functional relationship in F.
graminearum. a Different concentrations of yeast cells (cells/ml) of
the transformant expressing the Cdc2A-bait and Cdc2B-prey con-
structs were assayed for growth on SD-Leu-Trp-His plates and for
beta-galactosidase (LacZ) activities. The positive and negative con-
trols were provided by the Matchmaker yeast two-hybrid library con-
struct kit. b Immunoblots of total proteins (Total) and proteins eluted
from anti-FLAG M2 beads (Elution) of the transformant express-
ing both Cdc2A-GFP and Cdc2B-3xFLAG fusion constructs were

Hgcl is important for hyphal tip growth and septum for-
mation (Cao et al. 2006; Carlisle and Kadosh 2010; Wang
2009).

In U. maydis, the haploid yeast form is saprophytic. Mat-
ing between compatible yeast cells gives rise to the dikary-
otic hyphal form that is obligate pathogenic and requires an
intricate cell division process to coordinate mitosis of two
compatible nuclei. The single cdkl CDK gene is essential
and inhibitory phosphorylation of Cdk1 is required for con-
jugation tube formation and plant penetration (Mielnichuk
et al. 2009; Sgarlata and Perez-Martin 2005). Among the
Cdkl cyclin genes that have been characterized in U. may-
dis, the G1 cyclin Clnl regulates cell size and sexual devel-
opment (Castillo-Lluva and Perez-Martin 2005). Whereas
CIbl cyclin is required for G1/S and G2/M transitions,
CIb2 cyclin regulates morphogenesis and plant infection
(Garcia-Muse et al. 2004).
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detected with an anti-actin or anti-GFP antibody. Total proteins iso-
lated from the wild-type (WT) PH-1 were included as the control.
¢ Predicted tertiary structures of Cdc2A and Cdc2B. The N’- and
C’-termini, PSTAIRE helix, activation loop (T-loop), and inhibitory
(Tyrl5) and activation (Thr181) phosphorylation sites are labeled.
The atoms and bonds of residues different between Cdc2A and
Cdc2B in the T-loop, in a high variable region (106-123 aa) and in the
region (55-68 aa) adjacent to the cyclin-binding sites, are shown and
marked in red

In the hemibiotrophic rice blast fungus Magnaporthe
oryzae, infectious hyphae are bulbous and have pseudo-
hyphal growth (Mosquera et al. 2009; Zhou et al. 2012),
suggesting the involvement of infection-specific cell cycle
regulation although the underlying mechanism is not
clear. Nevertheless, the relationship between cell cycle
and appressorium formation has been characterized. One
round of mitosis in germ tubes is required for appresso-
rium formation and nuclei in appressoria are arrested in G1
(Caracuel-Rios and Talbot 2007; Saunders et al. 2010b).
Appressorium development also requires spatial uncou-
pling of mitosis and cytokinesis (Saunders et al. 2010a).
Furthermore, regulation of Rho GTPases by the MoPPGI
protein phosphatase 2A gene is required for plant cell pen-
etration (Du et al. 2013), and biotrophic growth in rice cells
is governed by a transketolase-mediated in planta-specific
metabolic checkpoint that regulates cell cycle (Fernandez
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et al. 2014). Recently, we have showed that the MoGtil
transcription factor may function as a stage-specific target
of CDK during invasive growth (our unpublished data).

Unfortunately, in other plant pathogenic fungi, cell cycle
regulation is rarely studied and our understanding of the
coordination between cell cycle and pathogenesis is lim-
ited. However, similar to M. oryzae, many hemibiotrophic
pathogens have different morphology and physiological
properties between saprophytic and infectious hyphae.
They will need the reset of cell cycle or proper cell cycle
regulation for the formation of various infection structures
and biotrophic infectious hyphae. Although these fungal
pathogens may have only a single CDC2 gene, like C. albi-
cans (Zheng and Wang 2004) and U. maydis, they may use
stage-specific cyclins to regulate infectious growth. Even
in fungi like F. graminearum with two Cdc2 orthologs,
it remains possible that they bind with different cyclins
and play distinct roles during plant infection. Unfortu-
nately, cyclins are not well characterized in filamentous
ascomycetes.

Besides binding to cyclins, the activation phosphoryla-
tion by CDK-activating kinase (CAK) and inhibitory phos-
phorylation by Weel kinase also are important for regulat-
ing CDK activities (Morgan 1997). F. graminearum and all
the filamentous ascomycetes we examined have a single
copy CAK and Weel kinase genes. Therefore, it is unlikely
for these fungi to use different CAK or Weel kinases to dif-
ferentially regulate infectious and saprophytic growth. Nev-
ertheless, deletion of CAKI was not lethal, but the Fgcakl
mutant was non-pathogenic in F. graminearum (Liu et al.
2015), indicating that FgCakl1 is essential for the cell cycle
regulation during plant infection but not in vegetative
hyphae. The Fgweel deletion mutant also was defective
in plant infection (Wang et al. 2011), suggesting a possi-
ble role of FgWeel in the functional specificity of Cdc2A.
In U. maydis, the inhibitory phosphorylation of Cdkl is
important for plant penetration (Sgarlata and Perez-Martin
2005).

Overall, studies on C. albicans, U. maydis, and F.
graminearum suggest that cell cycle regulation may be
different during saprophytic and pathogenic growth. This
is likely to be true for many other dimorphic or hemibio-
trophic fungal pathogens that have different hyphal mor-
phology between vegetative and infectious growth, and
possibly have stage-specific cyclin—-CDK combinations
or CDK targets. This hypothesis may be also applicable
to obligate pathogens, such as powdery mildew and rust
fungi. Based on the genomes that have been sequenced,
obligate pathogens have most of the genes required for pri-
mary metabolism and growth (Duplessis et al. 2011; Fell-
ers et al. 2013; Spanu et al. 2010; Zheng et al. 2014). The
reason for obligate parasitism in rust and powdery mildew
fungi could not be simply related to the gene contents of
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their genomes. It is possible that obligate pathogens may
have lost cell cycle-related genes required for saprophytic
growth during evolution, but retained the cell cycle pro-
gression machinery specific for infectious growth, resulting
in the inability to grow on synthetic media.
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