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Abstract

As in other eukaryotes, protein kinases play major regulatory roles in filamentous fungi. Although the genomes of many
plant pathogenic fungi have been sequenced, systematic characterization of their kinomes has not been reported. The
wheat scab fungus Fusarium graminearum has 116 protein kinases (PK) genes. Although twenty of them appeared to be
essential, we generated deletion mutants for the other 96 PK genes, including 12 orthologs of essential genes in yeast. All of
the PK mutants were assayed for changes in 17 phenotypes, including growth, conidiation, pathogenesis, stress responses,
and sexual reproduction. Overall, deletion of 64 PK genes resulted in at least one of the phenotypes examined, including
three mutants blocked in conidiation and five mutants with increased tolerance to hyperosmotic stress. In total, 42 PK
mutants were significantly reduced in virulence or non-pathogenic, including mutants deleted of key components of the
cAMP signaling and three MAPK pathways. A number of these PK genes, including Fg03146 and Fg04770 that are unigue to
filamentous fungi, are dispensable for hyphal growth and likely encode novel fungal virulence factors. Ascospores play a
critical role in the initiation of wheat scab. Twenty-six PK mutants were blocked in perithecia formation or aborted in
ascosporogenesis. Additional 19 mutants were defective in ascospore release or morphology. Interestingly, F. graminearum
contains two aurora kinase genes with distinct functions, which has not been reported in fungi. In addition, we used the
interlog approach to predict the PK-PK and PK-protein interaction networks of F. graminearum. Several predicted
interactions were verified with yeast two-hybrid or co-immunoprecipitation assays. To our knowledge, this is the first
functional characterization of the kinome in plant pathogenic fungi. Protein kinase genes important for various aspects of
growth, developmental, and infection processes in F. graminearum were identified in this study.
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Introduction

In eukaryotic organisms, reversible protein phosphorylation by
protein kinase (PK) is involved in the regulation of various growth
and developmental processes and responses to environmental
stimuli. Approximately 30% of cellular proteins are phosphory-
lated [1]. The eukaryotic PK superfamily consists of conventional
and atypical protein kinases. Conventional PKs (ePKs) have been
classified into eight groups, AGC, CAMK, CK1, CMGC, RGC,
STE, TK, and TKL, based on their similarities in amino acid
sequences, domain structures, and modes of regulation [2,3].
Protein kinases with a conserved kinase domain (PF00069) but not
classified intc these eight groups are categorized as the ‘other’
group of ePKs. Atypical PKs (aPKs) lack significant sequence
similarity with ePKs. Four groups of aPKs, Alpha, PIKK, PDHK,
and RIO, are known to possess protein kinase activity [2,3].

In general, approximately 1% of predicted genes encode protein
kinases in higher eukaryotes, such as human, mouse, rice, and

PLoS Pathogens | www.plospathogens.org

Arabidopsis [4 6]. In the budding yeast Saccharomyces ceremsiae, 127
PK genes have been identified, which is approximately 2% of its
genome. Many of them play critical roles in signal transduction,
cell division, sexual reproducticn, and stress responses. The
genome of Schizosaccharomyees pombe contains 117 PK genes.
Approximately 85% of its kinome is shared with §. cerevisice,
indicating that these two yeasts have a high degree of homology in
their PK genes [7].

To date, genomes of over 40 filamentous fungi have been
sequenced. Besides the model filamentous fungl Newrospora crassa
and Aspergillius mdulans, genome sequences are available for a
number of plant pathogenic fungl, including Magnaporthie orpzae,
Ustilago maydis, and four Fusarwm species. In general, less than 1%
of the predicted genes in filamentous fungi encode protein kinases
[8,9]. In addition to the well conserved cell-cycle related genes,
several PK genes are known by classical genetic studies te be
important for hyphal growth in V. crassa and A. mdwlans [10,11]. In
plant pathogenic fungi, a number of PK genes are known to be
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A root nodule bacterium, Sinorhizobium meliloti CCNWSX0020, resistant to 1.4 mM Cu?* was isolated from
Medicago lupuling growing in mine tailings. In medium supplied with copper, this bacterium showed cell
deformation and aggregation due to precipitation of copper on the cell surface. Genes similar to the
copper-resistant genes, pcoR and pcoA from Escherichia coli, were amplified by PCR from a 1.4-Mb mega-
plasmid. Inoculation with S. meliloti CCNWSX0020 increased the biomass of M. lupuling grown in medium
added 0 and 100 mg Cu** kg~! by 45.8% and 78.2%, respectively, and increased the copper concentration
inside the plant tissues grown in medium supplied with 100 puM Cu?* by 39.3%, demonstrating that it is a
prospective symbiotic system for bioremediation purposes.

@ 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Copper is an essential trace element, serving as a cofactor for a
variety of enzymes, such as ascorbic acid oxidase, polyphenol oxi-
dase and superoxide dismutase, and electron transfer proteins in-
volved in redox reactions (Brown et al, 1897). However, excess
copper damages cells by metal-catalyzed oxidation of proteins
and by causing oxidative damage through the generation of reac-
tive oxygen species (ROS) (Lebedev et al, 2002). At minimal or
excessive metal levels, the uptake systems in a microorganism
are important factors for survival and competitiveness {Silver and
Walderhaug, 1992). Generally, microbial cells have evolved effec-
tive and accurate mechanisms to maintain copper homeostasis
and control copper levels by converting free Cu?" to nontoxic or-
ganic copper complexes {Rensing and Grass, 2003). Copper homeo-
stasis is a complicated process involving copper sequestration,
uptake and efflux {(Rensing and Grass, 2003). The genes related to
these mechanisms may be encoded on the chromosome, but loci
conferring resistance are usually located on plasmids (Rensing
and Grass, 2003). Two different plasmid-encoded copper resistance
systems pco and cop have been described in bacteria. The peco sys-
tem, involving energy-dependent uptake and efflux of copper ions,
has been expounded in Escherichia coli {(Rouch et al., 1985), and a
chromosome-encoded copper uptake and intracellular transporta-

* Corresponding author. Address: Cellege of Life Sciences, Northwest A & F
University, Yangling, Shaanxi 712100, China. Tel./fax: +86 29 87091175.
E-mail address: weigehong@yahoo.com.cn (G.-H. Wei).
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tion system is also connected with the pco system in this bacterium
(Brown et al., 1994 ). Another energy-dependent uptake and efflux
process for copper (cop system) that is accompanied by sequestra-
tion of copper in the periplasm and cuter membrane has been
described in Pseudomonas syringae (Cooksey, 1994).

The development of mining, smelting and processing of copper,
has caused contamination of some soils with this metal in China
{Chen et al, 1999), and bioremediation might be helpful for
restoring such soils (Wu et al.,, 2010). Some microorganisms and
plant-microbe symbiosis can tolerate high concentrations of heavy
metals and may be useful for the restoration of contaminated soils
(Carrasco et al, 2005). For example, inoculation of pea grown in
metal-amended soil with a nickel and zinc-resistant strain, Rhizo-
bium sp. RP5, isolated from pea nodule increased dry matter and
vield of seeds, while decreasing the concentration of nickel and
zinc in the plants (Wani et al., 2008).

In order to develop a collaborative restoration system of micro-
organisms and plants in copper-contaminated soils from mine tail-
ings, legumes grown in the mine tailings were surveyed and
effective copper-resistant microsymbionts were isolated from their
root nodules. The tolerance level, resistance mechanisms and resis-
tance-related genes of this isolate were investigated.

2. Methods

2.1. Isolation and screening of copper-resistant rhizobia

Root nodules were collected from Medicago Iupulina growing
in the heavy metal mine tailings of Fengxian county, China
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Head blight caused by Fusarium graminearum is an impor-
tant disease of wheat and barley. Its genome contains chro-
mosomal regions with higher genetic variation and enriched
for genes expressed in planta, suggesting a role of chromatin
modification in the regulation of infection-related genes. In
a previous study, the FTLI gene was characterized as a
novel virulence factor in the head blight fungus. FTLI is
homologous to yeast SIF2, which is a component of the
Set3 complex. Many members of the yeast Set3 complex,
including Hos2 histone deacetylase (HDAC), are conserved
in F. graminearum. In this study, we characterized the
HDF1 gene that is orthologous to HOS2, HDF1 physically
interacted with FTLI in yeast two-hybrid assays. Deletion
of HDF] resulted in a significant reduction in virulence
and deoxynivalenol (DON) production. The Ahdfi mutant
failed to spread from the inoculation site to other parts of
wheat heads or corn stalks. It was defective in sexual re-
production and significantly reduced in conidiation. Expres-
sion of HDFI was highest in conidia in comparison with
germlings and hyphae. Deletion of HDF! also resulted in a
60% reduction in HDAC activity. Microarray analysis re-
vealed that 149 and 253 genes were down- and upregulated,
respectively, over fivefold in the AkdfI mutant. Consistent
with upregulation of putative catalase and peroxidase
genes, the Ahdf] mutant was more tolerant to H,(, than
the wild type. Deletion of the other two class II HDAC
genes had no obvious effect on vegetative growth and re-
sulted in only a minor reduction in conidiation and viru-
lence in the Akdf2 mutant. Overall, our results indicate
that HDF1 is the major class II HDAC gene in F. graminea-
rum. It may interact with FTLI and function as a compo-
nent in a well-conserved HDAC complex in the regulation
of conidiation, DON production, and pathogenesis.

Fusarium head blight (FHB) or scab is one of the most im-
portant diseases of wheat and barley (Bai and Shaner 2004

Y.Liand C. Wang contributed equally to this work.
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Goswami and Kistler 2004). Fusarium graminearunt (teleo-
morph Gibberella zeae) is the major causal agent of head
blight in North America and other parts of the world. Plant
infection is initiated when ascospores (the primary inoculum)
ejected into the air by the pathogen (Mitter et al. 2006; Trail et
al. 2005) are dispersed and deposited on flowering wheat or
barley heads, which are susceptible to infection from the be-
ginning of anthesis to the dough stage of kernel development.
After initial colonization, the pathogen can spread from the in-
fection site to other florets (Brown et al. 2010) and cause se-
vere yield losses under favorable environmental conditions. In
addition, F. graminearum produces harmful mycotoxins, such
as deoxynivalenol (DON) and zearalenone. DON is also phy-
totoxic and an important virulence factor in the wheat scab
fungus (Desjardins 2003; Proctor et al. 1995).

The F. graminearum genome has no active transposable ele-
ments and contains less than 0.5% repetitive sequences (Cuomo
et al. 2007). Another unique feature of its genome is the pres-
ence of regions enriched for genes that are unique or highly
expressed during plant infection (Cuomo et al. 2007). Some of
these genes are known to be involved in fungus—plant interac-
tions, suggesting that chromatin structure and modifications
play a role in regulating infection-related genes. Reversible
acetylation and deacetylation are common forms of histone
modifications mediated by histone acetyltransferases (HAT)
and histone deacetylases (HDAC). Classical HDAC include
class I and class II HDAC that are sensitive to inhibition by
trichostatin A and share similarity to yeast Rpd3 and Hdal, re-
spectively (Yang and Grégoire 2005). In several fungi, histone
modifications have been implicated in regulating genes impor-
tant for pathogenicity, stress response, and secondary metabo-
lism (Baidyaroy et al. 2001; Ding et al. 2009; Palmer et al.
2008; Tribus et al. 2010). In the corn pathogen Cochliobolus
carbonunt, the HDCI HDAC gene is an important pathogenic-
ity factor (Baidyaroy et al. 2001). In Aspergillus midulans, the
Rpd3-like HDAC is required for hyphal growth and conidia-
tion (Tribus et al. 2010). HdaA is a class [I HDAC important
for the biosynthesis of sterigmatocystin and production of co-
nidia in A. funrigatus (Lee et al. 2009). In the rice blast fungus
Magnaporthe oryzae, the Tigl HDAC complex is essential for
invasive growth and blast lesion development (Ding et al.
2010).

In F. granunearum, the Aftl] mutant was defective in colo-
nizing wheat heads and causing typical head blight symptoms
(Ding et al. 2009). FTLI is homologous to yeast SIF2, which
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Defender against cell death (DAD) genes are known to func-
tion as negative regulators of cell death in animals. In plants,
DAD orthologs are conserved but their role in cell death
regulation is not well understood. Here, we report the char-
acterization of the 7TaDAD2 gene in wheat. The predicted
amine acid sequence of TaDAD2 contains typical structural
features of DAD proteins, including a signal peptide, three
transmembrane regions, and a subunit of oligosaccharyl-
transferase. Transcripts of TaDAD2 were detected in wheat
leaves, culms, roots, florets, and spikelets. The expression
level of TaDAD2 was reduced in the initial contact with the
stripe rust fungus, subsequently induced and peaked at 18 h
postinoculation (hpi), gradually reduced at 24 to 48 hpi, and
restored to control level at 72 to 120 hpi. In addition,
TaDAD2 exhibited positive transcriptional responses to
abiotic stresses after the initial reduction at 1 hpi. Overex-
pression of TaDAD2 in tobacco leaves inhibited cell death.
Furthermore, knocking down TaDAD?2 expression by virus-
induced gene silencing enhanced the susceptibility of wheat
cv. Suwonll to avirulent race CYR23 and reduced necrotic
area at the infection sites. These results indicate that
TaDAD2 may function as a suppressor of cell death in the
early stages of wheat—stripe rust fungus interaction. How-
ever, it is dispensable for or plays an opposite role in hyper-
sensitive response or cell death triggered by an avirulent
race of stripe rust fungus at late-infection stages.

Programmed cell death (PCD) plays an important role in the
growth and differentiation of multicellular organisms by re-
moving unwanted or harmful cells (Geske and Gerschenson
2001; Ruf et al. 1999). A complex machinery of intercon-
nected signal transduction pathways underlies the capability of
cells to sacrifice themselves in response to a range of internal
and external stimuli. In plants, the recognition of avirulence
{AVR) products by corresponding resistance (&) genes is often
associated with hypersensitive response (HR), which is a rapid
plant-initiated PCD (Heath 2000; Lam et al. 2001). HR as a
form of PCD resulting from incompatible interactions is be-
lieved to help plants defend themselves against the invading
pathogen by limiting its growth. One of the earliest events in
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HR is the rapid accumulation of reactive oxygen species
(ROS) and nitric oxide (NO) (Chandok et al. 2003; Keller et
al. 1998). Both NO and ROS are components of a highly am-
plified and integrated defense system that involves the induc-
tion of salicylic acid (SA) accumulation, activation of ion
fluxes, oxidative cross-linking of plant cell wall proteins, and
changes in protein phosphorylation patterns, extracellular pH,
membrane potential, and the cytosolic Ca** level (Delledonne
2005; Gechev et al. 2006; Klessig et al. 2000; Mittler et al.
2004). These events trigger the expression of disease resis-
tance mechanisms and result in the establishment of systemic
acquired resistance (SAR), which provides resistance to a
broad range of pathogens in distal plant tissues (Bolwell 1999;
Yoshioka et al. 2009).

The main, characteristic morphological features of PCD in
animals, which is often referred to as apoptosis, include cellular
shrinkage, membrane blebbing, nuclear condensation, DNA
fragmentation, and formation of apoptotic bodies (Higuchi
2003; Richberg et al. 1998). Many of these features also can
be observed in plant PCD and used as markers of plant cell
death (McCabe and Leaver 2000; McCabe et al. 1997).

In animal cells, the key proteases and specific regulatory
proteins involved in PCD have been well characterized, includ-
ing caspases, bcl-2, defender against apoptotic cell death 1
(DADT1), p53, c-myc, and fas (Kopitz et al. 2003; Mittapalli
and Shukle 2008; O’'Donnell et al. 2005; Pozo-Guisado et al.
2005; Ruf et al. 1999). To date, no homeologues of animal cas-
pase genes have been identified in plants despite the complete
sequencing of Arabidepsis thaliana, rice, and other plant ge-
nomes. Bel-family genes, such as Bel-2 or Bax, also lack dis-
tinct homologues in plants, although transgenic expression of
these genes can influence plant cell death (Lacomme and Cruz
1999; Mitsuhar et al. 1999). However, some of the suppressors
of PCD have orthologous sequences in plants, such as Bel-2
associated athanogene (BAG), defender against apoptotic death
(DAD), and Bax inhibitor 1 (Bf-I). These genes may be func-
tionally related to plant PCD (Matsumura et al. 2003; Moharikar
et al. 2007; Watanabe and Lam 2006) as the conserved nega-
tive regulators.

DAD proteins are well conserved from yeast to mammals.
Most plants have two closely related paralogous DAD genes.
DAD was first identified from a temperature-sensitive ham-
ster cell line, tsBN7, that underwent apoptotic cell death when
incubated at nonpermissive temperatures. Its orthologues have
been identified as putative antiapoptosis genes in several dis-
tantly related organisms, including human, Caernorhabditis

Vol. 24, No.1,2011 /79
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Abstract

The Arabidopsis homeotic genes APETALA3 (AP3) and PISTILLATA (P/) are B genes which encode MADS-box transcription
factors and specify petal and stamen identities. In the current study, the stamen carpelloid {SC) mutants, HGMS and AMS, of
B. rapa and B. napus were investigated and two types of AP3 genes, BAP3.a and B.AP3.b, were functional characterized.
B.AP3.a and B.AP3.b share high similarity in amino acid sequences except for 8 residues difference located at the C-terminus.
Loss of this 8 residues in BAFP3.b led to the change of Pl-derived motifs. Meanwhile, B.AP3.a specified petal and stamen
development, whereas B.AP3.b anly specified stamen development. In 8. rapa, the mutations of both genes generated the
SC mutant HGMS. In B. napus that contained two B.AP3.a and two B.AP3.b, loss of the two B.AP3.a functions was the key
reason for the apetalous mutation, however, the loss-of-function in all four AP3 was related to the SC mutant AMS. We
inferred that the 8 residues or the Pl-derived motif in AP3 gene probably relates to petal formation.
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Introduction

The origin and evelution of petals in angiosperms remain
elusive [1,2]. Most flowers contain four types of floral organs, the
sepal, petal, stamen and carpel, which are arranged in four
concentric whorls. The classic ABC model proposes that three
classes of floral homeotic genes coordinate with each other to
specify the four floral organs: class A genes specify sepals, A+B
genes together specify petals, B+C genes combine to specify
stamens, and C genes alone specify carpels [3 7). APETALA3
(AP%) and PISTILIATA (PI), both MADS-box transcription
factors, are class B genes in drabidopsis thaliane and are involved
in conferring petal and stamen identities. Mutations in these two
genes exhibit similar homeotic conversions of petals to sepals and
stamens to carpels [§ 10].

Phylogenetic analyses suggest that the ABC dass genes have
undergone multiple duplication events and functicnal divergence
during their evolution [11 15].The paralogous lineages 4P and
PI arose from an ancestral class B gene duplication event before
the origin of the angiosperms [16 19]. Subsequently, a major gene
duplication event in the AP% lineage gave rise to the paralogous
lineages 7M6 (tomate MADS box gene 6) and eadP? and
coincided with the base of the higher endicot radiation [20 22]. A
number of higher eudicot species, such as tomato and petunia,
contain both eaAP? and TM6 genes [21 23]. Interestingly,
Arabudopsis and Antirrhunum, the two well-known meodel plants for
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studying flower development, contain only euAP3 genes [24,25]. In
tomato, loss of T4P3 (of the ewdP? lineage) function results in the
conversions of petals to sepals and stamens to carpels, but loss of
TME function only causes the homeotic transition of stamens to
carpels and has little effect on perianth development [20]. In
petunia, either PADEF (euAF3 lineage) or PRTME (Petuma hybrda
TM6) specifies stamen identity, but PADEF has a redundant
function of specifying petal development [25 26]. In the higher
eudicots, similar to tomato and petunia, the TA6 gene appears to
specify stamen identity in the same way as the paleodP3 gene does,
and the exd P37 genes appear to specify stamen and petal identities
[1]. In addition, the evolutionary origin of the higher eudicot
petals coincides with a TA{6/euAP5 duplication event and the
appearance of the eudP3 genes [17,27,28]. This leads to the
hypothesis that the eudP3 genes have acquired a petal-specific
function, compared with paleeAP? genes.

The TM6 and eud P73 lineages possess a distinct feature in their
G-termini [24,29]. Like paleoAP3 lineages, the 7A46 lineage also
contains a paloAP5 motf, which is present in AP35 proteins
throughout the lower eudicots, magnoliid dicots, monocots and
basal anglosperms. In contrast, the au4P3 lineage contains a eudP3
motif, which is exclusively found in AP3 proteins isolated from the
higher eudicots and is most likely evolved from a translational
frame shift mutation [29,30]. A chimeric AP? gene, which
contains the paleAP3 C-terminal sequence instead of that of ewd P3
{including a exdP3 motif and a Plderived motif, which is defined

June 2011 | Volume 6 | Issue 6 | e20930
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Abstract

Puccinia striiformis f. sp. tritici (Pst) is an obligate biotrophic fungus that causes the destructive wheat stripe rust disease
worldwide. Due to the lack of reliable transformation and gene disruption methaod, knowledge about the function of Pst
genes involved in pathogenesis is limited. Mitogen-activated protein kinase (MAPK} genes have been shown in a number of
plant pathogenic fungi to play critical roles in regulating various infection processes. In the present study, we identified and
characterized the first MAPK gene PsMAPKT in Pst. Phylogenetic analysis indicated that PsMAPKT is a YERK1 MAP kinase
belonging to the Fus3/Kss1 class. Single nucleotide polymerphisms (SNPs) and insertion/deletion were detected in the
cading region of PsSMAPKT among six Pst isolates. Real-time RT-PCR analyses revealed that PsMAPKT expression was induced
at early infection stages and peaked during haustorium formation. When expressed in Fusarium graminearum, PsMAPK1
partially rescued the mapi mutant in vegetative growth and pathogenicity. It also partially complemented the defects of
the Magnaporthe oryzae pmkl! mutant in appressorium formation and plant infection. These results suggest that F.
graminearum and M. oryzae can be used as surrogate systems for functional analysis of well-conserved Pst genes and
PsMAPKT may play a role in the regulation of plant penetration and infectious growth in Pst.
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Introduction

In a variety of eukaryotic organisms, a family of serine/
threonine protein kinases known as the mitogen-activated protein
kinases (MAPKSs) play critical roles in the transduction of a variety
of extracellular signals and regulaticn of various development and
differentiation processes [1]. The MAPK cascades are conserved
in eukaryctes and have been studied extensively in many
organisms. In filamentous fungi, MAPKs mainly fall into three
subgroups represented by Fus3/Kssl, Slt2, and Hogl of
Saccharomyces cerevisice [2,3,4]. The Fus3/Kssl homolog is more
extensively studied than the other two MAPKs in fungal pathogens
[1,5,6,7]. In the rice blast fungus Magraporthe oryzae, the PMKI
MAP kinase gene is essential for appressorium formation and
invasive growth [8]. In the wheat scab fungus Fusarian graminearum,
the map! deletion mutants are female sterile, non-pathogenic, and
reduced in cenidiation and infectious growth [9,10]. In Ustilage
maydis, Kpp2 (Ubc3) and Kpp6 are two Fus3/Kssl MAPKs with
overlapping functions In mating and plant infection [11,12]. The
wbc3/kpp2 mutant is defective in pheromone responses and the
formation of filamentous dikaryons and reduced in virulence. In
contrast, Kpp6 plays a more critical role in appressorial
penetration than Kpp2. The &p6 mutant is reduced in virulence
and defective in the penetration of plant cuticle [13]. The kp2
kppt double mutants are abolished in mating and nonpathogenic
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on maize plants. The Fus3/Kssl homelogs also have been
functionally characterized in several human pathogens. In Candida
albicans, the Cek]l MAPK plays a critical role in pathogenesis [14].
In Crpptococeus neoformans, the CPRY MAPK pathway is important
for mating and haploid fruiting but dispensable for virulence [15].

Wheat stripe rust, caused by Puccinza sirformus £ sp. friier (P5d), 1s
one of the most important diseases of wheat worldwide. Pst is an
obligate biotrophic fungus belonging to the Uredinales. The major
phase of the stripe rust life cycle is urediniospores, which can
germinate in water but germ tubes will die without host cells [16].
After successful adhesion to the wheat leaves, urediniospores
produce germ tubes, which elongate along leaf veins until they
encounter stomatal opening. After entering the substomatal space
in wheat leaves, the fungus starts to successively differentiate other
infection structures, e.g., substomatal vesicles, infection hypha,
haustorial mother cell, and eventually haunstoria, a structure to
withdraw nutrients from host cells [17,18,19]. The majority of
germ tubes penetrates stomata after 12 hours of germination, and
formation of haustorial mother cells increases rapidly after
18 hours of inoculation [20]. During Ps¢ infection, it s believed
that the fungus recognizes various signals from the host plant at
different stages and responds accordingly to establish a successful
colonization. However, litte is known about the role of signal
transduction pathways in Psf and other rust fungi due to their
obligate nature and the lack of an efficient and reliable
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A draft genome sequence of Streptomyces zinciresistens K42, a novel Streptomyces species displaying a high
level of resistance to zinc and cadmium, is presented here. The genome contains a large number of genes
encoding proteins predicted to be involved in conferring metal resistance. Many of these genes appear to have

been acquired through horizontal gene transfer.

The Gram-positive, high-G+C-content, filamentous bacte-
ria of genus Streptomyces have mainly been studied and char-
acterized due to their ability to produce a wide variety of
secondary metabolites, such as antibiotics (11, 17). The com-
plete genome sequences of five Streptomyces species have been
reported in recent years. In addition, there are numerous on-
going projects to sequence isolates from different Strepiomyees
species (4, 6, 11, 12, 15).

To this point, there has been no report of a genome se-
quence for a metal-resistant Streptomyces species. The ability
of some strains to tolerate high levels of metals and metalloids
has been reported (1, 7, 13). Streptomyces zincivesistens KA2
{CCNWNQ 00167), a novel species of the genus Streptomyces,
was selected from a copper-zine mine tailing (8).

Sequencing reads were generated with a 454 GS FLX se-
quencer {10) and assembled using GS De Novo Assembler
(Newbler) version 2.5.3. The assembled contigs were submitted
to the RAST annotation server for subsystem classification and
functional annotation (3). The coding sequences (CDSs) were
assigned using BLASTp with KEGG Orthology (KO). The GC
content was analyzed using seqool (http://www.biossc.de
fseqool/index.html). The NCBI Prokaryotic Genomes Auto-
matic Annotation Pipeline (PGAAP) was employed for gene
annotation in preparation for submission to GenBank (http:
{fwww.nebinlm.nih.gov/genomes/static/Pipeline.html).

The draft genome sequence of Streptomiyces zinciresistens
strain K42 comprises 8,228,741 bases representing a 43-fold
coverage of the genome. Since some contigs appear to be
present in multiple copies, this should be considered a lower
bound for the size of the strain K42 genome, which is about 4%

* Corresponding author. Mailing address for Christopher Rensing:
Department of Soil, Water and Environmental Science, The Univer-
sity of Arizona. Phone: (520) 626-8482. Fax: (520) 621-1647. E-mail:
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Phone: 86 029 87091175, Fax: 86 029 §7091175. E-mail: weigehong
{@yahoo.com.cn.
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smaller than the genome size reported for Streptomyces griseus
(11) and 5% smaller than that for Streptomyces coelicolor (4).
The assembled genome consists of 488 large contigs (=500 bp)
and has a high G+C content of 72.46%. Seventeen of these
contigs showed extremely high coverage (~2,000-fold) and
were subsequently joined into a single plasmid of 30,979 bp
using the assembly editor Consed (5). The 58, 165, and 23§
rRNAs (probably present in several copies), 69 tRNA genes,
and 7,307 protein-coding genes (CDSs) were annotated in
RAST. For the CDSs, 4,943 proteins could be assigned to
COG (Cluster of Orthologous Groups) families (14). The ge-
nome has 2,019 proteins with orthologs in Streptomyces coeli-
color, Streptomyces avermitilis, Streptomyces griseus, and Strep-
tomyces scabiei in KEGG (bit score of »60) (http://www
.genome jp/kegg). It has 2,520 hypothetical proteins with no
match to any known proteins in the databases, which may be a
reflection of a high degree of strain specificity of the K42
genome. Sixty-one diverse secondary metabolic genes could be
identified, with a total of 31 genes predicted to be involved in
biosynthesis of antibiotics.

Furthermore, a number of genes were predicted to encode
proteins conferring resistance to metals and metalloids. Com-
parison to orthologs in other related species suggests that at
least 8 out of 13 genes encoding heavy and transition metal-
translocating P, 5-type ATPase were likely acquired by hori-
zontal gene transfer. A subset of three putatve P-type
ATPases transporting divalent cations show unusual features
in their conserved metal binding domains and are all regulated
by a CadC-type repressor, indicating that they confer cadmium
and zinc resistance (2, 9, 16).

Nucleotide sequence accession numbers. This Whole Genome
Shotgun project has been deposited at DDBJ/EMBL/GenBank un-
der accession number AGBFO0000000. The version described in this
paper is the first version, AGBF01000000.

This work was supported by the National Natural Science Founda-
tion of China (grants 31070444, 30970003, 30900215, and 30630054),
973 Project of China (grant 2010CB126502), International Science &
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1. Introduction

ABSTRACT

Estrogens play an important role in many physiological processes of vertebrates, mediated by estrogen
receptors (ERs). The full length of the ¢cDNAs for ERx, ERS1, and ERS2 were isolated and characterized
from Gobiocypris rarus. G. rarus ERs shared the highest amino acid identities with counterparts of three
cyprinidae species (Pimephales promelas ERo: 91.1%, Rutilus rutilus ERB1: 92.9%, Tanichthy albonubes
ERB2: 93.5%). The phylogenic tree of vertebrate ERs indicates G. rarus ER isoforms are more related to
counterparts of cyprinidae species. The expression of ERx mRNA was high in gonad and liver. The ER81
transcript was the highest in the liver of female fish and was evenly high in the liver, testis and intestine
in male. The ERS2 transcript was high in liver, gonad, and intestine. G. rarus juvenile at 34 days post
fertilization were exposed for 3 days to endocrine disrupting chemicals including 17a-ethynylestradiol
(EE2), 4-nonylphenol (NP) and bisphenol A (BPA). ER mRNA expression following the xenoestrogens’
exposure was analyzed by quantitative real-time PCR. EE2 exposure at 0.01, 0.1 and 1 nM significantly
up-regulated ERx transcript. ER31 mRNA expression was suppressed by EE2 at all concentrations. How-
ever ERS2 transcript had opposite response to EE2 at low and high concentrations (up-regulation at
0.1nM, down-regulation at 1 nM ). Except aweak increase of ERx at 10nM EE2, varying decrease of three
ER transcripts was resulted inby NP at 10, 100 and 1000 nM. ERx transcript was significantly up-regulated
by BPA at 10 nM. A non-significant weak increase in ER51 mRNA expression was caused by 1 nM BPA.
However 1 nM and 10 nM BPA exposures resulted in significant and non-significant decrease of ERS2 tran-
script, respectively. The BPA exposures at other concentrations almost had no effect on the ER transcripts.
Vitellogenin (Vtg) mRNA expression profiling following exposure to three xenoestrogens indicated that
Vig transcript is a sensitive biomarker of the juvenile G, rarus at 34 dpf to the EDCs, especially to EE2.
These results cornbined suggest that the ER genes are not modulated in the same manner by EE2, NP, and
BPA and that ERs may not contribute equally to the transcriptional regulation of genes involved in fish
development and reproduction.

© 2010 Elsevier B.V. All rights reserved.

their biological effects by interacting with the estrogen receptors
(ERs) in two distinct estrogenic transduction pathways (Edwards,

The steroid hormone estrogen derived from gonads plays essen-
tial roles in sexual maturation and differentiation in vertebrate.
In addition, estrogen has been shown with a wide-ranging effect
in modulating skeletal physiology (Frank, 2003), vascular func-
tion (Baker et al., 2003), central nervous system (Toran-Allerand,
2004) and immune system (Kovacs et al., 2002). Estrogens exert
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2005). In the direct genomic pathway, ERs act as ligand-dependent
transcription factors which regulate expression at transcription
level of targets genes containing estrogen response element (ERE)
in their transcriptional regulation region of promoter within the
cellular nucleus. In the quick, non-genomic pathway, a seven-
transmembrane G-protein receptor mediates the effect of estrogen
in cells lacking genomic estrogen receptors (O’Dowd et al., 1998).
Nuclear ERs belong to a large superfamily of steroid hormone
receptors that include receptors for androgen, progestin, mineralo-
corticoid (Thornton, 2001). Most vertebrate including mammals,
birds, and amphibians have two distinct subtypes, ERx and ERB, in
the nuclear ERs. Each ER subtype isencoded by different genes with
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Introduction

Abstract

A total of 115 endophytic bacteria were isclated from root nodules of the wild
legume Sphacraphysa sakula grown in two ecological regions of Loess Plateau in
China The genetic diversity and phylogeny of the strains were revealed by
restriction fragment length polymorphism and sequencing of 165 rRNA gene and
enterobacterial repetitive intergenic consensus-PCR. Their symbiotic capacity was
chedred by nodulation tests and analysis of nifHf gene sequence. This is the first
systematic study on endophytic bacteria associated with & salsula root nodules.
Fifty of the strains found were symbiotic bacteria belonging to eight putative
species in the genera Mesorhizobium, Rhizobium and Sinerhizobium, harboring
similar nifH genes; Mesorhizobium gobiense was the main group and 65 strains were
nonsymbiotic bacteria related to 17 species in the genera Paracoccus, Sphingo-
monas, Iguilinus, Pseudomonas, Serratin, Mycobacterium, Nocardia, Streptonmyces,
Paenibacillus, Brevibacillus, Staphylococcus, Lysinibacillus and Bacillus, which were
universally coexistent with symbiotic bacteria in the nodules. Differing from other
similar studies, the present study is the first time that symbiotic and nonsymbiotic
bacteria have been simultaneously isolated from the same root nodules, offering
the possibility to accurately reveal the correlation between these two kinds of
bacteria. These results provide valuable information about the interactions among
the symbiotic bacteria, nonsymbiotic bacteria and their habitats,

Shinella {Liet al,, 2008} in Alphaprotesbacteria. Burkholderia
{Moulin et al., 2001} and Cupriavidus {Chen et al, 2001} in

The establishment of nitrogen-fixing symbiosis {root or
stem nodules} with some soil bacteria, collectively called
thizobia, is a unique feature of the plants of the legume
family {Legurminasae or Fabaceae). Traditionally, rhizobia
are induded in the well-known genera Rhizobium, Brady-
rhizabium, Sinorhizobium, Mesorhizabium, Azorhizobium
and Allorhizobiunr of Alphaproteobacteria {Zakhia & de
Lajudie, 2001}, Because of their economic and ecological
importance, the rhizobinm-legume symbiosis has been
investigated intensively, and the nodule-forming bacteria
affiliated to the genera Methydobacterium {Sy et al., 2001},
Devosia {Rivas et al, 2002}, Blastobacter {Van Berlum &
Eardly, 2002}, Ocdhrobactrusr {Ngom et al, 2004} and

FERS Microbicel Ecol 78 €201 463 475
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Betaproteabacteria have also been identified.

In additicn to thizobia, other bacteria have been found
inside legume nodules {Philipson & Blair, 1957; Sturz et al,,
1297; De Lajudie et al., 1599; Bai et al,, 2002, 2003; Tokala
et al., 2002; Vandamme et al, 2002; Benhizia et al., 2004;
Barrett & Parker, 2008; Zakhia et al., 2006; Kan et al., 2007;
Li et al., 2008; Ibafiez et al., 2009}, These bacteria were not
able to induce nedules and did not fix nitrogen symbioti-
cally. However, they live inside nodules for at least a part of
their life cycle and do not visibly harm host plants and are
thus called endophytic bacteria. The endophytic bacteria in
nodules were mainly Bacilfus, Pseudomonas and enterobac-
terial species {Zakhia er al., 2006; Kan e al, 2007}, Their
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Abstract Stripe rust, caused by Puccinia strifformis
f. sp. tritici, is one of the most destructive diseases of
wheat worldwide. Growing resistant cultivars is the most
effective approach to control the disease, but only a few
genes confer effective all-stage resistance against the
current populations of the pathogen worldwide. It is
urgent to identify new genes for diversifying sources of
resistance genes and for pyramiding genes for different
types of resistance in order to achieve high levels of
durable resistance for sustainable control of stripe rust
The common spring wheat genotype ‘PI 181434°, origi-
nally from Afghanistan, was resistant in all greenhouse
and field tests in our previous studies. To identify the
resistance gene(s) P1 181434 was crossed with susceptible
genotype ‘Avocet Susceptible’. Adult plants of 103 F,
progeny were tested in the field under the natural infec-
tion of P. striiformis f. sp. tritici. Seedlings of the parents,
F, and F5; were tested with races PST-100 and PST-127 of
the pathogen under controlled greenhouse conditions. The
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genetic study showed that PI 181434 has a single domi-
nant gene conferring all-stage resistance. Resistance gene
malog polymorphism (RGAP) and simple sequence
repeat (SSR) techniques were used to identify molecular
markers linked to the gene. A linkage map of 8 RGAP
ad 2 SSR markers was constructed for the gene using
data from the 103 F; plants and their derived Fs lines
tested in the greenhouse. Amplification of the complete
set of nulli-tetrasomic lines and selected ditelosomic lines
of Chinese Spring with an RGAP marker and the two
SSR markers mapped the gene on the long arm of chro-
mosome 3D. Because it is the first gene for stripe rust
resistance mapped on chromosome 3DL and different
from all previously named Yr genes, the gene in PI
181434 was designated Yr45. Polymorphism rates of the
two closest flanking markers, Xwgpll5 and XwgplIS§, in
45 wheat genotypes were 73.3 and 82.2%, respectively.
Single nucleotide polymorphisms (SNPs) were identified
in the eight wheat genotypes sharing both flanking
markers. The RGAP markers and potential SNP markers
should be useful in incorporating the gene into wheat
culivars and in pyramiding it with other genes for
durable resistance.

Introduction

Wheat stripe rust (yvellow rust), caused by Puccinia
strifformis Westend. f. sp. tritici Briks., is a major disease
of wheat (Triticum aestivum 1..) worldwide (Stubbs 1985;
Singh et al. 2000; Chen 2005, 2007). In the USA, the
disease is most destructive in the western states and has
become increasingly important in the south-central states
in the past decade (Line and Chen 1996; Chen et al.
2002; Chen 2005, 2007). Growing resistant cultivars is
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Abstract Non-host resistance (NHR) confers plant
species immunity against the majority of microbes. As an
important crop, wheat can be damaged by several Puccinia
species but is immune to all Uromyces species. Here, we
studied the basis of NHR in wheat against the broad bean
rust pathogen Uromyces fabae (Uf). In the wheat-Uf inter-
action, microscopic observations showed that urediospores
germinated efficiently on wheat leaves. However, over 98%
of the germ tubes failed to form appressoria over stomata.
For the few that invaded through stomata, the majority of
them failed to penetrate wheat mesophyll cells. At 96 hours
after inoculation, less than 4% of the Uf infection units that
had entered the mesophyll tissue formed haustoria.
Attempted peretration by haustorivm mother cells induced
the thickening of cell wall and the formation of papillae in
plant cells, which arrested the development or growth of Uf
penetration pegs. For the Uf haustoria formed in wheat
cells, they were encased in callose-like materials and did
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not elicit hypersensitive response. Localized accumulation
of H,0, were observed in plant cell walls, papillae and
encasement of haustoria during the wheat-Uf interaction.
Furthermore, quantitative RT-PCR analysis showed that
several genes involved in basal resistance and oxidative
stress responses were up-regulated during Uf infection. In
coniclusion, our study revealed the cytological and molecu-
lar bases of NHR in wheat against the non-adapted rust fun-
gus Uf, and highlighted the significance of papilla
production in the prehaustorial NHR.

Keywords Non-host resistance - Papilla formation -
Broad bean rust - Wheat rust resistance

Abbreviations

CWA Cell wall apposition

DAB 3,3-diamincbenzidine

DIC Differential interference contrast
dai Days after inoculation

hai Hours after inoculation

HMC Haustorial mother cell

HR Hypersensitive response

MAMPS or PAMPs Microbial- or pathogen-associated

molecular patterns

MVBs Multivesicular bodies
NBT Nitroblue tetrazolium
NHR Non-host resistance

Pgt P. graminis f. sp. tritici
PRRs Pattern recognition receptors
Pst P. striiformis f. sp. frifici
Pt P. friticina

PTI PAMP-triggered immunity
gRT-PCR Quantitative RT-PCR
ROS Reactive oxygen species
SA Salicylic acid
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