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While plants produce reactive oxygen species (ROS) for stress signaling and pathogen defense, they need to remove
excessive ROS induced during stress responses in order to minimize oxidative damage. How can plants fine-tune this
balance and meet such conflicting needs? Here, we show that XANTHINE DEHYDROGENASE1 (XDH1) in Arabidopsis thaliana
appears to play spatially opposite roles to serve this purpose. Through a large-scale genetic screen, we identified three
missense mutations in XDH1 that impair XDH1’s enzymatic functions and consequently affect the powdery mildew resistance
mediated by RESISTANCE TO POWDERY MILDEW8 (RPW8) in epidermal cells and formation of xanthine-enriched
autofluorescent objects in mesophyll cells. Further analyses revealed that in leaf epidermal cells, XDH1 likely functions as an
oxidase, along with the NADPH oxidases RbohD and RbohF, to generate superoxide, which is dismutated into H2O2. The
resulting enrichment of H2O2 in the fungal haustorial complex within infected epidermal cells helps to constrain the
haustorium, thereby contributing to RPW8-dependent and RPW8-independent powdery mildew resistance. By contrast, in
leaf mesophyll cells, XDH1 carries out xanthine dehydrogenase activity to produce uric acid in local and systemic tissues to
scavenge H2O2 from stressed chloroplasts, thereby protecting plants from stress-induced oxidative damage. Thus, XDH1
plays spatially specified dual and opposing roles in modulation of ROS metabolism during defense responses in Arabidopsis.

Plants produce reactive oxygen species (ROS) such as su-
peroxide (O2

$–) and hydrogen peroxide (H2O2) under biotic or
abiotic stress conditions. While ROS at low levels act as signaling
molecules to activate cellular programs to cope with such
stresses, high levels of ROS can cause oxidative damage to cells
unless they are locally deployed for fighting against pathogens.
Thus, plants must have evolved efficient systems for both
ROS production and ROS scavenging to adapt to environmental
changes. In Arabidopsis thaliana, plasma membrane-localized

NADPH oxidases RbohD (and RbohF in some cases) have been
reported to be primarily responsible for ROS production during
pathogen-associated molecular pattern-triggered immunity
(Kadota et al., 2014; Li et al., 2014b) and effector-triggered
immunity (Torres et al., 2002). However, in some plant-
pathogen interactions, the source of H2O2 is unclear. For
example, massive amounts of H2O2 are produced in powdery
mildew-invaded epidermal cells expressing classic nucleo-
tide binding leucine-rich repeat resistance (R) proteins
in barley (Hordeum vulgare; Huckelhoven et al., 1999),
atypical R proteins RPW8.1 and RPW8.2 in Arabidopsis (Xiao
et al., 2001, 2003), or the Ol-1 R protein in tomato (Solanum
lycopersicum; Li et al., 2012). Yet, the enzyme(s) that con-
tributes to H2O2 production in powdery mildew-invaded
epidermal cells remains to be identified.
Xanthine dehydrogenase (XDH; EC 1.17.1.4.) is a highly con-

served housekeeping enzyme that has been extensively studied,
mostly in animal systems, for over 80 years (Booth, 1935; Vorbach
et al., 2003). During hydroxylation of hypoxanthine to xanthine
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and of xanthine to uric acid, both plant and animal XDHs are
capable of producing ROS when O2 is used as the electron ac-
ceptor. Inmammals, XDH can be converted into xanthine oxidase
(XO) via posttranslational modification (Nishino et al., 2008); thus,
it is often called xanthine oxidoreductase (XOR). While XOR is
capable of producing both superoxide (O2

$–) andH2O2,whichmay
be utilized to kill pathogens in infected cells (Vorbach et al., 2003),
its enzymatic product uric acid may function as a ROS scavenger
tomaintain redox homeostasis (Kimet al., 2001; Valko et al., 2007;
Brychkova et al., 2008b). By contrast, plant XDHs are known
only to exist as xanthine dehydrogenase capable of producing
O2

$– but not H2O2, though O2
$– is rapidly dismutated to H2O2

(Yesbergenova et al., 2005). The complexity of XOR’s in vivo
physiological functions in animals is still becoming clear
(Khambata et al., 2015; Madigan et al., 2015; Suzuki et al., 2015);
XOR has been shown or suggested to play a role in immune re-
sponses (Vorbachet al., 2003;Martin et al., 2004; Ives et al., 2015),
in maintaining redox homeostasis, and inmilk droplet secretion in
mammals (Vorbach et al., 2002; Jeong et al., 2009; Jeong et al.,
2013).WhetherplantXDHsplaya role indefenseagainstpathogens
while also protecting other cells from oxidative damage has not
been determined.

In this study,wedemonstrate thatwhileArabidopsisXANTHINE
DEHYDROGENASE1 (XDH1), along with RbohD, contributes to
RPW8-dependent and RPW8-independent H2O2 accumulation in
powdery mildew-invaded leaf epidermal cells and basal re-
sistance, XDH1-derived uric acid is probably essential for re-
moving H2O2 from stressed chloroplasts in leaf mesophyll cells.
Thus, our results support dual and opposing roles of Arabidopsis
XDH1 in ROS metabolism and provide insights into how plants
resolve conflicting needs in harnessing ROS during biotic stress.

RESULTS

drf1 Mutants Contain Missense Mutations in XDH1

The atypical disease R genes RPW8.1 and RPW8.2 from
Arabidopsis accession MS-0 confer broad-spectrum resistance
against powdery mildew fungal pathogens (Xiao et al., 2001, 2003,
2005). Accession Col-0 lacks these two R genes and thus is sus-
ceptible to powdery mildew (Xiao et al., 2001, 2004). RPW8.2 is
specifically targeted to and functions at the extrahaustorial mem-
brane (EHM) that encases the fungal feeding structure named the
haustorium (Wang et al., 2009, 2013). To understand how RPW8.2
activates haustorium-targeted defense including H2O2 accumula-
tion inthehost-pathogen interfaceandthehaustorialcomplex(Wang
et al., 2009),wechemicallymutagenizedR2Y4, aCol-0 transgenic line
expressing RPW8.2-YFP from theRPW8.2 promoter (Wang et al.,
2009), and screened for mutants that were defective in RPW8.2
function (drf) using a well-adapted powdery mildew isolate Go-
lovinomycescichoracearumUCSC1.We identified15potentialdrf
mutants, three of which fell into the same genetic complemen-
tation group based on characterization and rescue of the mutant
phenotypes (see below) and thuswere nameddrf1-1,drf1-2, and
drf1-3. We derived an F2 segregating population by crossing
drf1-1 with Landsberg erecta (Ler) and found that the mutant
phenotypes cosegregated with a single missense mutation

G143A (resulting in theGly48-to-Aspsubstitution) inAt4g34890,
a gene previously designated XDH1 (Hesberg et al., 2004)
(Figures 1A and 1B). Targeted sequencing of XDH1 revealed
missense mutations G2822A (resulting in R941Q) and C3182T
(resulting in T1061I) in the remaining two mutants, respectively
(Figure 1B). The other homologousXDH geneXDH2 (At4g34900)
is located adjacent to XDH1 and contained no mutations in the
three mutants. These three drf1 mutants showed significant
reduction inRPW8.2-mediated resistance toGcUCSC1 (Figures
2Aand2B), despite the fact thatRPW8.2-YFP’sEHM localization
(Wang et al., 2009) was not grossly affected. Examination of
subcellular defense responses revealed that while there was no
apparent difference in the formation of the callosic haustorial
encasement (Wang et al., 2009), RPW8.2-YFP-triggered whole-
cell and haustorial complex-confined H2O2 was significantly
reduced in the mutants compared with the parental line (Figures
2C and 2D). Interestingly, bright autofluorescent objects (AFOs)
of varying sizes (0.5 to 15 mm) were found in leaf tissues of
7-week-old drf1 mutant plants (Figure 3; Supplemental Figure
1A). These plants also showed sign of cell death (Figure 3B) and
early senescence (Figure 3A). To further demonstrate that DRF1
isXDH1, we obtained a T-DNA line inwhichXDH1 is knocked out
in Col-0 (GK-049D04) (Supplemental Figure 2). AFOs also oc-
curred in leaves of this mutant lacking RPW8.2 expression
around 7 weeks old (Figure 3D), indicating that AFO formation is
notRPW8.2dependent.Weexpressed thegenomic sequenceof
XDH1 from the native promoter in drf1-1. All 24 transgenic lines
showed disappearance of AFOs (Figure 3D) and restoration of
RPW8.2-mediated resistance (Figures 2A, 2B, and 2D). In ad-
dition, RNAi silencing of XDH1 in Col-0 also resulted in AFO
formation (Supplemental Figure 1B) and infiltrationof allopurinol,
an inhibitor of XDH (Klinenberg et al., 1965), induced AFOs in
both Arabidopsis and Nicotiana tabacum (Supplemental Figure
1C). Thus, based on the compelling genetic evidence, we
conclude that impairment of XDH1 results in reduction in RPW8.2-
mediated, haustorium complex-enriched H2O2 and powdery
mildew resistance as well as the formation of age-dependent
AFOs. To standardize the nomenclature, we designated the xdh1
mutant alleles in the GK-049D04 knockout line as xdh1-2 and
those in drf1-1, drf1-2, and drf1-3mutant lines as xdh1-3, xdh1-4,
and xdh1-5, respectively, with xdh1-1 denoting the knockdown
allele inSALK_148364whereaT-DNA is inserted in the 11th intron
of XDH1 described earlier (Yesbergenova et al., 2005).
To link the enzymatic properties of XDH1 variants with their

biological functions, we expressed the coding sequence of the
three new XDH1mutant alleles in the methylotrophic yeast Pichia
pastoris. Purified XDH1-3 (G48D), XDH1-4 (R941Q), and XDH1-4
(T1061I) variants were then subjected to assays for (1) basic
dehydrogenase activities where the oxidation of hypoxanthine
was followed in thepresenceofO2andphenazinemethosulfate as
electron acceptor, (2) superoxide (O2

$–) production where hypo-
xanthine served as substrate and O2 as electron acceptor, and (3)
O2

$–productionwhereNADHwasusedassubstrate in thepresence
of O2 as electron acceptor. In addition, the basic dehydrogenase
activity with hypoxanthine as substrate and NAD+ as the naturally
preferred electron acceptor was monitored (in the presence of
molecular oxygen). While XDH1-3 showed no or barely detectable
activities, XDH1-4andXDH1-5displayed90 to 95%and60 to80%
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reduction in these activities, respectively (Figure 3E; Supplemental
Figure 3). The lower the levels of the in vitro enzymatic activities of
theserecombinantproteinsencodedbythethreemutantalleles, the
higher the levelsof AFO formation found in these threedrf1mutants
(i.e.,drf1-1showedthehighestwhiledrf1-3 the lowest levels; Figure
3E; Supplemental Figure 1A), implying similar reductions in in
vivo enzymatic activities of the corresponding mutant proteins.
Interestingly, both G48 and R941 are absolutely conserved in all
XDH/XOR homologs across kingdoms, while the T1061 site is less
conserved (Figure 1C). These results suggest that G48 is essential,
R941 is important, and T1061 is less important for the biochemical
functions of XDHs in plants and perhaps in animals.

Xanthine Accumulation in xdh1 Reports Higher Purine
Catabolic Activity during Defense Responses

In our efforts to characterize AFOs formed as a consequence of
genetic impairment ofXDH1,we found thatAFOswere resistant to
proteases, lipases, and various detergents (see Methods) but
could be dissolved in multiple buffers with a pH value of 8.0 or
higher in situ or in vitro (Supplemental Figure 4). Because pure
xanthine becomes water insoluble and crystallizes in pH 6 to 7
aqueous solution (Supplemental Figure 5B), we suspected that
xanthine crystallines may be part of AFOs in leaf cells (with a cy-
tosolic pH around 7.0) of xdh1 mutant plants where xanthine
accumulatesdue to lossofXDHactivity.Relevantly, therewasone

report that described xanthine crystalline deposition in unfixed
sections of skeletal muscle biopsies from two human patients
(Chalmers et al., 1969).We thuspurifiedAFOsbysucrosegradient
centrifugation frommature leaves of xdh1-2 plants and found that
the AFOs could indeed dissolve in pH 8.0 Tris-HCl buffer
(Supplemental Figure 5A). We then collected leaves of 12-week-
old xdh1-2 plants infected with powdery mildew or uninoculated
xdh1-2 plants at 7 d postinoculation (dpi) for AFO isolation and
purification. We also prepared the AFO-equivalent fraction from
powderymildew-infected or uninoculatedCol-0 plants as control.
Mass spectrometry analysis showed that the AFO-enriched
fraction from the xdh1-2 samples contained over 500 times more
xanthine than the corresponding fraction of the Col-0 sample
following the same extraction and centrifugation procedures
(Figure 3F; Supplemental Figure 6B), while there was only an
;6-fold increase of xanthine content in whole-leaf tissue of
xdh1-2 compared with that of the wild type based on our HPLC

Figure 1. Cloning of DRF1.

(A) Map-based cloning of DRF1 using an F2 population derived from
drf1-1 3 Ler.
(B) The nature and position of the three drf1 mutations in XDH1 that
encodes a xanthine dehydrogenase with three functional domains.
(C)Protein sequencealignmentshowingconservationof the threemutated
residues (indicated by arrows) among XDH homologs from rice
(AAT81740), Physcomitrella patens (EDQ74505), human (NP_000370),
Drosophilamelanogaster (NP_524337),Caenorhabditiselegans (NP_500531),
Phytophthora infestans (EEY63796), powdery mildew (CCU77189), and
Botrytis cinerea (CCD52002).

Figure 2. Characterization of the Defense Phenotypes of the drf1-1
Mutant.

(A) Representative leaves of indicated genotypes showing whitish fungal
mass. Six-week-old plants were inoculated with Gc UCSC1 and pictures
were taken at 10 dpi. R2Y4 is a homozygous Col-0 line expressing
RPW8.2-YFP from the RPW8.2 promoter. drf1-1c is a representative line of
drf1-1geneticallycomplementedwithXDH1expressedfromtheXDH1promoter.
(B) Quantification of disease susceptibility of plants in (A). Data are
means6 SE from four replicated experiments. Asterisks indicate significant
difference (P < 0.05, n = 4) for the paired comparisons using Tukey’s HSD
test following one-way ANOVA.
(C) Representative microscopic images of invaded epidermal cells of in-
dicated genotypes showing whole-cell or haustorial complex-confined
H2O2 stainedbyDABat 52hpi. Note (i) and (ii) denote two typesof reactions
of drf1-1 mutant plants. Arrows indicate haustoria. Bar = 50 mm.
(D) Frequencies of H2O2-positive epidermal cells (whole-cell H2O2 +
haustoriumcomplex-confinedH2O2of indicatedgenotypes used in [C]). At
least100haustorium-invadedcellswereassessed for eachgenotype.Data
are means 6 SD from three replicated experiments. Asterisk indicates
significant difference when compared with other two genotypes (P < 0.01;
n = 3, Student’s t test).
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analysis (Supplemental Figure 6A). Thus, it appeared that
xanthine was highly enriched in AFOs formed in xdh1 mutant
plants. Moreover, xanthine levels in the AFO samples from
powdery mildew-infected xdh1-2 plants were at least 5-fold higher
than that in the AFO sample from uninfected xdh1-2 plants (Figure
3F), suggesting that powderymildew infection could further induce
xanthine accumulation, likely due to upregulation of purine ca-
tabolism in infected host cells.

Since XDH also converts hypoxanthine to xanthine, we mea-
sured thehypoxanthine levels in theabovesamplesand found that
hypoxanthine levels in xdh1-2 were at least two orders of mag-
nitude lower compared with xanthine levels, despite a slight in-
crease (2 to 43) in powdery mildew-infected xdh1-2 compared
with uninfected xdh1-2 (Supplemental Figure 7). This result is
consistent with previous reports that hypoxanthine may be

reverted within a salvage pathway to inosine, inosine mono-
phosphate, xanthosine monophosphate, xanthosine, and finally
to xanthine (Brychkova et al., 2008a).
To further confirm that AFO formation was due to xanthine

accumulation, we infiltrated 10mMxanthine (dissolved in 100mM
Tris-HCl, pH8.0) inCol-0 orN. tabacum leaves anddetectedAFOs
similar to those in drf1 mutants (Supplemental Figure 5C). Using
the lambda scan function of Zeiss LSM710, we determined the
emission spectra of AFOs purified from xdh1-3 and pure xanthine
crystallines under different laser excitation wavelengths. We
found that the former had much broader emission spectra that
also largely covered the peaks at ;580 nm from the latter
(Supplemental Figure 5D), suggesting that AFOs in plant cellsmay
containother, unknownautofluorescentcompounds inaddition to
xanthine crystallines. Regardless, it appears that AFO formation

Figure 3. Characterization of AFOs.

(A)Comparedwith theparentalR2Y4 line (WT)expressingRPW8.2-YFP,drf1-1showedslightly reducedstaturewithshorterpetiolesanddisplayedearly leaf
senescence (arrows).
(B)Mature leavesof 7-week-old (ormore)drf1-1plantsdevelopedAFOsof various sizes thatwere subsequently associatedwithcell death shownbydiffuse
autofluorescence, indicated by arrowheads and trypan blue staining (inset). Bars = 100 mm.
(C) Confocal images of an AFO from (B) showing autofluorescence under 405-, 514-, and 561-nm laser excitation. Bars = 5 mm.
(D) Development of AFOs in drf1-1 and an XDH1 knockout line (GK-049D04; xdh1-2) and lack of AFOs in drf1-1 genetically complemented by expressing
XDH1 from its native promoter (drf1-1c). Bars = 50 mm.
(E) Assay for the enzymatic activities of three mutant proteins, XDH1-3 (G48D), XDH1-4 (R941Q), and XDH1-5 (T1061I), in comparison with XDH1. Re-
combinant proteins (;2mg) purifiedafter heterologous expression inP. pastoris (visualized in gel byCoomassie blue staining in the toppanel) were used for
measuring (i) the basic XDH activity using hypoxanthine and NAD+ as substrate, (ii) superoxide production using hypoxanthine and O2 as substrate, or (iii)
superoxide production using NADH and O2 as substrate (for details, see Methods).
(F) Xanthine levels in AFOs from uninfected or Gc UCSC1-infected leaves of 12-week-old xdh1-2 and the equivalent extracts from leaves of 12-week-old
Col-0 grown under the same conditions. Leaves were collected at 7 dpi. AFOs were enriched by sucrose gradient centrifugation and subjected to liquid
chromatography-mass spectrometry analysis (see Methods). The numbers within or on top of the columns are exact peak areas reporting the total ion
abundance. The numbers followed by “x” are fold increase of xanthine levels compared with that indicated by asterisks.
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could provide a convenient and reliable visual marker for xanthine
accumulation in cells and tissues in xdh1mutant plants,whichcan
further reflect purine catabolic activity at a high spatiotemporal
resolution in Arabidopsis and perhaps in other plant species
(Supplemental Figure 1C). As detailed in Supplemental Figures 8
to 11, our observations surrounding AFOs in xdh1 plants suggest
that purine catabolic activity (1) is higher in mesophyll cells
compared with epidermal cells, as AFOs are mostly found in
the former but rarely, if ever, found in the latter; (2) increases as
plants/organs mature and age, (3) increases in response to fungal
infections, and (4) increases in plants expressing RPW8.1 and
RPW8.2.

Interestingly, there appeared to be a local induction and am-
plification of AFOs in leaves of XDH1-defective plants, especially
when they were challenged by G. cichoracearum UMSG1, a sow
thistle powderymildew poorly adapted to Arabidopsis (Wen et al.,
2011) (Supplemental Figure 10), or overexpressing RPW8.1
and RPW8.2 from their native promoters (Xiao et al., 2003)
(Supplemental Figure 11). These observations suggest that de-
fense signals may enhance purine catabolic activity in local
cells adjacent to the site of infection or cells undergoing defense-
associated cell death. To see if purine catabolic activity is sys-
temically enhanced by defense signals, we challenged fully
expanded leaves without age-dependent AFOs in 8-week-old
xdh1-2 plants with Gc UCSC1, a well-adapted powdery mildew
isolate. Not surprisingly, Gc UCSC1 infection could induce local
AFO formation (Figure 4C). More interestingly, newly emerged
leaves free from powdery mildew infection also developed nu-
merous clustered AFOs from 5 dpi on (Figures 4E and 4G),
whereas no AFOs were found in similar leaves of uninfected
xdh1-2 plants (inset in Figure 4E).

This “systemic” AFO formation to some extent resembled the
micro-oxidative burst that is induced by local immune response in
mature leaves and required for establishment of systemic ac-
quired resistance (SAR) (Alvarez et al., 1998). To examine if
pathogen-induced local and systemic AFO formation requires
defense signaling,we introduced anull allele ofEDS1 (i.e., eds1-2)
(Bartsch et al., 2006) into xdh1-2 by crossing with eds1-2 in the
Col-0 background. EDS1 is an essential component for local
resistance triggered by TIR-NB-LRRs (Parker et al., 1996; Aarts
et al., 1998), or RPW8.1 and RPW8.2 (Xiao et al., 2001, 2005), as
well as SAR (Breitenbach et al., 2014; Wittek et al., 2014). We
found that although xdh1-2 eds1-2 plants still developed age-
dependent AFOs, the AFO density was only ;50% of that in
xdh1-2, and AFOs were rarer in clusters (Figures 4A and 4B). We
then inoculated fully expanded leaves of xdh1-2 eds1-2 that had
not developed age-dependent AFOs with Gc UCSC1 and found
thatGcUCSC1-induced localAFO formationwas reduced to20%
of the level seen in infected leaves of xdh1-2 (Figures 4C and 4D).
Strikingly, systemic AFO formation was almost completely
abolished in xdh1-2 eds1-2 (Figures 4E and 4F). These results
suggest that purine catabolic activity is potentially geared up with
both local and systemic defense responses, presumably for de-
limiting local and systemic ROS-dependent hypersensitive re-
sponse (HR) (Alvarez et al., 1998). Consistent with this, XDH1was
found tobe induced tohigher levels (;2 to33) bypowderymildew
infection, and this transcriptional upregulation seemed to require
its ownprotein function as the xdh1-3 allele did not showpowdery

mildew-inducedelevation (Supplemental Figures12Aand12B). In
addition, XDH1 was induced to higher levels after spray with 5%
H2O2 solution both at the mRNA and the protein level, which was
also associated with increased xanthine dehydrogenase activity
(Supplemental Figures 12C and 12D). Examination of the 59
promoter region of XDH1 identified three W boxes (TTGACC/T)

Figure 4. EDS1 Is Required for Local and Systemic Amplification of AFO
Formation.

Eight-week-old plants of xdh1-2 or xdh1-2 eds1-2were examined for AFO
formation. All bars = 100 mm.
(A) and (B) AFO formation in mature leaves of uninfected plants from both
genotypes as control for (C,D). Note that AFOs in xdh1-2 eds1-2 were in
lower density with fewer clusters as seen in xdh1-2 (circled by dashed red
lines).
(C) and (D) AFO induction by powdery mildew (Gc UCSC1) infection in
AFO-free leaves of plants from both genotypes. Images were taken at
14 dpi.
(E) and (F) Systemic AFOs in uninfected young leaves (indicated by an
asterisk, as seen in [G]) induced by powdery mildew infection on older
leaves (indicatedbyapoundsign, asseen in [G]) of the indicatedgenotypes
from 5 dpi on. No AFOs were found in similar young leaves of uninfected
xdh1-2 (inset in [E]). Images were taken at 14 dpi. Data in (B), (D), and (F)
represent means6 SE, calculated from six similarly aged leaves (two from
one plant) for each genotype.
(G)One representative 8-week-old plant infected with Gc UCSC1 at 10 dpi.
(H) H2O2 accumulation in chloroplasts of uninfected younger leaves
(asterisks) revealed by DAB staining.
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upstreamof theATGstart codon (i.e., at274,2187, and2576bp;
Supplemental Figure 12E). SinceWboxes (TTGACC/T) are known
tobebinding sites for defense-relatedWRKY transcription factors
(Eulgem and Somssich, 2007), it is likely that the transcription of
XDH1 may be intrinsically connected to defense responses.

XDH1 Is Required for Scavenging Age-Dependent and
Pathogen-Induced H2O2 in Chloroplasts

To understand the mechanistic connection between elevation of
purine catabolic activity (reported by AFO formation) and age-
dependent (Nakagawa et al., 2007; Brychkova et al., 2008b) or
pathogen-induced early leaf senescence in xdh1 mutants
(Supplemental Figure 13), we used 3,39-diaminobenzidine (DAB)
staining to investigate whether there is H2O2 accumulation before
occurrence of senescence-associated cell death in xdh1-2. In-
terestingly, we found that AFO formation was often accompanied
by high-level H2O2 accumulation in chloroplasts before collapse
of the affected mesophyll cells (Figure 5A). Parallel to a local
“amplification” of AFOs in xdh1-2 (Figure 4), H2O2 accumulation in
chloroplasts also showed apparent “amplification,” as it started in
individual chloroplasts, then spread to all chloroplasts in the same
cell, and then spread to neighboring mesophyll cells but not
epidermal cells (Figure 5A). Detailed examination showed that
H2O2-positive chloroplasts lost their normal positioning along the
anticlinal cell wall, aggregated, and then disintegrated, which was
followed by the collapse of the affected individual and clustered
mesophyll cellsas revealedby trypanbluestaining (Figures5Aand
5B).Macroscopically, sporadic chlorotic lesionscorresponding to
localized mesophyll cell death became visible to the naked eye
and then further enlarged and coalesced and eventually spread
to the entire leaf, exhibiting leaf senescence-like phenotypes
(Supplemental Figure 9A). Importantly, DAB staining showed that
powdery mildew infection-induced systemic AFOs in uninfected
leaves also associated with H2O2 accumulation in chloroplasts of
affected mesophyll cells in xdh1-2, whereas no H2O2 was de-
tectable in similar leaves of xdh1-2 eds1-2 double mutant (Figure
4H), suggesting that XDH1 may function to limit SAR-associated
micro-oxidative burst (Alvarez et al., 1998).

H2O2 accumulation in chloroplasts appeared to be an early
event of leaf senescence in both Col-0 and xdh1-2. However, the
sporadic occurrence of a high level of H2O2 accumulation and
aggregation of chloroplasts in clusteredmesophyll cells of xdh1-2
wasdistinct fromthe relatively synchronizedH2O2accumulation in
less aggregated chloroplasts of the majority of mesophyll cells in
naturally senescing leaves of Col-0 (which occurs;2 to 3 weeks
later than the former under the same experimental conditions)
(Supplemental Figure 9B). Intriguingly, when we managed to vi-
sualizebothAFOsandH2O2 inmesophyll cellsofxdh1-2,we found
that less thanone-third ofH2O2-positive cells contained very large
AFOs (;20 mm in diameter) and therewas no strict co-occurrence
of AFOs and H2O2 accumulation (Supplemental Figure 14A),
possibly because small AFOs may dissolve or lose auto-
fluorescence during chlorophyll clearing as part of DAB staining.
This observation implies that xanthine accumulation per se may
not be the direct cause for chloroplast-H2O2 accumulation in
mesophyll cells. It has been reported that uric acid and/or its
catabolic products can scavenge ROS and therefore could be

important antioxidants inbothplants andanimals (Kimet al., 2001;
Valko et al., 2007; Brychkova et al., 2008b).
To test if uric acid deficiency as a corollary of xanthine accu-

mulation due to loss of XDH1 is responsible for chloroplast-H2O2

accumulation and subsequent cell death, we supplied uric acid to
detached, fully expanded but AFO-free, xdh1-2 leaves by in-
cubating them on Murashige and Skoog (MS)-agar medium
containing uric acid for 4 weeks. We found that chloroplast-H2O2

accumulation was completely suppressed by addition of 200 mM
uric acid to theMS-agar medium (Figures 5C and 5D), suggesting
that endogenous uric acid may indeed protect chloroplasts from
oxidative damage. Interestingly, although AFOs still developed
sporadically in leaves incubated in uric acid-containing MS-agar
medium for 4 weeks, amplification of AFOs in those leaves was
significantly reduced (Supplemental Figure 14B), suggesting
that chloroplast-localized oxidative stress can stimulate purine
catabolism in local adjacent mesophyll cells. These results are
consistent with the earlier findings that reduced expression
of XDH1 results in accelerated senescence of mature leaves
(Nakagawa et al., 2007) and that exogenous uric acid or its cat-
abolic products can suppress natural or dark-induced early
senescence of XDH1-impaired plants (Nakagawa et al., 2007;
Brychkova et al., 2008b). Thus, it is likely that uric acid (and/or
potentially its downstream catabolic products) derived from
xanthine by XDH1 is essential for protecting chloroplasts in me-
sophyll cells fromage-dependentand/or stress-inducedoxidative
damage in Arabidopsis.

XDH1 Plays Opposing Roles in H2O2 Metabolism in
Haustorium-Affected Epidermal and Mesophyll Cells

Our above genetic evidence supports seemingly opposite roles
of XDH1 in H2O2 metabolism: While XDH1 contributes to
RPW8.2-YFP-mediated H2O2 production in haustorium-invaded
epidermal cells, it is required for H2O2 removal in the chloroplasts
of stressed mesophyll cells. To evaluate these two opposing
functional aspects of XDH1 under the same cellular context while
reconfirming the requirement of XDH1 in RPW8.2-mediated re-
sistance, we introduced the xdh1-2 knockout allele into S5,
a Col-gl line transgenic for a single copy of a genomic fragment
that contains RPW8.1 and RPW8.2 and their native promoters
(referred to asRPW8 for simplicity unless otherwise indicated) (Xiao
et al., 2003) rendering stable powdery mildew resistance for >20
generations.We inoculated6-week-oldplantsofS5andS5/xdh1-2
with the adapted pathogen Gc UCSC1 and found no apparent
differences between S5 and S5/xdh1-2 in terms of callose de-
position around haustoria. By contrast, DAB staining revealed that
whole-cellH2O2andhaustorial complex-confined (HC)H2O2 (Figure
6A) togetherwere reduced inS5/xdh1-2 to;38%,which is less than
halfof that (98%) inS5 (Figure6C),confirmingthatXDH1contributes
to haustorium-induced, RPW8-mediated H2O2 in epidermal cells.
Because AFOs were never detected in epidermal cells in xdh1

mutant plants (Supplemental Figure 8A), one may speculate that
either XDH1 is not expressed or XDH1 may not catalyze con-
version of xanthine to uric acid in epidermal cells. To examine if
XDH1 is expressed in epidermal cells, we conducted XDH1
promoter-GUS and XDH1 promoter-YFP-XDH1 analyses and
found thatXDH1 is expressed in epidermal cells albeit at relatively
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Figure 5. Chloroplast-H2O2 Accumulation in Mesophyll Cells Due to Loss of XDH1 and Its Suppression by Exogenous Uric Acid.

(A)Five (1 to5)serial imagesshowinggradualamplificationofchloroplast-H2O2accumulation revealedbyDABstaining inmesophyll cellsofmature leavesof
7-week-old xdh1-2 plants and lack of H2O2 accumulation in epidermal cells (59). Note that initial H2O2 accumulation occurred in one or few chloroplasts
(arrows) and H2O2-positive chloroplasts were often disoriented, aggregated, and subsequently degraded (arrowheads). Bars = 50 mm.
(B) Three (1 to 3) serial images showing collapse ofmesophyll cells whose chloroplasts accumulated H2O2 (inset in 2) 4 to 6 d after AFO formation inmature
leaves of xdh1-2 plants stained by trypan blue. Bars = 200 mm.

1114 The Plant Cell



lower levels compared with mesophyll cells based on GUS
staining intensity (Supplemental Figures 8B and 8C). Next, we
examinedthecellssurrounding theGcUCSC1haustorium-invaded
cells inS5andS5/xdh1-2.Haustorium-inducedH2O2accumulation
in S5 was confined to the invaded epidermal cells and we rarely

observed DAB-detectable H2O2 in neighboring epidermal or un-
derneathmesophyll cells underourcurrent experimentalconditions
(Figure 6A). However, in ;10% of the fungal infection sites ex-
amined inmature leaves of 6-week-old plants, there was high-level
chloroplast-H2O2 accumulation in the mesophyll cells underneath

Figure 5. (continued).

(C) Images showing suppression of chloroplast-H2O2 accumulation in mature leaves of 6-week-old xdh1-2 plants by exogenous uric acid. Fully expanded
leaves of xdh1-2were inserted (with their petioles) intoMS-agarmediumsupplementedwith uric acid andcultured for 4weekswith one transfer perweek to
freshMS-agar plates containing the same levels of uric acid. Note that (i) MS-agar conditions, though good for supplying uric acid, attenuated chloroplast-
H2O2 production in xdh1-2; and (ii) these images showed the highest local density of H2O2-positivemesophyll cells for each treatment. This experiment was
repeated three times with similar results. Bars = 200 mm.
(D) Quantification of DAB-positive mesophyll cells in (C). Data are means 6 SE, calculated from four duplicated leaf samples of one experiment in (C).

Figure 6. XDH1 Is Required for RPW8-Mediated and Basal Resistance against Powdery Mildew.

(A) and (B) Loss of XDH1 compromised RPW8-dependent H2O2 production in haustorium-invaded epidermal cells (ec) but resulted in chloroplast H2O2

accumulation in underneath mesophyll cells (mc). Leaves from 6-week-old S5 and S5/xdh1-2 were evenly inoculated with Gc UCSC1, subjected to DAB
staining at 60 hpi, and imaged with a Zeiss Axio microscope. H2O2 accumulation (reported by brownish DAB staining) was either confined in the haustorial
complex or spread throughout the entire invaded epidermal cell (ec) in S5 (A). By contrast, while H2O2 accumulation in haustorium-invaded epidermal cells
(arrowhead)was reduced, in;10%ofpenetration siteschloroplastH2O2accumulation (indicatedbyarrowhead) occurred in themesophyll cells underneath
the infection site in S5/xdh1-2 at 60 hpi (B). Such induced H2O2 accumulation in affected mesophyll cells increased to >60% after 8 dpi. Bars = 50 mm.
(C)QuantitativeassessmentofH2O2accumulation inhaustorium-invadedepidermal cells.Data representmeans6SEof fourduplicateexperiments inwhich
>200 haustorium-invaded epidermal cells per genotype were examined.
(D)Representative leaves from indicatedgenotypes infectedwithGcUCSC1at 10dpi.Note chlorotic or necrotic lesions (white arrows) inducedbypowdery
mildew infection in plants impaired for XDH1.
(E)Quantification of disease susceptibility of the indicated genotypes. Infected leaveswere assayed at 7 dpi before extensive chlorosis occurred in xdh1-2
plants. Data are means6 SE, calculated from four duplicate samples per genotype in one of three independent experiments in which similar results were
obtained. Asterisks indicate significant difference (P < 0.01; n = 4, Student’s t test).
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the haustorium-invaded epidermal cells of S5/xdh1-2 at 60 h
postinoculation (hpi), despite much reduced H2O2 accumulation
in the invaded epidermal cells (Figure 6B). The frequency of
chloroplast-H2O2 accumulation sharply increased to >60% from
8 dpi on and/or as plants got older. Consequently, there were
many more powdery mildew-induced necrotic/chlorotic lesions in
S5/xdh1-2 compared with S5 (Figure 6D; Supplemental Figure 13).

Taken together, our observations suggest thatXDH1mayutilize
a substrate other than xanthine to generate O2

$– and/or H2O2 in
epidermal cells for fighting against powdery mildew infection,
whereas it performs its housekeeping enzymatic function to
convert xanthine to uric acid for scavenging biotic stress-induced
and age-dependent H2O2 accumulation in the chloroplasts of
affected mesophyll cells.

XDH1-Derived H2O2 Is Also Required for RPW8-Dependent
and -Independent Basal Resistance

To confirm that XDH1-derived H2O2 in the haustorial complex or
throughout the epidermal cells contributes to RPW8-mediated re-
sistance,wequantified thediseasephenotypesofS5andS5/xdh1-2
plants upon Gc UCSC1 infection. We found that S5/xdh1-2 plants
supported a small but significant increase of fungal sporulation
compared with S5 at 7 dpi (Figure 6E). However, at later infection
stages (10 to14dpi),wedetectednosignificantdifferencesbetween
S5 and S5/xdh1-2 because massive powdery mildew-induced
mesophyll cell death in the latter reduced fungal infection, probably
passively, thus offsetting the effect caused by H2O2 decreases in
epidermal cells. These observations suggest that in plants ex-
pressing RPW8, H2O2 derived from XDH1 and other sources (see
below) in the epidermal cells is utilized to constrain haustoria,
whereas uric acid derived from XDH1 may protect adjacent meso-
phyll cells from powdery mildew infection-induced oxidative stress.

To test if XDH1 also plays a role in basal resistance independent
of RPW8, we compared Col-0 and xdh1-2 plants for their disease
phenotypes upon infection with Gc UCSC1. We found that xdh1-2
supported significantly more fungal sporulation at 7 dpi (Figure 6E;
Supplemental Figure 15A). As expected, xdh1-2 also displayed
powderymildew-induced chlorosis at 10 to 14 dpi (Figure 6D). This
suggests that XDH1mayalso contribute toH2O2 productionduring
basal resistance,eventhoughH2O2accumulation in infectedepidermal
cells is largely suppressed by the well-adapted Gc UCSC1 isolate.
Consistentwith this,whileweakDABstainingwasdetected in;5%of
fungal penetration sites in Col-0, it was rarely (1 to 2%) observed in
fungal penetration sites in xdh1-2 (Supplemental Figure 15B).

XDH1 and NADPH Oxidases Coordinate to Produce H2O2 at
the Host-Pathogen Interface

To further evaluate if XDH1 contributes to H2O2 in Col-0 in-
dependent of RPW8, we challengedCol-0 and xdh1-2 plants with
Gc UMSG1, a powdery mildew isolate infectious on sow thistle
(Wen et al., 2011). Gc UMSG1 overcomes penetration resistance
but is invariably arrested at the postpenetration stage in >30
Arabidopsis accessions tested including Col-0 (Wen et al., 2011).
DAB staining revealed that nearly 90% of invaded cells of Col-0
showed detectable H2O2 accumulation in HCs, while H2O2 was
also occasionally found throughout the invaded epidermal cells.

Toassess theamountofpowderymildew-inducedH2O2 insitu,we
focused on HC-H2O2 (which dominates under this context) and
divided haustorial complexes into three types: (1) those without
H2O2, (2) thosewithmedium levels of H2O2, and (3) thosewith high
levels of H2O2 based on the intensity of DAB staining (Figure 7A).
We found that the frequency of H2O2-positive haustorial com-
plexes in xdh1 (;43%)was significantly lower comparedwith that
of Col-0 (;87%) (P < 0.01, ANOVA in R) (Figure 7B). This result
indicates that XDH1 indeed contributes to RPW8-independent
H2O2 production during basal defense against poorly adapted
pathogens and also implies that H2O2 from other sources must
orchestrate haustorium-targeted defense.
The Arabidopsis respiratory burst oxidase homologs RbohD

andRbohFhavebeenshown tobe largely responsible forbacterial
and oomycete pathogen-induced H2O2 production (Torres et al.,
2002; Xu et al., 2014), and RbohD is responsible for pathogen
elicitor-induced oxidative burst (Kadota et al., 2014; Li et al.,
2014b). However, whether RbohD or RbohF contribute to
HC-H2O2 has not been determined. We thus first tested if rbohD
and rbohF single and rbohD/F double mutants show any altered
HC-H2O2 phenotypes in comparison with Col-0 and xdh1. As
shown in Figure 7B, HC-H2O2 frequency in rbohDwas reduced to
;37%,which is anevenslightlygreater reduction relative to that in
xdh1-2 (;43%).HC-H2O2 frequency in rbohFalso showedaslight
but significant reduction to;67%comparedwithCol-0 (P<0.05).
These results are consistent with a previous report that RbohD
makes a major, while RbohF a minor, contribution to bacterium-
induced H2O2 in Arabidopsis (Torres et al., 2002). Unexpectedly,
we found that the rbohD rbohF doublemutant showed aHC-H2O2

frequency (85%) close to that of Col-0, with the “high HC-H2O2”

type being even higher (41%) than that of Col-0 (32%) (Figure 7B).
In fact, the highest intensity of HC-H2O2 was most commonly
observed in rbohD rbohF (Figure 7C). This striking observation
suggests that there may be a compensatory mechanism for
ROS generation in epidermal cells of Arabidopsis for haustorium-
targeted defense. To further test this idea, we made xdh1 rbohD
and xdh1 rbohF double and xdh1 rbohD rbohF triple mutants by
genetic crossing. Soil-grown xdh1 rbohD rbohF seedlings de-
veloped massive necrosis within 3 weeks after seed germination
and died at 4 to 5 weeks old. However, plants of the triple mutant
grown in MS-agar plates for 4 weeks and then grown in sterile
soil under >90% relative humidity could reach maturity, despite
their smaller stature, thus enabling tests for H2O2 and disease
phenotypes. Interestingly, while the xdh1 rbohD and xdh1 rbohF
double mutants developed HC-H2O2 as frequently as or more
frequently than their respective single mutants, the triple mutant
exhibited significantly more HC-H2O2 of the high HC-H2O2 type
thananyof thesingleordoublemutantexcept rbohDrbohF (Figure
7B). These results indicate that these three genes individually
contributes tohaustorium-inducedH2O2 inepidermal cellswith an
order ofRbohD$ XDH1 >RbohF. These results also suggest that
plants might have evolved a compensatory mechanism at least in
leaf epidermal cells to ensure adequate ROS production to ward
off nonadapted or poorly adapted powdery mildew and perhaps
other similar pathogens. Interestingly, loss of RbohF in particular
seems to strongly activate the compensatory mechanism when
the ROS generation capacity is severely compromised due to
genetic lesions in (or possibly pathogen suppression of) other
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oxidases particularly RbohD. In this regard, it is worth noting that
the rbohF single mutant was reported to have enhanced DAB
staining and HR induced by an oomycete pathogen (Torres et al.,
2002), implying a potential role for RbohF in regulating other ROS-
producingenzymes inplantsunder attackbypowderymildewand
oomycete pathogens.

Both Diphenylene Iodonium-Sensitive and -Insensitive
Enzymes Contribute to H2O2 Production in Haustorium-
Invaded Cells

Diphenylene iodonium (DPI) is oftenused to inhibitROSproduction
mediated by flavoenzymes, including XDH (Yesbergenova et al.,
2005; Zarepour et al., 2010) and NAD(P)H oxidases (Jabs et al.,
1996). The free iron chelator, deferoxamine (DFO), inhibits DAB-
detectable H2O2 accumulation in powderymildew-invadedwheat
(Triticum aestivum) epidermal cells (Liu et al., 2007a). This ob-
servation implies that accumulation of reactive iron in the fungal
penetrate site is required for local powdery mildew-induced H2O2

production/accumulation, although the underlying mechanism is
unclear (Liu et al., 2007a). It has been suggested that DFO can
affect oxidative reactions independent of its ability as an iron
chelator; namely, it can act as a substrate for peroxidases and
a scavenger of radicals (Reeder et al., 2008). When treated with
either DPI (100 mM) or DFO (2 mM) at maximum concentrations
that do not inhibit powdery mildew spore germination based
on our study, Col-0 plants still produced H2O2 upon invasion by
Gc UMSG1 albeit at significantly lower levels compared with
untreated Col-0 plants (P < 0.01) (Figure 7B). However, DPI+DFO
treatment almost completely abolished H2O2 production in Col-0
(Figures 7B and 7C), indicating that both DPI- and DFO-sensitive
mechanisms are involved in HC-H2O2 generation in the epidermal
cells of Arabidopsis. This result seems to differ froman early study
in wheat where only DFO- but not DPI-sensitive mechanisms for
H2O2 generation are detectable upon invasion by a nonadapted
barley powdery mildew isolate (Liu et al., 2007a).

Haustorium Complex-Confined H2O2 Contributes to Basal
Postpenetration Resistance

To directly assess the role of H2O2 confined in haustorial com-
plexes in restricting fungal development, we measured the total
hyphal length per germinated sporeling of Gc UMSG1 at 60 hpi.
We found thatcomparedwithwild-typeCol-0plants, xdh1, rbohD,
xdh1 rbohD, and xdh1 rbohF mutants supported significantly
more hyphal growth, as did Col-0 plants treated with DPI or DFO
and DPI+DFO in particular (Figure 7D; Supplemental Figure 16).
Hence, there appeared to be an inverse correlation between
HC-H2O2 and fungal growth, supporting an important role for
HC-H2O2 in basal, haustorium-targeted resistance. Notably, de-
spite not being the least in HC-H2O2, xdh1 rbohD plants supported

Figure 7. XDH1, RbohD, and RbohF Orchestrate H2O2 Generation in
Haustorial Complexes.

Single, double, and triple mutants concerning XDH1 and NADPH oxidase-
encoding RbohD and RbohF were inoculated with Gc UMSG1, a poorly
adapted powderymildew isolate. H2O2 accumulation in invaded epidermal
cells was revealed by DAB staining.
(A) Three typical levels of H2O2 accumulation in HCs, i.e., no or very little (i),
moderate(ii),andstrong(iii) thatwereobservedinmostgenotypes.Bars=20mm.
(B) Frequencies of the three levels of HC-H2O2 accumulation in eight in-
dicated genotypes treated with 100 mM DPI and/or 2 mM DFO. Fully
expanded leaves of 6-week-old plants were inoculated evenly with Gc
UMSG1 and then subjected to DAB staining at 60 hpi to assess HC-H2O2

accumulation. At least 200 HCs were assayed for each genotype. Three
different color bars represent the three levels of H2O2 accumulation in (A).
Statistical analysis was conducted by comparing all genotypes or treat-
ments to Col-0 wild type using ANOVA in R (www.r-project.org). One
asterisk indicates significant difference at P < 0.05; two asterisks indicate
significant differenceatP<0.01. This experimentwas repeated three times
with similar results.
(C) Three representativeHC-H2O2 of the indicated genotypes.Bars= 20mm.

(D)Basal resistance reflectedby the total hyphal lengthper sporeling ineight
indicated genotypes treated with DPI and/or DFO. Data are means 6 SE,
calculated from at least 20 sporelings per genotype in one of three duplicate
experiments. The asterisk indicates significant difference when compared
with Col-0 wild type (P < 0.01; Student t test).
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the greatest amount of hyphal growth (i.e., ;43 of Col-0) (Figure
7D), suggesting that an immune process in addition to H2O2 gen-
eration may also be defective in the xdh1 rbohD double mutant.

To further validate the above results,we inoculated plants of the
same set of genotypes with the well-adapted isolate Gc UCSC1
and observed a similar tendency, i.e., those mutant plants with
reduced HC-H2O2 in response to Gc UMSG1 were slightly but
significantly more susceptible to Gc UCSC1 compared with the
wild type (Supplemental Figure 17). This suggests that H2O2

derived from XDH1, RbohD, or RbohF in Col-0, although barely
detectable by DAB staining except in the penetration site
(Supplemental Figure 15B), still contributes to basal resistance.

Taken together, our data demonstrate that both DPI-sensitive
(including XDH1 and NADPH oxidase based) and DPI-insensitive
ROS generation mechanisms are engaged in leaf epidermal cells of
Arabidopsis for HC-H2O2 accumulation, thereby contributing to
basalhaustorium-targetedresistanceagainstpowderymildewfungi.

XDH1 Is Membrane Associated and Localized to
the Tonoplast

Accumulation of host-derived H2O2 in the haustorial complex
raises a question as to whether H2O2 is generated in the extra-
haustorial matrix by host oxidases at the EHM or it is transported
there. To address this question, we made the YFP-tagged XDH1
fusion construct and found that YFP-XDH1 expressed from its
native promoter or the 35S promoter eliminated AFO formation in
xdh1-2 (Supplemental Figure 18A), indicating that YFP-XDH1 is
functional.We then used xdh1-2 lines transgenic for 35S:YFP-XDH1
to determine the subcellular localization of YFP-XDH1 because
YFP-XDH1 expressed from the native promoter was often difficult
to detect by confocal microscopy. Since YFP-XDH1 in leaf epi-
dermal cells appeared to be in the tonoplast, i.e., the vacuolar
membrane (Supplemental Figure 18A), we transiently coex-
pressed YFP-XDH1 with the tonoplast marker gamma-TIP-
mCherry, an aquaporin in the vacuolar membrane (Nelson et al.,
2007) in Nicotiana benthamiana and found that YFP-XDH1 and
g-TIP-mCherry were precisely colocalized (Figure 8A). To confirm
that XDH1 is membrane associated, we tagged XDH1 with the
hemagglutinin (HA) epitope and stably expressed HA-XDH1 from
the 35S promoter in Arabidopsis. A gel blot analysis showed that
HA-XDH1 was partitioned between the soluble fraction (;65%)
and themembrane fraction (;35%) (Figure8D).Wethenexamined
epidermal cells invaded by haustoria from Gc UCSC1 and found
that a portion of YFP-XDH1-labeled membrane tightly wrapped
around the haustorium (Supplemental Figure 18C) and seemed to
havepartial colocalizationwithRPW8.2-RFP-labeledEHM(Figure
8B). Interestingly, dynamic transvacuolar strandswere often seen
to connect the perihaustorial membrane labeled by YFP-XDH1
with more distal portion of the tonoplast (Figure 8B). To assess
if YFP-XDH1 is incorporated into the EHM, we subjected the
powdery mildew-infected leaves to plasmolysis and found that
YFP-XDH1-labeledperihaustorialmembranecouldbecompletely
separated from RPW8.2-RFP-labeled EHM (Supplemental Figure
18D), indicating that even though the tonoplast tightly wraps
around the EHM, it is unlikely fused into the EHM. We also ex-
amined if plasma membrane-localized GFP-RbohD (Hao et al.,
2014) is recruited to theEHMand found thatalthoughGFP-RbohD

appeared to be enriched in the plasma membrane around the
penetration site and likely the haustorial neck region, it was absent
from the EHM (Figure 8E). These observations suggest that XDH1
(and RbohD)-produced O2

$– or its dismutation product H2O2 may
have to be transported or diffuse across the EHM to contribute to
HC-H2O2. Supporting this inference, H2O2-positive granules were
found gathered around the haustorium with H2O2 highly enriched
around the EHM and in the extrahaustorial matrix (Supplemental
Figure 19). Similar H2O2-positive vesicles were also observed
around the fungal perpetration site in barley epidermal cells
(Huckelhoven et al., 1999; Collins et al., 2003).
In mesophyll cells, YFP-XDH1 was found in the tonoplast

closely associated with chloroplasts (Figure 8C; Supplemental
Figure18B). This localizationofXDH1mayallowproductionof uric
acid in the vicinity of chloroplasts to protect them from oxidative
damage via scavenging stress-induced ROS. HowXDH1-derived
uricacidmightgetacross thechloroplastmembrane remains tobe
resolved.

DISCUSSION

H2O2 as a Chemical Weapon for Constraining Haustoria of
Powdery Mildew in Epidermal Cells

ROS including O2
$– and H2O2 at low levels serve as signaling

molecules in many plant physiological processes, including
stomatal closure (Zhang et al., 2001; Desikan et al., 2006), root
differentiation (Lee et al., 2013), and defense signaling (Lamb and
Dixon, 1997; Alvarez et al., 1998). ROSat higher levels are thought
to play a role in restricting pathogens in plants (Wojtaszek, 1997;
Hückelhoven and Kogel, 2003), similar to their role in pathogen
killing by animal phagocytotic cells (Nathan et al., 1979; Rada and
Leto, 2008). However, unequivocal genetic evidence in support of
this claim is sparse (Kadota et al., 2015). Moreover, there is
controversy over the precise role of ROS in the activation of HR
and R gene-mediated disease resistance in plants (Torres et al.,
2002, 2005; Hückelhoven and Kogel, 2003; Trujillo et al., 2006).
Previously, we demonstrated that RPW8-mediated haustorium-
targeted resistance against powderymildew correlates with H2O2

accumulation in the haustorial complexes and formation of
callosic haustorial encasements (Xiao et al., 2001; Wang et al.,
2009).
Here,we showed that XDH1andRbohDare twomajor enzymes

responsible for H2O2 accumulation in haustorial complexes
(Figures 2, 6, and 7). We further found that reduction of this
subcellularH2O2due togeneticmutationsor chemical inhibitionof
these two enzymes compromised both RPW8-dependent and
RPW8-independent basal resistance against well-adapted or
poorly adapted powdery mildew isolates (Figures 2, 6, and 7).
Thus, our results providedirect genetic evidence for a positive role
of host H2O2 in restricting fungal growth. Interestingly, our results
also suggest that there exists a robust compensatorymechanism
(s) for H2O2 generation in epidermal cells invaded by haustoria
and that both DPI-sensitive (XDH1 and RbohD, etc.) and DPI-
insensitive enzymes are engaged for H2O2 production under this
cellular context (Figure 7). Conceivably, the enrichment and
confinement of H2O2 in haustorial complexes must entail onsite
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Figure 8. XDH1 Is Membrane Associated and Localized to the Tonoplast.

(A) Precise colocalization of YFP-XDH1 with a tonoplast marker g-TIP-mCherry (Nelson et al., 2007) in leaf epidermal cells of N. benthamiana (transient
expression) or ArabidopsisCol-0 (stable expression). YFP-XDH1was expressed from the 35S promoter and g-TIP-mCherrywas expressed from themaize
(Zea mays) ubiquitin promoter. Arrows indicate transvacuolar strands. Bars = 20 mm.
(B) Dynamic and intimate association of YFP-XDH1-labeled tonoplast with the EHM. A Col-0 line transgenic for both 35S:YFP-XDH1 and pRPW8.2:
RPW8.2-RFP was inoculated with Gc UCSC1. Infected leaves were subjected to confocal imaging at 2 dpi. Note the seemingly partial co-localization
betweenYFP-XDH1andRPW8.2-RFPat the EHM (arrowheads) and extensive transvacuolar strands (arrows) connecting the distal portion of the tonoplast
to the part wrapping the haustorium (H). Bars = 10 mm.
(C) Close association of YFP-XDH1-labeled tonoplast with the chloroplasts (ch) visualized by autofluorescence of chlorophyll. Bars = 10 mm.
(D)Agel blot assay showing thatHA-XDH1 exists in both soluble (S) andmembrane (M) fractions. Total protein (T)was extracted from leaves of Arabidopsis
plants expressing HA-XDH1 from the 35S promoter, fractionated by ultracentrifugation, gel blotted, and analyzed using an anti-HA antibody.
(E) Localization of YFP-RbohD expressed from the native promoter (Hao et al., 2014) to the plasma membrane and possibly the haustorial neck or papilla
(arrow). Bars = 10 mm.
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production and/or targeted transport of H2O2. Based on our im-
aginganalyses, neitherXDH1norRbohD is exactly localized to the
EHM (Figure 8), suggesting that at least amajor proportionofH2O2

may be produced in the cytoplasm, the tonoplast, or other
compartments and then mobilized via transport vesicles across
the host-pathogen interface into the haustorial complexes
(Supplemental Figure 19). Given the close proximity of the XDH1-
labeled tonoplast to the EHM, XDH1-derivedH2O2may also reach
the haustoriumvia simple diffusion. Future studieswill be directed
to identifying other enzymes contributing to HC-H2O2 and
mechanisms underlying the likely targeted transport of H2O2 to
and across the host-pathogen interface.

Purine Catabolism Protects the Chloroplast from
Oxidative Damage

Chloroplastsproducea largeamountofROS fromphotosynthesis
and photorespiration especially under abiotic and biotic stress
conditions (Foyer et al., 1994; Asada, 2006; Pintó-Marijuan and
Munné-Bosch, 2014). Plants have thus evolved an intrinsic and
efficient antioxidative defense system that can scavenge ex-
cessive chloroplast-generated ROS to minimize unnecessary
oxidative damage (Foyer et al., 1994; Davletova et al., 2005;
Galvez-Valdivieso andMullineaux, 2010). Our results suggest that
XDH1-catalyzed uric acid production in mesophyll cells may be
part of this complex antioxidative defense system, as evidenced
by massive H2O2 accumulation in chloroplasts of aging and/or
defense-activexdh1mutantplantsandpreventionofage-dependent
H2O2 accumulation in leaves of xdh1 mutant plants treated with
200mMuric acid (Figures 5 and 6). Based on these observations,
an important role of endogenous uric acid in reducing oxidative
stresses of chloroplasts can be envisaged. However, despite
repeated attempts, we did not observe any obvious differences
in leaf uric acid levels between Col-0 and xdh1-2, presumably
because uric acid accumulation is toxic to plants (Hauck et al.,
2014); therefore, it is probably rapidly catabolized. In this con-
text, AFO formation in mesophyll cells of xdh1 mutant plants
provides a convenient visual marker to report spatiotemporal
purine catabolic flux, therefore indirectly reflecting the level of
uric acid production in mesophyll cells of wild-type plants under
the same conditions.

The fact that ROS rapidly accumulates in infected plant cells
during incompatible interaction with pathogens indicates a de-
liberate imbalance of the cellular redox system such that a large
amount of ROS can be exploited for pathogen killing. Upon
perception of invading pathogens, in addition to a rapid oxidative
burst in the apoplast of infected cells following the activation of
RbohD (Kadota et al., 2014; Li et al., 2014b), activation ofmitogen-
activatedproteinkinasecascadesalso leadstomassivechloroplast-
originated ROS production, resulting in HR cell death (Liu et al.,
2007b). This implies that mitogen-activated protein kinase signaling
may perturb chloroplast physiology and biochemistry formore ROS
production and/or attenuates the ROS scavenging system, likely
including downregulation of purine catabolism to allow ROS
accumulation.

Consistent with this notion, several recent studies have
revealed the chloroplast to be amajor virulence (effector) target of
various pathogens (Jelenska et al., 2007; Li et al., 2014a; Petre

et al., 2016). It is particularly worth noting that ROS production in
chloroplasts plays an early and important role in PTI signaling and
is therefore a target for suppression by a subset of effectors of the
virulent bacterial pathogen Pseudomonas syringae pv tomato
(Pst) strain DC3000 (de Torres Zabala et al., 2015). It is also
possible that virulent bacteria may hijack the purine catabolic
pathway to enhance production of antioxidant uric acid,
thereby suppressing chloroplast-based ROS production. Fu-
ture testing of xdh1 and wild-type Col-0 plants with bacterial,
fungal, or oomycete pathogens that invade mesophyll cells
will be revealing.

The Dual and Opposing Roles of XDH1 in ROS Metabolism

Our results demonstrate that XDH1 contributes to H2O2 pro-
duction in epidermal cells to fight haustoria, whereas it produces
uric acid to scavenge chloroplast H2O2 in mesophyll cells to
minimize oxidative damage. Thus, XDH1 is a yin-yangproteinwith
dual and opposing roles in ROS metabolism in Arabidopsis and
likelyotherplants, given thehigh level of sequenceconservation in
XDHs across kingdoms. A critical question is how the opposing
roles of XDHs are realized in plants. In mammals, the post-
translational XDH-XO conversion is thought to provide such
a functional switch (Vorbach et al., 2003). However, for organisms
whose XDHs lack such a posttranslational modification mecha-
nism, the above question has remained to be answered. Based on
the results from this study, we propose that spatially distinct
substrate availability in epidermal cells (NADH/O2) and mesophyll
cells (xanthine/NAD+) specifies the two opposing roles of XDH1 in
ROSmetabolism (Figure9).Ourspeculation thatNADHmaybe the
main substrate of XDH1 for generation of O2

$– and then H2O2 in
epidermal cells is based on the following circumstantial evidence.
First, recombinant XDH1 exhibits exceptionally high NADH oxi-
dase activity (the highest among several native and recombinant
XDHs fromdifferent organisms) in generatingO2

$– (Zarepour et al.,
2010), and not only Arabidopsis XDH but also tomato XDH
possesses NADH oxidase activity (Yesbergenova et al., 2005).
Second, O2

$– is produced in epidermal cells of barley invaded by
powdery mildew (Huckelhoven and Kogel, 1998), and O2

$– can be
converted to H2O2 by superoxide dismutase or spontaneously in
plant cells (Lamb and Dixon, 1997). This inference is also com-
patible with the notion that early salicylic acid-dependent defense
signaling results in cellular redox changes from an initial more
oxidizing environment to a more reducing environment due
to the accumulation of antioxidants (likely including NADH)
(Vanacker et al., 2000; Mou et al., 2003). Finally, XDH1 is ex-
pressed in epidermal cells, although its expression seemed to
be lower than that in mesophyll cells (Supplemental Figures 8B
and 8C). Thus, it appears that the intrinsic capacity of XDH1 in
producing O2

$– via its NADH oxidase activity (Yesbergenova
et al., 2005; Zarepour et al., 2010) and generating antioxidative
uric acid via its basic xanthine dehydrogenase activity (Nakagawa
et al., 2007; Brychkova et al., 2008b) underscores the biochemical
basis of XDH1’s yin and yang roles inmesophyll and epidermal cells,
respectively.
Whysucha functional specialization for XDH1? It is conceivable

that epidermal cells constitute the first andmajor battleground for
fighting against pathogen invasions. Thus, it is essential that
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epidermal cells possess the capacity to produce adequate H2O2

to kill invading pathogens. By contrast, the major function of
mesophyll cells is to conduct photosynthesis, hence having
a capacity to remove excessiveROSderived fromphotosynthesis
and/or induced by various abiotic/biotic stresses is of paramount
importance for mesophyll cells. Thus, it is likely that purine
catabolism—aubiquitousprocess for nutrient recyclingbydefault
wherein XDH performs its basic enzymatic function in hydroxyl-
ation of (hypo)xanthine—may be co-opted and geared up to
produce more uric acid as a ROS scavenger in mesophyll cells
especially during stress states. Our observations in this study
support this hypothesis. First, there were more AFOs (reporting
xanthine accumulation, which in turn reflects higher purine cat-
abolic activity) in mature leaves/plants, which are more active
in photosynthesis compared with young leaves/plants, indicating
apositivecorrelationbetweenpurinecatabolismandphotosynthesis.
Second, xdh1 mutant plants exhibit powdery mildew-inducible and
age-dependent AFO formation and chloroplast-H2O2 accumu-
lation (Figures 5A and 6) presumably due to insufficient uric acid
production in mesophyll cells. Third, exogenous uric acid could
prevent or significantly reducechloroplast-H2O2accumulation in
leaves of xdh1-2 (Figures 5C and 5D), supporting a role of en-
dogenous uric acid in scavenging chloroplast-generated H2O2.

Apart from a spatial correlation between purine catabolic ac-
tivities and photosynthesis, we also obtained several lines of
evidence to suggest likely crosstalk between defense signaling
and purine catabolism as reported by AFO formation in xdh1-2.
First, we observed local induction and amplification of xanthine

accumulation in leaves by powdery mildew infection and/or en-
hancedRPW8 expression (Figure 4; Supplemental Figures 10 and
11), suggesting that purine catabolism is likely upregulated in the
neighboring mesophyll cells of defense-active cells in both xdh1
mutant and wild-type plants. Consistent with this, both exoge-
nous H2O2 and powdery mildew infection could elevate XDH1
expression in Col-0 (Supplemental Figure 12). Second, local
powdery mildew infection was able to induce xanthine accumu-
lation as reported by AFO formation and chloroplast H2O2 ac-
cumulation in distal uninfected tissues of xdh1-2 (Figure 4),
mirroring the SAR-associated low-frequency micro-oxidative
burst in mature wild-type plants (Alvarez et al., 1998). Last and
more important, systemic upregulation of purine catabolism as
reported by AFO formation in xdh1-2, just like SAR, requires the
key salicylic acid signaling component EDS1 (Figure 4). Thus,
a logical inference is that concomitant with the activation of local
andsystemicdefense,purinecatabolic activity isalsoupregulated
through an unknown mechanism, leading to elevated production
of uric acid, which may be utilized to remove excessive ROS
generated in the respective affected mesophyll cells to delimit
defense responses. Currently, the chemical composition of AFOs
from xdh1mutants isnot known,except that theycontain xanthine
crystallines, nor is it clear whether there is any compositional
difference between AFOs formed in different genetic backgrounds
or under different stress conditions. More detailed mass spec-
trometry analysis is needed in the future to resolve these questions.
More importantly, given the opposing roles of XDH1 in epidermal
cells versus mesophyll cells, future challenges are to understand

Figure 9. A Working Model for the Opposing Roles of XDH1 in Epidermal and Mesophyll Cells.

Based on our data from xdh1mutants (A), we propose the followingworkingmodel (B) to illustrate the dual functions of XDH1. In powderymildew-infected
epidermal cells, following activation of SA-dependent defense signaling (which leads to NADH generation), XDH1 mainly functions as NADH oxidase to
produceO2

$– that is dismutated toH2O2, thereby contributing toH2O2 enrichment in haustorial complexes as part of a basal defense response. By contrast,
XDH1 inmesophyll cells carries out its basic enzymatic activity to convert (hypo)xanthine to uric acid. Uric acid is transported via an unknownmechanism to
chloroplasts where it protects chloroplasts from stress-induced oxidative damage by scavenging excessive ROS, thereby dampening oxidative bursts in
local aswell as systemic tissues.Ourdataalsosuggest thatpurinecatabolismmaybe intrinsically gearedup (↑)withplant defense responsessuch thatwhile
adequate H2O2 is produced by XDH1 and other oxidases in the epidermis for fighting against pathogen invasion, more uric acid is produced by XDH1 in
affected mesophyll cells that scavenge stress-induced H2O2, thereby confining local and systemic defense response.
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how Arabidopsis XDH1 (and its functional counterparts in other
plants species) might modulate plant defense against pathogens
that also invade mesophyll cells and how purine catabolism in
general is mechanistically connected with defense regulation.

METHODS

Plant Materials, Growth Conditions, and Transformation

Seeds were sown on autoclaved Metro-Mix 360 soil and were cold
treated (4°C for 2 d) before seed germination and seedling growth for;2 to
3 weeks under 75% relative humidity in short-day conditions (8 h of
light;125mmol$m22$s21 fromSylvaniafluorescent tubesand16hofdark,
22°C). Seedlings were then transplanted individually and maintained in
short-day conditions for 4 to 6 additional weeks before treatment, unless
indicated otherwise. Plants of Arabidopsis thaliana accession Col-0 (or
Col-gl derived from Col-0) or indicated mutant lines were used for Agro-
bacterium tumefaciens-mediated transformation of DNA constructs
(Clough and Bent, 1998). The loss-of-function single and double mutant
lines foratrobhD andatrbohF (Kwaket al., 2003) and theeds1-2null allele in
the Col-0 background were crossed with xdh1-2 to make xdh1 rbohD and
xdh1 rbohF, xdh1 eds1 double, and xdh1 rbohD rbohF triple mutant lines.
Theprimers used for genotyping xdh1-2are listed inSupplemental Table 1.
Because the double (except xdh1 eds1) and triple mutants show poor
growth performance and some die before maturation in soil, we used the
following growth scheme for preparation of big close-to-wild-type-size
plants. Seeds of mutant lines and Col-0 were sterilized and sown on 0.53
MS-agar plates. Seedlingswere grown in 0.53MS-agar plates for 4weeks
and then transplanted into sterile soil and maintained under short-day
conditions with a high relative humidity (;90%) until treatment.

Isolation and Cloning of drf1-1

The three drf1 mutants were isolated from an EMS-mutagenized M2
population (;50,000M2plants derived from10,000M1plants) derived from
R2Y4, a Col-0 transgenic line homozygous for the PRPW8.2:RPW8.2-YFP
transgene (Wang et al., 2009) according to an established EMS muta-
genesis protocol (Kim et al., 2006). Thedrf1-1mutantwas crossedwith Ler
to derive a segregating F2population formappingofdrf1-1. About 3000F2
individuals were used to fine-map the drf1-1mutation in an;40-kb region
in chromosome 4 by using various PCR-based markers (Supplemental
Table 1). All genes located in the drf1-1 region were sequenced to reveal
that drf1-1 occurred in XDH1 (At4g34890). Genetic complementation of
drf1-1 with the wild-type XDH1 and targeted silencing of XDH1 using
artificial microRNA (amiRNA) genes further confirmed that DRF1 is XDH1.
One XDH1 knockdown allele in the SALK_148364 line had been reported
earlier (Yesbergenovaet al., 2005)andwasdesignated xdh1-1 in this study.
The xdh1 alleles in the GK-049D04, drf1-1, drf1-2, and drf1-3mutant lines
were named xdh1-2, xdh1-3, xdh1-4, and xdh1-5, respectively. To make
the XDH1 constructs, we first used primers XDH1-tpF and XDH1-R to
amplify the genomic sequence of XDH1, cloned it into the Gateway-
compatible pENTR/D-TOPO vector, and then shuttled it to the binary
vector pEG100 under control of the 35S promoter (Earley et al., 2006). The
amiRNA fragments targeting XDH1 were amplified and cloned into
binary vector pBTEX. All constructs generated by PCR were verified by
sequencing. Primers for making the XDH1 constructs and amiRNA con-
structs are listed in Supplemental Table 1.

Pathogens, Inoculation, and Quantification of Disease Susceptibility

Powdery mildew isolates Golovinomyces cichoracearum UCSC1 (Gc
UCSC1) and Gc UMSG1 were maintained on live eds1-2 plants and sow

thistle plants, respectively, in separate growth chambers. Inoculation,
visual scoring, and quantification of disease susceptibility in number of
conidiophores per colony or total number of spores per milligram of leaf
tissue or total hyphal length were performed as previously described (Xiao
et al., 2005;Wen et al., 2011). Induction of AFOswas examined at 3 dpi and
other times under a Zeiss Axio microscope coupled with an HBO 100
microscope illumination system.

In Situ Detection of H2O2 Accumulation and Cell Death

DABstainingwasused to assessH2O2 production andaccumulation in the
haustorium-invaded cells and mesophyll cells, aniline blue staining was
used to reveal callosedeposition in the fungal penetration sites and around
the haustorium, and trypan blue staining was used to visualize host cell
death and/or fungal structures as previously described (Wang et al., 2009).

Gene and Protein Expression and Subcellular Localization and
Imaging Analyses

Total RNAwas extracted from leaf tissues using Trizol reagent (Invitrogen).
cDNA was synthesized using SuperScript III First-Strand Synthesis
SuperMix (Invitrogen). Quantitative real-time-RT-PCR was performed
using Taqman technology as described (Xiao et al., 2005). Conventional
RT-PCR was used to assess if XDH1 is expressed in the xdh1-2 knockout
mutant. For XDH1 promoter-GUS analysis, a 1.6-kb fragment upstream of
the ATG start codon of XDH1 was amplified by primers EcoXDH1-npF
and EcoXDH1-npR, and T/A cloned into pCX-GUS-P (Chen et al., 2009).
Col-0 transgenic lines expressing the resulting promoter-GUS construct
were subjected to GUS activity assays. To determine where XDH1 is lo-
calized, the XDH1 genomic DNA was amplified by primers XDH1-tpF and
XDH1-nstopR, or XDH1-tpF and XDH1-R, and cloned into the Gateway-
compatible pENTR/D-TOPO vector (Life Technologies) and then shuttled
to binary vector pEG101whereXDH1was in-frame fused to addYFPat the
C terminus of XDH1, or to binary vector pEG104 (Earley et al., 2006), where
XDH1 is in-frame fused to add YFP at the N terminus of XDH1. Both
constructswere under control of the 35S promoter. To express YFP-XDH1
from the native promoter of XDH1, the YFP-XDH1 chimeric gene was
amplified from the YFP-XDH1 fusion construct cloned in pEG104 with
appropriate primers and T/A cloned into the binary vector pCX-DG (Chen
et al., 2009) downstreamof the 1.6-kb 59 regulatory sequence ofXDH1 that
was inserted into the EcoRI site of pCX-DG. To determine if XDH1 is
partitioned between soluble and membrane fractions, XDH1 was cloned
into pEG201 containing theHA epitope (Earley et al., 2006) and leaf tissues
of aCol-0 line transgenic for35S:HA-XDH1wereused for extractionof total
proteins,whichwere thenseparated intosolubleandmembrane fractionby
ultracentrifugation (30,000g for 2 h), followed by immunoblot analysis
using anti-HA antibody. All constructs generated by PCR were verified by
sequencing and introduced into drf1-1, xdh1-2, and Col-0 by stable
transformation. The expression and localization of the fusion proteinswere
examined by confocal microscopy using a Zeiss LSM710 microscope
(Wang et al., 2013). Subcellular localization of RbohD in haustorium-
invaded cells was determined using the Col-0 line expressing GFP-RbohD
from the native promoter (Hao et al., 2014). Confocal image files were
processed using the ZEN software (2009 edition) from Carl Zeiss and
Adobe Photoshop CS4.

Pharmacological Treatments

For inhibition of xanthine dehydrogenase activity, Arabidopsis Col-0 seed-
lingswere grownon0.53MS-agar plates containing 0.25mMallopurinol
for 3 weeks before examination for AFO formation under a Zeiss Axio
microscope. In addition, 0.25 mM allopurinol was injected into leaves of
4-week-old Nicotiana tabacum plants; AFO formation was examined
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2 weeks after treatment. For uric acid treatment, leaves were detached
from 6-week-old Col-0 plants and inserted (with their petioles) into 0.53
MS-agar medium containing 50, 100, or 200 mM uric acid. After in-
cubation for 4 weeks (with one transfer per week to fresh media con-
taining the same concentration of uric acid), the leaves were subjected
to DAB staining for visualizing H2O2 production and accumulation.
To assess the enzymatic sources of H2O2 produced in the haustorium-
invaded epidermal cells, 100 mM DPI and/or 2 mM DFO or buffer (sterile
H2O) was infiltrated using a needleless syringe into detached, fully ex-
panded leaves of 8-week-old Col-0 plants via the base of the leaves.
The infiltrated leaveswere inserted (with their petioles) into0.53MS-agar
plates and incubated for 4 to 5 h before inoculation with powdery mildew
Gc UCSC1 or Gc UMSG1. The leaves were subjected to DAB staining
at ;50 hpi.

Isolation, Purification, and Characterization of AFOs

Mature leaves of 12-week-old leaves of xdh1mutant or Col-0 wild-type
plants were ground into powder in liquid nitrogen. The leaf powder was
resuspended in sterile water (0.1 g powder/mL water) and subjected to
sucrose gradient (100, 80, 60, and 40%) centrifugation for AFO puri-
fication. The corresponding leaf extract fromCol-0was used as control.
TheAFO-containing samplewas used for testing different reagents and
conditions for dissolving AFOs. These include 0.5 units/mg protease
(P6911; Sigma-Aldrich), 20 units/mg proteinase K (25530015; In-
vitrogen), 10% SDS (L6026; Sigma-Aldrich), 2% Triton X-100 (Sigma-
Aldrich), and 1% Nonidet P-40 (L9080650; US Biological). For
measuring xanthine content in leaf powder or purified AFOs, the
samples were dissolved in Tris-HCl buffer (100 mM, pH 8.0) and
subjected to HPLC-MS analysis using xanthine (CAS 69896; Sigma-
Aldrich) as standard.

Detection of Xanthine by HPLC or LC-MS

Xanthine was extracted from leaf tissues according to the method of
Gilmore and Bjorkman (1994) with minor modifications. Xanthine sam-
ples were analyzed on an Elite LachromHPLC system and detected with
a DAD L-2450 detector. Xanthine was detected based on its retention
time, absorption spectrum, and coelution with standard xanthine added
in 1:1 ratio to the samples to be analyzed. The concentration of xanthine
was estimated based on the HPLC calibration curve obtained with pure
xanthine.

For identification and quantification of xanthine in AFO-related
samples, the atmospheric pressure ionization time-of-flight mass
spectrometer (AccuTOF; JEOL) equipped with an APCI ion source
at a resolving power of 6000 (FWHM) and coupled with an Agilent
1100 HPLC system was used. The AccuTOF MS settings were as
follows: needle voltage = 4000 V, desolvating chamber temperature =
400°C, orifice 1 temperature = 100°C, orifice 1 V= 30 V, orifice 2 = 5 V,
ring V = 10 V.

For the liquid chromatography elution, the mobile phase com-
posed of 0.1% formic acid solution and methanol was used in the
positive mode. The elution was performed as follows: the concen-
tration of solvent (i.e., methanol) was kept at 5% for 20 min. An
Agilent TC-C18 column (4.63 250 mm, particle size 5 mm) was used
in the liquid chromatography experiments, and the flow rate was set
to 0.50 mL/min. The UV wavelength range was from 190 to 400 nm.
The injection volume was 10 mL. Xanthine or hypoxanthine in the
tested samples was identified by its molecular mass matching to
the molecular weight of the standard xanthine (CAS 69896; Sigma-
Aldrich) or hypoxanthine (CAS 68940; Sigma-Aldrich), respectively.
Adonitol (A5502; Sigma-Aldrich) was used as an internal standard to
normalize all measurements.

Expression and Enzymatic Assays of XDH1 Variants

ForgenerationofXDH1variants inavector for proteinexpression inPichia
pastoris, PCR-based site-directed mutagenesis was performed using
the pPICZA/AtXDH1 construct (Hesberg et al., 2004) as template and
specific primers that contained the desired mutation (Supplemental
Table 1). The resulting PCR fragments were cloned into KpnI and
ApaI restriction sites of pPICZA (Invitrogen) to generate the vector
constructs pPICZA/XDH1-G48D, pPICZA/XDH1-R941Q, and pPICZA/
XDH1-T1061I. Correctness of the respective XDH1-cDNAs was con-
firmed by sequence analysis at MWG-Biotech. Transformation of XDH1
constructs intoP. pastorisKM71mutswas performed by electroporation
according to the EasySelect Pichia expression kit manual (Invitrogen).
Confirmation of the respective XDH1-cDNAs in Zeocin-resistant colo-
nies was performed by PCR and DNA gel blotting. Recombinant ex-
pression of His6-tagged XDH1 and its variants in P. pastoris and
standard purification were performed as described previously (Zarepour
et al., 2010).Concentrationof the total solubleproteinwasdeterminedby
use of Roti Quant solution (Roth) according to Bradford (1976). XDH
activity of recombinant XDH1 and its variants was visualized after
electrophoresis of proteins in native 7.5% polyacrylamide gels ac-
cording to Hesberg et al. (2004). The staining solution for the basic
XDH activity contained 1 mM hypoxanthine as substrate, 1 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 0.1 mM
phenazine methosulfate (PMS) in 250 mM Tris-HCl, pH 8.5. To demon-
strate the production of superoxides, the staining was done likewise but in
the absence of PMS. The staining solution for detection of NADH oxidase
activity contained 0.25 mMNADH as substrate and 1 mMMTT in 250 mM
Tris-HCl, pH 8.5. For both, the basic XDH activity as well as the production
of superoxides, each lane of the native PAGE gel was loaded with 2 mg
recombinant protein. Due to generally lower staining intensities, NADH
oxidase activity was analyzed after electrophoresis of 10 mg recombinant
protein per lane. The relative densities of the resulting activity bands were
determined by using ImageJ software version 1.48 from the National
Institutes of Health (http://imagej.nih.gov/ij). The specific activity of
the xanthine/NAD+-dependent activity of XDH1 was determined by
measuring the rate of oxidation of xanthine to uric acid at 295 nm using
an absorption coefficient of 9.6 mM21 cm21 as described previously
(Zarepour et al., 2010).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AF273059 (RPW8.2), AT4G34890 (Arabidopsis XDH1),
AT4G34900 (Arabidopsis XDH2), NP_000370 (human XDH), NP_524337
(Drosophila melanogaster XDH), NP_500531 (C. elegans XDH), EDQ74505
(Physcomitrella patens XDH), EEY63796 (Phytophthora infestans XDH),
CCD52002 (Botrytis cinerea XHD), CCU77189 (Blumeria graminis f. sp
hordei XDH), AAT81740 (Oryza sativa XDH), AT5G47910 (Arabidopsis
Respiratory Burst Oxidase Homolog D, RbohD), and AT1G64060 (Arabi-
dopsis RbohF),
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