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A unique invertase is important for sugar absorption of an
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Introduction

Sucrose and its decomposition products play essential roles in
many processes throughout a plant’s life cycle; not only do
they serve as nutrients but also as signaling molecules
(Smeekens eral., 2010; Moghaddam & Ende, 2012; Ruan,
2012). As sucrose is also able to induce expression of defense-
related genes in rice, it seems to be engaged in plant defense
responses (Gomez-Ariza et al., 2007). Sucrose is the major car-
bohydrate transported from source to sink tissue, and as such
is also readily accessible to pathogens (Koch, 2004; Doidy
etal., 2012). Pathogens have developed different strategies to
compete with their hosts for sucrose. Ustilago maydis, for
example, has been reported to utilize the sucrose transporter
UmSRT1, which exhibits a higher affinity than host sucrose
transporters (Wahl ezal, 2010). In Uromyces fabae on the
other hand, sucrose has to be first hydrolyzed to hexoses which
are then taken up by the fungus through a hexose transporter

Summary

e An increased invertase activity in infected plant tissue has been observed in many plant-
pathogen interactions. However, the origin of this increased invertase activity (plant and/or
pathogen) is still under debate. In addition, the role of pathogen invertases in the infection
process is also unclear.

e We identified and cloned a gene with homology to invertases from Puccinia striiformis f.
sp. tritici (Pst). Transcript levels of PsSINV were analyzed by quantitative reverse transcription
PCR in both compatible and incompatible Pst-wheat interactions . Function of the gene pro-
duct was confirmed by heterologous expression, and its function in Pst infection was analyzed
by host-induced gene silencing (HIGS).

e Pst abundantly secretes invertase during its invasion attempts whether in a compatible or
incompatible interaction with wheat. Further research into the different domains of this pro-
tein indicated that the rust-specific sequence contributes to a higher efficiency of sucrose
hydrolysis. With PsINV silenced by HIGS during the infection process, growth of Pst is inhib-
ited and conidial fructification incomplete. Finally, pathogenicity of Pst is impaired and spore
yield significantly reduced.

e Our results clearly demonstrate that this Pst invertase plays a pivotal role in this plant—
pathogen interaction probably by boosting sucrose hydrolysis to secure the pathogen's sugar
absorption.

(Voegele & Mendgen, 2011). Invertases (B-D-fructofuranoside
fructohydrolase, EC 3.2.1.26), which irreversibly hydrolyze
sucrose to glucose and fructose, are key enzymes in such pro-
cesses. Much attention has been paid to invertases in plant—
pathogen interactions, as it has been shown that invertase
activity increased significantly in infected tissue (Long etal,
1975; Scholes eral., 1994; Tang etal, 1996). Many studies
have focused on the roles of plant invertases (Roitsch ezal,
2003; Roitsch & Gonzalez, 2004; Siemens etal, 2011). For
example, in the powdery mildew and barley pathosystem,
increased apoplastic invertase activity was found to be corre-
lated with a higher degree of resistance (Swarbrick ezal,
2006). In tobacco repression of a cell wall invertase by RNA
interference (RNAI) seems to have a positive effect on invasion
and colonization by Phytophthora nicotianae (Essmann eral.,
2008). These results suggest that the increase of host invertase
activity is part of the host defense system. However, given that
invertases are also widely distributed among bacteria and fungi,
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it does not seem appropriate to conclude that only plant
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invertases contribute to the increase in invertase activity in all
pathosystems. Especially with obligate biotrophic pathogens it
is hard to discriminate between host and pathogen contribu-
tions to the overall activity (Doidy ezal., 2012; Lemoine etal.,
2013).

Although evolutionary reconstruction of the invertase gene
family in numerous fungal phyla has revealed the presence of
invertase-encoding genes in all sequenced pathogens (Parrent
etal., 2009), there are only a few studies which have investi-
gated invertases from pathogenic fungi (Ruffner ezal, 1992;
Ruiz & Ruffner, 2002; Voegele e¢zal., 2006). Research carried
out on Borrytis cinerea showed that fungal invertase made a
substantial contribution to the increase in invertase activity in
infected grape tissue (Ruiz & Ruffner, 2002). Voegele eral.
(2006) analyzed an invertase from U.jfabae, and the high
activity of this pathogen invertase suggested it could play a
role in the observed increase in invertase activity. Although
pathogen invertases have been reported to contribute to the
increase in invertase activity, the biological function of these
pathogen invertases in plant—pathogen interactions is still
unclear.

Puccinia stritformis . sp. tritici (Pst) is the causal agent of
wheat stripe rust, one of the most widespread and destructive
wheat diseases (Wellings, 2011). Psz is an obligate biotrophic
pathogen and therefore its nutritional demands rely solely on
living host tissue. As carbon sources are crucial for all organ-
isms, it was of great interest to us how the pathogen secures its
demand for carbon. In a previous study, it had been shown that
sucrose accumulated in wheat leaves infected by Psz (Chang
etal., 2013). Sequence analyses showed there is no sucrose
transporter present in sz, only hexose transporters (Cantu ez 4/,
2011; Zheng et al., 2013). Thus, it appears that Psz uses hexoses
hydrolyzed from host sucrose to meet its own carbon demands.
Invertases are therefore of great importance for this fungus.
However, researchers were not sure whether the host or the
pathogen invertase contributed more to the decomposition of
host sucrose (Doidy eral, 2012). Although it seems unlikely
that the nutritional demands of the pathogen can be solely sup-
ported by the host’s enzymatic machinery (Guenther ezal,
2009; Voegele & Mendgen, 2011), there is still no direct evi-
dence for the significance of pathogen invertases in plant—
pathogen interactions.

In this study, we cloned a gene with high similarity to invertase
genes from Psz. This gene, PsINV, is highly conserved in different
races of Pst. Phylogenetic analysis showed it has a unique, rust
fungi-specific structure of conserved domains. The transcript pro-
file of this gene was analyzed during Psz infection in both com-
patible and incompatible systems. Heterologous expression and
complementation confirmed that this gene encodes an invertase.
Enzymatic properties of PsINV were assayed with active protein
purified from Pichia pastoris. As rust fungi-specific sequences
were found in this invertase, the functions of different domains
were further investigated. Finally, silencing of Ps/NV limited fun-
gal growth and also had a detrimental effect on sporulation. This
study is the first to directly reveal the significance of a pathogen
invertase.
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Materials and Methods

Cultivation of plants and micro-organisms

Seedlings of wheat cultivars Suwon 11 and 92R137 were inocu-
lated with urediospores of the currently prevalent Psz races
CYR31 and CYR32 (Chen etal, 2009; Zhang etal., 2013).
Suwon 11 produced compatible reactions with CYR31 and
CYR32, whereas 92R137 produced incompatible reactions with
CYR31 and CYR32. In addition, CYR23 and CYR25, two Pst
races prevalent in the past, were inoculated on wheat cultivars
MingXian 169 (compatible) and Suwon 11 (incompatible).
Fresh urediospores were obtained from infected wheat leaves.
After inoculation, samples of compatible and incompatible sys-
tems were taken independently at different time points, up to
264 h post inoculation (hpi). Three independently inoculated
leaves were combined in one sample. For quantitative reverse
transcription PCR (qRT-PCR) analyses, three independent bio-
logical replicates were performed for each Pst race on both com-
patible and incompatible systems.

Escherichia coli strain TOP10 was grown in Luria—Bertani
medium supplemented with the pertinent concentration of
antibiotic for plasmid maintenance. Saccharomyces cerevisiae
strains YT'K12 and SEY2102 were cultured in yeast-potato-
dextrose (YPD) medium at 30°C. P. pastoris strain GS115 was
also grown at 30°C in YPD medium.

Isolation of RNA and sequence analysis

Total RNA from urediospores was extracted using TRIzol
reagent (Invitrogen) following the manufacturer’s instructions.
After digestion with DNase I, RNA was reverse-transcribed into
cDNA using MMLYV reverse transcriptase (Promega). One of the
expressed sequence tags (ESTs) from a full-length cDNA library
of Pst previously constructed in our laboratory showed high simi-
larity to the invertase gene UFINVI from U. fabae (GenBank
accession number CAG26671). The open reading frame (ORF)
of PsINV was cloned from first-stand cDNA with specific primers
PsINV-F and PsINV-R, which were designed based on the EST
sequence (Supporting Information Table S1) (Zhang eral,
2008).

The complete sequence of this gene was obtained from the
publicly available genome of Psz downloaded from the NCBI
genome database (http://www.ncbi.nlm.nih.gov/genome/). The
nucleotide sequences of different races were aligned with
CLUSTALW to analyze potential polymorphisms (Thompson et al,
1994). Protein sequences with homology to the amino acid
sequence of PINV in a set of fungal genomes were obtained by
database searches using Brastre (http://www.ncbi.nlm.nih.gov/;
http://www.broadinstitute.org/). In addition, invertase sequences
from wheat were also used for building the phylogenetic tree.
Multiple alignments were performed using CLusTALW, and the
phylogenetic tree was reconstructed using MEGAS software
(Tamura eral., 2011). Physicochemical properties of the pre-
dicted protein were determined using the PROTPARAM tool on the
ExPASy server (http://www.expasy.org). The deduced amino acid
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sequences of PINV and other invertases were analyzed using
Pram (htep://pfam.xfam.org/) for conserved domains and motifs
(Finn eral., 2016). The deduced amino acid sequence of PINV
was submitted to PHYRE2 (http://www.sbg.bio.ic.ac.uk/phyre2/)
for three-dimensional (3D) molecular model prediction by
homology modeling (Kelley ezal., 2015). PYMOL (Schrodinger
Inc., New York, NY, USA) was used to recolor the developed 3D
structural model of PAINV. SIGNALP 4.1 (http://www.cbs.dtu.dk/
services/SignalP/) and PHOBIUS (http://phobius.sbe.su.se/) were
used for prediction of a signal peptide (Kall ez al., 2007; Petersen
etal.,2011).

gRT-PCR analysis

To analyze the transcript levels of PsINV] relative quantification
of gene expression was performed using qRT-PCR on an ABI
Prism 7500 real-time PCR system (Applied Biosystems). Speci-
fic primers for the target and reference genes were designed
using Primer PREMIER 5.0 (Table S1). Real-time PCR was per-
formed with 12.5ul 2 x SYBR Premix Ex Taq (TaKaRa,
Tokyo, Japan), 9.0 pl distilled H,O, 0.5 pl ROX Reference Dye
II, 1.0 ul cDNA template, 1 pl forward primer (10 mM) and
1 pl reverse primer (10 mM) in a total reaction volume of 25 pl.
The reaction conditions were as follows: 95°C for 1 min, and
40 cycles of 95°C for 10s, 60°C for 20s and 72°C for 36s.
Each reaction was carried out in triplicate and included three
nontemplate controls. The specificity of the amplicon was con-
firmed by using the ABI Prism Dissociation Curve Analysis
software after the PCR. Real-time PCR data were analyzed
using the comparative 2~ **“T method to quantify relative gene
expression (Livak & Schmittgen, 2001). Two parameters, a rela-
tive amount of RNA of at least threefold higher or lower than
controls and a P-value<0.01, were used to assess differences
between time points.

Nucleic acid manipulations

To check whether PINV is secreted or not, the sequence encod-
ing the signal peptide was cloned using primers INVS-F and
INVS-R with EcoRI and Xhol. The signal peptide sequence was
then inserted into digested pSUC2 vector.

To construct plasmid Ps/NV:pDR195 for heterologous
expression, full-length Ps/NV was amplified using a pair of
primers with Nod and BamHI restriction sites: INV-F and INV-
R. The amplified fragment was digested with NoAd and BamHI
and ligated into vector pDR195 digested with the same enzymes.
For expression of PsINV in P. pastoris, another reverse primer,
INVexp-R, carrying an Xbal restriction site, was used along with
INV-F to amplify the ORF of Ps/NV. The PCR product was
digested with NoA and Xbal and inserted into the digested vector
pPICZa-A.

Different domains of PINV protein were deleted by overlap-
ping PCR with four pairs of internal primers, PSINVAN-EF/
PsINVAN-R, PsINVANI1-F/PsSINVANI-R, PsINVAN2-F/Psl
NVAN2-R and PsINVAC-F/PsINVAC-R, which were all
designed by Primer PREMIER 5.0. Different fragments were first

New Phytologist (2017) 215: 1548-1561
www.newphytologist.com

New
Phytologist

obtained with PCR using PsSINV-F and PsINV-R separately with
these primers, and fragments PsSINVAN, PSINVANI, PsSINVAN2
and PsINVAC were then obtained by overlapping PCR with
these fragments.

Barley stripe mosaic virus-host-induced gene silencing (BSMV-
HIGS) vectors were generated as described (Holzberg eral.,
2002). Three cDNA fragments were chosen from the ORF of
PsINV based on results of a BLASTN search in the NCBI database
showing that these three fragments had no other similar
sequences. The target fragments were amplified by PCR using
primer pairs PsINV1asF/PsINV1asR, PsINV2asF/PsINV2asR
and PsINV3asF/PsINV3asR with Nod and Pacl restriction sites,
respectively . Amplicons were ligated into the BSMV:y vector to
generate recombinant plasmids BSMV:PsINVlas, BSMV:
PsINV2as and BSMV:PsINV3as. The empty BSMV:y vector
(BSMV:00) was used as negative control. Primers for all plasmid
constructs are listed in Table S1.

Functional validation of the signal peptide

To confirm the function of the identified signal peptide of
PNV, a yeast secretion system was established. The recombi-
nant vector PsINVS:pSUC2 was transformed into the yeast
strain YTK12 using the lithium acetate method. In this experi-
ment, the signal peptides of Avrlb and Ps87 were used as positive
controls, and the sequence encoding the first 25 amino acids of
Mg87 was used as a negative control. Avrlb:pSUC2 and Ps87:
pSUC2 were also transformed into YT'K12 cells as positive con-
trols, and Mg87:pSUC2 and the empty vector pSUC2 were
transformed into YTKI2 cells as negative controls (Gu eral.,
2011). After transformation with these pSUC2 vectors, the trans-
formed YTKI12 strains were inoculated on CMD-W medium
(0.67% yeast nitrogen base (YNB) without amino acids, 0.075%
tryptophan dropout supplement, 2% sucrose, 0.1% glucose and
2% agar) and YPRAA medium (1% yeast extract, 2% peptone,
2% raffinose, 2 mg ml~" antimycin A and 2% agar) at equivalent
concentrations.

Complementation of the invertase-deficient yeast strain

To identify the function of PINV, the invertase-deficient yeast
strain SEY2102 was transformed with the heterologous expres-
sion vector PsINV::pDR195 using electroporation. Transfor-
mants were selected on synthetic complete (SC) medium lacking
uracil with 2% glucose at 30°C. After confirmation of Ps/NV in
the transformants by PCR analysis, transformants were cultured
in SC medium lacking uracil with 2% sucrose as sole carbon
source. Transformants with the empty vector pDR195 were used
as negative control.

Expression and purification of His-tagged fusion proteins

The eukaryotic expression plasmid Ps/NV::pPICZo-A was lin-
earized with Pmel before transformation into P. pastoris GS115.
The transformant with the largest number of recombinant plas-
mids integrated into the fungal genome was chosen by antibiotic
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screening. The transformant was first cultured in BMGY (1%
yeast extract, 2% peptone, 100 mM potassium phosphate pH
6.0, 1.34% YNB without amino acids, 4 x 10~°% biotin, 1%
glycerol) for 2d for propagation and was then cultured in
BMMY (1% yeast extract, 2% peptone, 100 mM potassium
phosphate pH 6.0, 1.34% YNB, 4 x 107°% biotin, 0.5%
methanol) to induce expression of the protein. The culture
medium was sampled every 24 h for 120 h.

His-tagged protein was purified from the supernatant on a
column containing Ni-NTA resin (GenScript, Jiangning, China).
The column was first washed with five volumes of wash buffer
(50 mM NaH,POy, 300 mM NaCl, 20 mM imidazole, pH 7.2)
and then eluted in 2 ml fractions with elution buffer (50 mM
NaH,POy, 300 mM NaCl, 300 mM imidazole, pH 7.2).

Domain function analysis

Primers INV-F and INV-R were used to amplify knockout frag-
ments, PSINVAN, PsINVANI, PsINVANZ2 and PsINVAC, and
to append restriction sites to these fragments. These fragments
were recombined into the heterologous expression vector
pDR195 for transformation into yeast strain SEY2102. At the
same time, these fragments were cloned into the eukaryotic
expression vector pPICZo-A with primers INV-F and INVexp-R
for eukaryotic expression. All transformants were checked by
PCR analysis.

Enzyme assays

Proteins expressed in the P. pastoris expression system (PINV,
PINVAN, PINVANI1, PAINVAN2 and PINVAC) were
stored in culture filtrate at 4°C. Invertase activities were mea-
sured in reaction mixtures containing the enzyme, 100 mM
sodium acetate buffer (pH 4.6) and 100 mM sucrose solution,
and the reactions were incubated for 10 min at 35°C. The
reaction was stopped by addition of 1 ml 0.5M NaOH, thus
shifting the pH far into the alkaline range. DNS reagent
(10.6 g 3,5-dinitrosalicylic acid, 306 g sodium potassium tar-
trate, 7.6 ml phenol crystals and 8.3 g sodium metabisulfite
dissolved in 1416 ml of distilled water), as recommended by
The International Union of Pure and Applied Chemistry was
then added to the mixture (Ghose, 1987). After incubation for
10 min in boiling water and subsequent cooling to 25°C, the
color intensity at 560 nm was determined (Miller, 1959). The
optimum temperature was determined by varying the incuba-
tion temperature at constant pH. The optimum pH was deter-
mined using Na-acetate and phosphate buffers at the indicated
pH values at 35°C. Kinetic analysis was performed by varying
the sucrose concentration, and the K, was calculated by the
Lineweaver—Burk method (Price, 1985). Different divalent
metal ions and EDTA were added to the standard assay at
5mM to determine their effects on invertase activity. Protein
concentrations were quantified according to Bradford following
the microassay procedure with dilutions of BSA as standards
(Bradford, 1976). All assays were performed in triplicate and
repeated at least twice.
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BSMV-mediated silencing of PsSINV

Suwon 11 wheat seedlings were grown in a soil mixture (Quan-
hui Fertilizer Co., Ltd, Shandong, China) in 10 cm diameter pots
in a growth chamber at 16°C with 60% relative humidity and a
16h photoperiod (60 pmolm *s™") to the two-leaf stage.
Capped transcripts were prepared from the linearized plasmids
containing the tripartite BSMV genome using the mMESSAGE
T7 in vitro transcription kit (Ambion). The BSMV transcripts
were then inoculated with 1 x FES buffer onto the second leaf
of the wheat seedlings by rubbing with gloved fingers. Three
independent sets of plants were inoculated for each of the BSMV
viruses (BSMV:00, BSMV:PsINV1as, BSMV:PsINV2as, BSMV:
PsINV3as). Plants inoculated with BSMYV:TaPDSas, which
encodes the T7iticum aestivum phytoene desaturase, were used as
positive controls. Plants inoculated with another silencing con-
struct, BSMV:PsSRPKLas, which had been reported to be able to
silence a Pst protein kinase gene to have an effect on Psz
pathogenicity, were also used as positive controls (Cheng ez al.,
2015). As negative controls, wheat seedlings were mock inocu-
lated with only 1 x FES buffer. After growth for 10 d in a cham-
ber at 25°C, the phenotypes were observed and photographs
were taken of the fourth leaves of the plants inoculated with virus.
Fourth leaves were then inoculated with fresh urediospores from
the Psz pathotype CYR32. The fourth leaves were sampled at 24,
48, 120 and 168 hpi for qRT-PCR and histological observation.
Finally, at 14 d post-inoculation (dpi), the Psz infection pheno-
types were recorded and photographed. DNA from the infected
leaves was then extracted for measuring the biomass changes
using absolute quantification by qRT-PCR (Li ez al., 2011). The
standard curves for wheat and Psz were established with the
recombinant plasmids carrying either 72EF or PsEFI (Liu et al,
2015). Numbers of gene copies were calculated using the gene-
specific standard curves for wheat and Psz. The biomass ratio was
acquired by comparing the PsEFI copy numbers with 7a2EF copy
numbers. All primers are listed in Table S1.

Histological observation of fungal growth

To determine the effect of silencing PsINV on Pst growth his-
tologically, sampled leaves were first fixed and decolorized in
ethanol/trichloromethane (3:1, v/v) for 3-5d. After staining
with wheat germ agglutinin (WGA) conjugated to Alexa-488
(Invitrogen), the infected leaves were examined with an Olym-
pus BX-51 microscope (Olympus Corp., Tokyo, Japan) to
observe the number of hyphal branches, the length of the
hyphae and the infection areas under ultraviolet light (excita-
tion wavelength 450—480 nm, emission wavelength 515 nm)
(Hood & Shew, 1996; Wang eral., 2007). For each sample
and its biological replicate, the data of 50 infection sites from
five randomly selected leaves were recorded. Only a site where
a substomatal vesicle formed was considered an infection site.
The data were analyzed with the Sas software package (SAS
Institute, Cary, NC, USA) using a one-way ANOVA test. Dif-
ferences were considered significant at a probability level of
P<0.01.
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Results

PsINV has a rust fungi-specific structure

The full-length ORF of Ps/NV was cloned from the cDNA of
CYR32 urediospore germlings with specific primers. The ORF of
PsINV comprised 2310 bp, encoding a protein of 769 amino
acids. Sequence data for PsZNV have been deposited at GenBank
under accession number KX230123. The molecular weight of
the predicted protein was 86.66 kDa, and the theoretical pI of
the predicted protein was 6.37. By comparing the nucleotide

sequences of Ps/NV from seven Pt isolates whose genomes have

been publicly available on the NCBI genome database, it was

shown that this gene was highly conserved in all Pszraces with no
more than three nucleotide substitutions (Fig. S1).
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The 769 amino acids sequence of PINV was used as a query
to search protein databases. Invertases from both nonpathogenic
fungi and pathogenic fungi showing high similarity to PINV
were identified. A phylogenetic tree was reconstructed with a
total of 56 fungal and four wheat invertases. The phylogenetic
analysis revealed that PAINV clustered with other rust invertases
in one clade (Fig. 1a). The results of domain prediction analysis
showed that PINV has two glycosyl hydrolase family 32 N-
terminal domains, named N1 and N2, and one glycosyl hydro-
lase family 32 C-terminal domain, named C domain, according

to the Pfam protein families database. The N domain was the
combination of two (N1 and N2) domains. In contrast to inver-
tases of yeast and some other pathogenic fungi, this has one N-
terminal domain and one C-terminal domain (Fig. 1b). PHYRE2
was used to construct a 3D molecular model of PINV by
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v I W
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8. cerevisiae

I Gu32N domain [N GH32C domain

Fig. 1 Phylogenetic analysis and bioinformatic predictions for PSINV. (a) Phylogenetic analysis of PSINV from Puccinia striiformis f. sp. tritici and other
fungal invertases carried out using the neighbor-joining method. The shaded area indicates invertases from rust fungi. (b) Domain analysis using Pfam.
Three domains were identified, and the predicted regions of the three domains were from residue 99 to 273, 299 to 475 and 582 to 667, termed the N1
domain, N2 domain and C domain, respectively. The N domain was defined as a combination of N1 and N2 domains (from residue 99 to 475). All rust
invertases (P. striiformis, Puccinia striiformis f. sp. tritici; P. triticina, Puccinia triticina; P. graminis, Puccinia graminis f. sp. tritici; U. fabae, Uromyces
fabae; M. larici-populina, Melampsora larici-populina) show a similar structure, different from invertases from other fungi (U. maydis, Ustilago maydis;
F. graminearum, Fusarium graminearum; M. oryzae, Magnaporthe oryzae; S. cerevisiae, Saccharomyces cerevisiae). (c) 3D molecular model of PsINV
constructed using PHYRE2.
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homology modeling methods (Kelley ¢t al., 2015), and different
colors were used to label the different domains with PyMOL
(Fig. 1¢).

Functional validation of the signal peptide of PSINV

To determine whether PINV is secreted into the host tissues,
several bioinformatic prediction websites were used to clarify
whether PNV has a signal peptide. Although no signal peptide
was identified by SignalP 4.1, Phobius showed there was a signal
peptide composed of 60 amino acids encoded by the first 180 bp
of PINV. The signal peptide of PINV was cloned into the
pSUC2 vector for further verification. With both positive con-
trols and negative controls, the transformed yeast strains were
inoculated on both CMD-W medium and YPRAA medium for
functional testing. It was shown that the signal peptide of PINV
had the same effect on secretion of SUC2 as well-known signal
peptides from fungi, including Psz (Fig. 2) (Gu et al., 2011). This
result confirmed the presence of a functional signal peptide in
PINV.

Transcript profiles of PsSINV

To gain insight into a possible function of Ps/NV during Pst
infection, we analyzed transcript abundance of Ps/NV at differ-
ent time points during the infection process by qRT-PCR. As
changes in sugar levels were observed in both compatible and
incompatible systems in a previous report (Chang eral., 2013),
transcript profiles of PsINV were analyzed in the two systems.
In incompatible systems, Psz could grow sustainably with
growth limitation before obvious necrosis appeared on infected
leaves 13—-15dpi (Fig. S2). Samples were collected for both
compatible and incompatible systems up to 264 hpi when new
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spores are produced in the compatible systems. With quantifica-
tion of PsINV expression profiles in different compatible and
incompatible systems inoculated with different Psz races, all
results show a similar expression pattern. In compatible systems,
the expression of Ps/NV is induced at the beginning of the
infection process. At 72-168 hpi, transcript levels increased
sharply as secondary hyphae extended and numerous haustoria
formed (Fig. 3). Expression then decreased to very low levels. In
incompatible systems, a similar expression pattern as in compat-
ible systems was observed before 168 hpi, but the decline of this
expression was much slower than that in the compatible systems
after 168 hpi. The abundance of Ps/NV transcripts during the
infection process suggests that Ps/NV plays an important role in
Pst infection.

Heterologous expression of PsINV

To characterize PINV in §. cerevisiae, the complete ORF was
cloned into S. cerevisiae expression vector pDR195. Transfor-
mants of S. cerevisiae strain SEY2102 were obtained by transfor-
mation with either the empty vector pDRI195 or the
recombinant plasmid pDR195::Ps/NV. Both types of transfor-
mants show no difference in growth on SC medium with glucose
as carbon source (Sherman, 1991). However, on SC medium
with sucrose as sole carbon source, pDR195 transformants could
not grow at all, but pDR195:: P/NV transformants could com-
plement the invertase-negative phenotype of this strain (Fig. 4a).
This result confirms that 2INV acts as an invertase iz vivo.

To confirm that PINV acts as a true invertase in vitro, vector
pPICZaA:: PsSINV was constructed for expression of Ps/NV in
P. pastoris. With an alpha factor signal added to the N terminus
of PINV, the mature protein is secreted into the culture
medium. The transformant with the largest number of

YTK12 Avrlb

CMD-W

Ps87

PsINV

Fig. 2 Functional validation of the signal peptide of PsINV. Signal peptides of Ps87 from Puccinia striiformis f. sp. tritici and Avr1b from Phytophthora

sojae were cloned into pSUC2 as positive controls. Untransformed Saccharomyces cerevisiae strain YTK12, and YTK12 carrying the empty pSUC2 vector
defined as pSUC2 were used as negative controls. The first 25 amino acids of Mg87 (no signal peptide function) from Magnaporthe oryzae were also used
as negative control. CMD-W, medium with 0.67 % yeast nitrogen base (YNB) without amino acids, 0.075% tryptophan dropout supplement, 2% sucrose,
0.1% glucose and 2% agar; YPRAA, medium with 1% yeast extract, 2% peptone, 2% raffinose, 2 mg ml~" antimycin A and 2% agar.
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recombinant plasmids integrated into the fungal genome was
chosen for induced expression of PNV protein. The largest
quantity of the expressed protein was detected in the cell-free cul-
ture filtrates at 120 h post-induction. Western blot analysis of the
recombinant protein confirmed that the target protein is
expressed (Fig. S3). Enzyme activity was detected by hydrolysis
of sucrose with the soluble PINV in vitro. Using the DNS colori-
metric method, sucrose was shown to be hydrolyzed into reduc-
ing sugars (Fig. 4b). This result further confirms that PINV is a
true invertase and suggests that the expressed protein can be uti-
lized for further biochemical characterization.

Enzymatic characterization of PSINV

Enzymatic characterizations of PINV were performed with puri-
fied PINV protein. By changing the incubation temperature, it
was shown that the optimum temperature of PNV is ¢. 40°C
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Fig. 3 Transcript profiles of PsINV. Relative
transcript levels of PsINV from Puccinia
striiformis f. sp. tritici were analyzed with
four different Pst races (CYR32, CYR31,
CYR25, CYR23) in both compatible and
incompatible systems. (a) CYR32 was
inoculated on Suwon 11 (Triticum aestivum)
as compatible system and 92R137

(T. aestivum) as incompatible system. (b)
CYR31 was inoculated on Suwon 11 as
compatible system and 92R137 as
incompatible system. (c) CYR25 was
inoculated on Mingxian 169 (T. aestivum) as
compatible system and Suwon 11 as
incompatible system. (d) CYR23 was
inoculated on Mingxian 169 as compatible
system and Suwon 11 as incompatible
system. Bars indicate means of three
independent biological replicates (+ SE).
Asterisks indicate a significant difference
(P<0.01) between different time points.

168 192 216 264

168 192 216 264

Fig. 4 Heterologous expression of PsINV. (a)
The AINV Saccharomyces cerevisiae strain
SEY2102 was complemented with pDR195::
PsINV on synthetic complete (SC) media with
sucrose as the sole carbon source. 1, wild
type S. cerevisiae; 2, SEY2102; 3, SEY2102
transformed with pDR195; 4, SEY2102
transformed with pDR195::PsINV. (b)
Culture filtrate of Pichia pastoris G5115
transformed with the empty vector pPICZoA
or the vector carrying PsINV was used to
confirm invertase activity by the DNS
colorimetric method. Culture medium (CK)
was used as negative control.

(Fig. 5a). The optimum pH was confirmed to be slightly below
pH 5.0 (Fig. 5b). The Michaelis—Menten kinetics of the enzyme
was determined using the Lineweaver—Burk method. The K], was
determined to be 19.92 mM under optimal conditions (Fig. 5¢).
In addition, the effects of different divalent metal ions and
EDTA were tested independently (Fig. 5d). Zinc and ferrous ions
had no effect on enzyme activity. By contrast, copper ions inhib-
ited the enzyme activity significantly and could even completely
suppress activity. However, manganese ions enhanced enzyme
activity twofold. Addition of EDTA resulted in a decrease in
enzyme activity. This suggests that manganese ions may be a co-
factor of this invertase.

Functional analysis of different domains
As described earlier, a rust fungi-specific sequence was discovered

in this gene. Therefore, further research into the functions of each

© 2017 The Authors
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Fig.5 Enzymatic characterization of PSINV.
With the PsINV protein purified from
eukaryotic expression products, the optimum
temperature, optimum pH, K., and the metal
ion effects of this protein was analysed

in vitro. (a) Optimum temperature was
determined under standard conditions
varying just the assay temperature. (b)
Optimum pH was assayed using 100 mM
Na-acetate, or 100 mM Na-phosphate buffer
at 35°C. (c) Lineweaver—Burk plot for PSINV.
The K., was calculated to 19.92 mM using a
linear fit. (d) Cu®* seems to have a negative
effect on PsINV activity, whereas Mn>* ions
showed the opposite effect. Bars represent
the means of triplicate experiments =+ SE.
Asterisks indicate a significant difference

(P<0.01).
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domain was conducted. Fragments with deletions of different
domains were obtained and used for both heterologous expres-
sion and eukaryotic expression with the full gene as the positive
control. With the heterologous expression system, it was shown
that only P$/NVANI could complement the invertase defect, but
the transformant grew more slowly than the positive control

(Fig. 6b). The proteins PINVAN, PINVANI1, PINVAN2 and

—_
D
~

PINVAC expressed by heterologous expression were tested for
invertase activity as described earlier (Fig. S4). PINVAN,
PINVAN2 and PINVAC had no activity, whereas PINVAN1
was active but had lower activity than PINV (Fig. 6a). Taken
together, these results indicate that the N2 domain and C
domain are required for invertase activity, whereas the N1
domain seems to regulate the invertase activity level.
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Fig. 6 Functional analysis of different PSINV mutants. (a) Invertase activity assay (DNS colorimetric method) on full PSINV (positive control) and several
deletion mutant proteins (PSINVAC, PsINVAN, PSINVAN1 and PsINVAN2 with C domain, both N1 and N2 domains, N1 domain, and N2 domain knocked
out, respectively). Culture medium (CK) and culture filtrate of Pichia pastoris carrying the empty vector were used as negative controls. (b) Different PSINV
deletion constructs (PsSINVAC, PsINVAN, PsINVAN1 and PsSINVAN2 with the fragments encoding C domain, both N1 and N2 domains, N1 domain, and

N2 domain knocked out, respectively) were cloned into vector pDR195 for analysis in an SEY2102 (Saccharomyces cerevisiae) background. pDR195::
PsINV served as positive control. Untransformed SEY2102 was used as negative control.
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HIGS for PsINV

Due to the lack of a stable genetic transformation system for
Pst, BSMV-induced RNAI of pathogen genes, termed HIGS,
has been developed as a useful tool for studying the function
of pathogenic genes by silencing gene expression and has been
commonly used in biotrophic pathogens of cereals (Nowara
etal, 2010; Nirmala eral, 2011; Panwar etal, 2013; Cheng
etal, 2015). Three independent fragments of Ps/NV were
designed for silencing the expression of this gene during the
Pst infection process. The three fragments were selected to
have no effect on expression of the wheat invertase genes with
no more than 11 consecutive identical nucleotides observed
between PsINV and all wheat invertase genes accessed on
NCBI (Fig. S5) (Senthil-Kumar ezal, 2007). At 10 dpi with
BSMYV, plants inoculated with BSMV:00, BSMV:PsINVlas,
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BSMV: BSMV:
Mock  apDsas 00
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PsINV2as

BSMV:
PsINVlas

BSMV:

BSMV: BSMV: BSMV: BSMV: BSMV:
00 PsINV1as PsINV2as  PsINV3as PsSRPKLas

1

BSMV:
PsINV3as PsSRPKLas
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BSMV:PsINV2as, BSMV:PsINV3as and BSMV:PsSRPKLas
all displayed the same phenotype of mild chlorotic mosaic
symptoms but showed no significant defects in wheat growth
and development. However, plants inoculated with BSMV:
TaPDSas showed severe symptoms of Chl photobleaching,
suggesting that the BSMV-HIGS system worked well
(Fig. 7a). With the plants inoculated with BSMV:00 as nega-
tive controls and the plants inoculated with BSMV:
PsSRPKLas as positive controls, the rust disease phenotypes
of the plants inoculated with Ps/NV silencing constructs were
photographed at 14dpi of fresh Psz CYR32 urediospores. A
significant reduction in sporulation was observed on wheat
leaves inoculated with the Ps/NV silencing constructs com-
pared with leaves of the positive control (Fig. 7b). Counting
uredia on infected leaves further supports this conclusion
(Fig. 7c). The biomass of Psz also shows a decrease in
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Fig. 7 Analysis of PsINV during infection of wheat using HIGS. (a) Mild chlorotic mosaic symptoms were observed on the fourth leaves of seedlings at 10d
post-inoculation (dpi) with BSMV:00, BSMV:PsINV1as, BSMV:PsINV2as, BSMV:PsINV3as and BSMV:PsSRPKL. Photobleaching was evident on fourth
leaves of plants infected with BSMV:TaPDS. No change of phenotype was observed on the fourth leaves of mock-inoculated plants. (b) Disease
phenotypes of the fourth leaves challenged with the virulent Pst isolate CYR32. BSMV:00 was the negative control and BSMV:PsSRPKL was the positive
control. (c) Uredia density on silenced plants quantified 14 dpi. (d) Fungal and wheat biomass ratio measured via total DNA content at 14 dpi by absolute
quantification using the internal reference genes PsEF and TaEF, respectively. (e) Silencing efficiencies were assessed by qRT-PCR. Values are expressed
relative to the reference gene PsEF, with the empty vector (BSMV:00) set to 1. Values represent mean = SE of three independent replicates. Differences

were assessed using Student's t-tests. Asterisks indicate P<0.01.
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PsINV=silenced plants (Figs 7d, S6). As the expression of
PsINV was significantly reduced in PsINV-silenced plants
(Fig. 7e), these results indicate that PANV seems to contribute
to pathogenicity of Pst on wheat leaves.

Histological analysis of the effect of silencing PsSINV

Cytological effects of silencing Ps/NV on Pst growth and devel-
opment were determined at different infection stages at 24, 48,
120 and 168 hpi. In plants inoculated with the three PsINV-
silencing constructs, no significant difference was observed in
fungal development compared with in the plants inoculated
with BSMV:00 at 24 hpi (Table S2). Secondary hyphae formed
normally in control plants at 48 hpi, whereas growth of Psr
lagged in PsINV-silenced plants as the primary hyphae were
swollen and no secondary hyphae formed (Fig. 8). At 120 hpi,
when many haustoria were formed, the infection areas of Psz in
PsINV=silenced plants were much smaller than those in the con-
trol plants. In addition, the pustule bed matured imperfectly
when PsINV was silenced at 7 dpi when the sporulation struc-
ture begins to form. The sporulation bed was undeveloped and
unable to produce spores. This result suggests that silencing
PsINV not only inhibits growth and development of Psz but also
has strong effects on sporulation.

BSMYV: BSMV: BSMYV:

PsINV2as

00 PsINVlas
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Discussion

As most pathogenic fungi are heterotrophic organisms that rely
on their hosts to meet their carbon demands, water-soluble car-
bohydrates, especially sucrose, have been observed to be altered
in infected leaves in many different pathosystems (Wright ez al.,
1995; Chang eral., 2013). Host sucrose alterations are believed
to be due to the activity of plant cell-wall invertases (Roitsch &
Gonzilez, 2004; Hayes et al., 2010). However, it is unknown if
microbial invertase activities also play a role. In most pathosys-
tems, especially with obligate biotrophic pathogens, it is difficult
to discriminate between plant or pathogen contributions to the
increased invertase activity (Doidy ezal, 2012; Lemoine ezal.,
2013). In this study, we focused on an invertase gene from Pz,
PsINV. The ORF of PsINV was cloned and showed a rust fungi-
specific structure. Little variation was observed for this gene, indi-
cating it could be a core gene with a pivotal role for Psz. The
secretion and high level of expression of PINV indicates that Psz
utilizes this invertase to aggressively hydrolyze host sucrose for its
own carbon demands. Additionally, heterologous expression of
this gene in both S. cerevisiae and P. pastoris confirmed the func-
tion of this gene as an invertase both 7z vive and in vitro. Enzy-
matic characteristics of this invertase were determined with active

purified PINV. Further analysis of the gene product showed that
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Fig. 8 Histological observation of fungal growth and development in wheat. Wheat leaves pre-inoculated with BSMV:00, BSMV:PsINV1as, BSMV:
PsINV2as or BSMV:PsINV3as were sampled at (a—d) 48 h post-inoculation (hpi), (e-h) 120 hpi and (i-1) 168 hpi with Pst CYR32. After staining with
wheatgerm agglutinin (WGA), fungal structure was examined under a fluorescence microscope. Bars, 20 um. (m) Hyphal length (um) was measured as the
distance from the junction of the substomatal vesicle and the infection hypha to the tip of the infection hypha with Dp-gsw software for the samples of

48 hpi . (n) Infection area (um?) was measured as the expanding hypha area with Dp-ssw software (Olympus Corp.) for the samples of 120 hpi. (0) The
ratio of matured sporulation bed was calculated by dividing the total sporulation bed number with the number of matured sporulation beds. All the
statistical results were obtained from 50 infection sites per sporulation bed and values represent mean =+ SE of three independent replicates. Differences
were assessed using Student's t-tests. Asterisks indicate P<0.01. SV, substomatal vesicle; IH, infection hypha; SB, sporulation bed.
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several domains enhance the efficiency of PINV to hydrolyze
sucrose. The function of PAINV in the Pst infection process was
demonstrated by silencing the expression of Ps/NV using the
HIGS system, as the pathogen invertase was shown to be indis-
pensable for the pathogen growth and development.

The nutrient exchange zone for obligate fungi and host is the
extrahaustorial matrix, a kind of specialized apoplast bordered by
the haustorial plasma membrane and a modified cytoplasmic
membrane of the host (extrahaustorial membrane); both mem-
branes are fused at the ‘neckband’, which separates the extrahaus-
torial matrix from the bulk apoplast (Voegele & Mendgen, 2011;
Garnica et al., 2014). Some earlier studies showed that there is lit-
tle protein present in the extrahaustorial membrane, so sucrose
present in the extrahaustorial matrix is unlikely to be taken up by
the host (Koh ez al,, 2005; Voegele & Mendgen, 2011). It could
be speculated that the pathogen plays an important role in the
hydrolysis of sucrose in the extrahaustorial matrix. With a signal
peptide confirmed for PINV, the enzyme is secreted, and may be
responsible for the hydrolysis of sucrose in the extrahaustorial
matrix and therefore render the pathogen independent of the host
enzymatic machinery to secure its sugar demands (Siemens ez al.,
2011).

Transcript profiling of PsINV also supports this hypothesis.
The highest transcript levels of PsINV are observed during the
crucial phase of the infection process, 72—168 hpi. This is the
period when a high level of energy is required for Psz growth and
development. After 168 hpi, transcript levels of Ps/NV decline
again. This could be explained on the basis of the known stability
of invertases. We speculated that it was because PINV was very
stable as with other invertases, the amount of PINV produced
with the extremely high expression between 72 and 168 hpi
would be enough to persistently supply available sugar for Psz
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after 168 hpi in the compatible system . With entering the repro-
ductive growth phase at 168 hpi, expression of Ps/INV decreased
significantly. However, higher transcript levels were observed for
a longer period in the incompatible systems, which is a more hos-
tile environment for Psz as carbon and energy are limited due to
the resistance reactions of the host. We speculate that there might
be a feedback regulation in Pst for the lack of available sugar, so
PsINV is more highly expressed in the incompatible systems to
meet its carbon demands. With infection progressing, transcript
levels of PsINV finally decreased to initial values. However, the
significance of Ps/NV in the Pst infection process has been indi-
cated by the high transcript levels in both compatible and incom-
patible systems.

The high transcript levels of the pathogen’s invertase could
play an important role in the observed increase of invertase activ-
ity at the infection site. Moreover, the particular structure of
PNV could contribute to the increased invertase activity. A rust
fungi-specific structure that is different from all other fungal
invertases was uncovered by the prediction of functional
domains. There are two GH32N domains in rust fungal inver-
tases, but only one such domain in all other fungal invertases. A
relationship between the rust fungi-specific structure and the
higher efficiency for sucrose hydrolysis was identified in PINV.
This would support a greater increase in invertase activity at
infection sites. More importantly, it would provide the pathogen
an advantage in the competition for photo-assimilates with the
host (Bancal ezal., 2012). Pathogen invertases in infected tissue
can therefore be considered a driving force in sugar unloading
(together with the host invertases), and as a consequence, the nor-
mal carbohydrate transport in plants would be disturbed (Wright
eral., 1995; Ayres et al., 1996; Lemoine ez al., 2013). In conclu-
sion, our findings support the hypothesis that additional fungal

Apoplast

Dﬁgﬁq
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Fig. 9 Model depicting the effects of increased invertase activity. At the infection site, host (Triticum aestivum) invertase activity increases to induce the
host defense response while the pathogen (Puccinia striiformis f. sp. tritici) invertase activity increases to meet its own carbon demands. With the
increased sucrose demands, the initial source tissue infected by a pathogen is converted into a novel sink and sucrose transport is reallocated. Suc, sucrose;
Glu, glucose; Fru, fructose; Man, mannitol; CWIN, cell-wall invertase; HXT, hexose transporter; SWEET, SWEET transporters.
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carbon demand in infected leaves converts original source tissue
into another sink organ that competes with original sinks in the
host, leading to a severe yield loss in the infected plants (Voegele
etal., 2000).

Like (carbohydrate-active
enzymes, CAZymes) from the glycoside hydrolase (GH) family

many sugar-cleaving enzymes
that have been found to be highly expressed by pathogens during
the infection process for successful invasion (Wu eral, 2006;
Ospina-Giraldo eral, 2010; Takahashi ezal, 2013), PsINV is
also highly expressed in the interaction with the host. Although
invertases have been found in several plant pathogenic fungi, the
importance of this kind of protein in the infection process is still
unclear (Parrent ez al., 2009). To directly demonstrate the biolog-
ical function of Ps/NV in the Pst infection process, HIGS was
adopted as there are no stable genetic transformation methods for
this obligate biotrophic fungus. Silencing Ps/INV resulted in sup-
pression of growth and sporulation of Pst. Considering the bio-
chemical function of PNV, it is likely that silencing PsINV
inhibited hydrolysis of host sucrose, leading to a lack of available
hexoses and eventually limited fungal growth and development.
To our knowledge, this is the first direct iz vivo evidence demon-
strating that a pathogen’s invertase plays a pivotal role in
pathogenicity (Fig.9). This is different from the hypothesis
derived from the interaction between pathogenic bacteria and
host in which the pathogen is believed to manipulate host cell-
wall invertase for sucrose hydrolysis to absorb sugars (Ruan,
2014).

In conclusion, a highly conserved rust fungi-specific invertase,
PNV, is abundantly secreted into the host to secure sugar
absorption for Psz. It was shown that the pathogen invertase is
essential for pathogen sugar absorption to support growth and
development. Inhibition of pathogen glycoside hydrolases has
been shown to be a part of the host defense system in a previous
study (Choti ez al., 2013), and more recently, a GH12 family pro-
tein secreted in the host apoplast was recognized as a pathogen-
associated molecular pattern (PAMP) (Ma ez al., 2015). Whether
pathogen invertases have similar effects on the host defense
response is unknown. As the function of the products of inver-
tases, fructose and glucose can serve as signal molecules (Chiou
& Bush, 1998; Gémez-Ariza et al., 2007; Moghaddam & Ende,
2012), this is certainly a possibility, and further studies are
needed on pathogen invertases.
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