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Summary:

The absence of remobilized purine-degraded N from older to the young growing leaves is the cause for
senescence symptoms, a result of higher chloroplastic protein degradation in older leaves of nitrate
starved Atxdh1 plants.
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ABSTRACT

The nitrogen rich ureides allantoin and allantoate, are known to play a role in nitrogen delivery in
Leguminosae, in addition to their role as reactive oxygen species scavengers. However, their role as a
nitrogen source in non-legume plants has not been shown. Xanthine dehydrogenasel (AtXDH1) activity
is a catalytic bottleneck step in purine catabolism. Atxdh1l mutant exhibited early leaf senescence, lower
soluble protein and organic-N levels as compared to wild-type (WT) older leaves when grown with 1 mM
nitrate, whereas under 5mM, mutant plants were comparable to WT. Similar nitrate-dependent senescence
phenotypes were evident in the older leaves of allantoinase (Ataln) and allantoate amidohydrolase (Ataah)
mutants, impaired in further downstream steps of purine catabolism. Importantly, under low nitrate
conditions, xanthine was accumulated in older leaves of Atxdhl, whereas allantoin in both older and
younger leaves of Ataln but not in WT leaves, indicating remobilization of xanthine degraded products
from older to younger leaves. Supporting this notion, ureide transporters UPS1, UPS2 and UPS5 were
enhanced in older leaves of 1 mM nitrate-fed WT as compared to 5 mM. Enhanced AtXDH, AtAAH and
purine catabolic transcripts, were detected in WT grown in low nitrate, indicating regulation at protein
and transcript levels. Higher nitrate reductase activity in Atxdhl than WT leaves, indicates their need for
nitrate assimilation products. It is further demonstrated that the absence of remobilized purine-degraded N
from older leaves is the cause for senescence symptoms, a result of higher chloroplastic protein

degradation in older leaves of nitrate starved Atxdh1 plants.
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INTRODUCTION

In plants, the degradation of purine compounds starts with the conversion of adenosine monophosphate
(AMP) to inosine monophosphate (IMP) by AMP deaminase (AMPD, EC 3.5.4.6), which leads, by
multiple pathways, to the production of oxypurines such as xanthine and hypoxanthine (Yoshino et al.,
1979; Xu et al., 2005; Zrenner et al., 2006; Sabina et al., 2007). In the degradation pathway, xanthine is
initially oxidized to urate, that is further converted by urate oxidase (UO, EC 1.7.3.3) and a transthyretin-
like protein to allantoin, the main end product in most mammals (Zrenner et al., 2006; Reumann et al.,
2007; Werner and Witte, 2011; Hauck et al., 2014). Conversely, plants possess a set of enzymes which
further break down allantoin to ureidoglycolate, catalyzed by allantoinase (ALN, EC 3.5.2.5), allantoate
amidinohydrolase (AAH, EC 3.5.3.9.) and ureidoglycine aminohyrolase (UGIyAH, EC 3.5.3-.) (Werner
et al., 2010, 2013). The ureidoglycolate amidohydrolase (UAH, EC 3.5.1.116.) converts ureidoglycolate
to the basic metabolic building blocks, glyoxylate and ammoinium (Werner et al., 2013). The release of
four ammonium molecules, that essentially should be reassimilated, parallel the sequential hydrolysis of
purines (Werner et al., 2010).

Environmental stimuli can induce premature leaf senescence (Miller et al., 1999; Munne-Bosch
and Alegre, 2004; Pageau et al., 2006; Lim et al., 2007). Natural leaf senescence occurs in a coordinated
manner (Lim et al., 2003); it starts from inhibition of leaf expansion (Diaz et al., 2005), followed by
induction of metabolic changes that result in nutrient degradation and remobilization (Pate, 1980;
Simpson et al., 1983). This strategy of recycling endogenous nutrients from the senescing leaves can be
used by plants to maintain growth of younger leaves and reproductive organs under nutrient-limiting
stress (Aerts, 1990; Buchanan-Wollaston and Ainsworth, 1997; Hortensteiner and Feller, 2002; Eckhardt
et al., 2004). In the senescing leaves most nitrogen is contained in proteins (Masclaux-Daubresse et al.,
2010), but the nucleobases such as purines are also rich in nitrogen (Thomas et al., 1980; Atkins et al.,
1982; Schubert, 1986; Brychkova et al., 2015) and thus may be a source for nitrogen (N) recycling. In
legumes the N fixed in the form of ureides was indeed shown to be translocated from the nodules, where
the ureides are synthesized de novo, to the aerial plant tissues where they are degraded and used as N
source (Stebbins and Polacco, 1995; Smith and Atkins, 2002b; Todd et al., 2006). A role for nucleic
acid/purine degradation products in plant nitrogen metabolism was presented also in non N-fixing
legumes. The recycling of nucleic acids in tissues undergoing stress-induced pre-mature senescence was
considered as a possible source for ureides increase in non-nodulated common bean plants (Alamillo et
al., 2010). Impressively, the high levels of ureides evident in shoot and leaves of non-nodulated
Phaseolus vulgaris plants fertilized with nitrate was suggested to be the result of remobilized N from

senescent leaves to be employed for new growing tissue (Diaz-Leal et al., 2012).
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98 Interestingly, uric acid, allantoin, and allantoate, the products of purine degradation, were shown

99  to be able to serve as sole nitrogen sources during the growth of Arabidopsis plants when supplemented
100  externally to the growth medium (Desimone et al., 2002; Todd and Polacco, 2004; Nakagawa et al.,
101  2007). However, it was claimed that Arabidopsis plants grown on allantoin did not seem to perceive it as
102  agood sole N source (Werner et al., 2008) exhibiting a reduced growth (Desimone et al., 2002).
103 We have previously demonstrated that aging and extended darkness activates the purine
104  catabolism pathway to accumulate ureides, which act as antioxidants against oxidative stress, and delay
105  pre-mature and natural senescence in Arabidopsis leaves (Brychkova et al., 2008). Yet, the role of the
106  senescence-induced purine degradation products such as ureides (Brychkova et al., 2008) has not been
107  fully examined in plants and no functional analysis employing relevant mutants has yet proved that purine
108  degradation products has a role in nitrogen metabolism. The fact that leaf senescence is paralleled by a
109  decrease in RNA (Crafts-Brandner et al., 1996; Crafts Brandner et al., 1998) and an increase in the level
110  of uriedes, whereas enzymes/transcripts of genes involved in the purine degradation pathway are up-
111  regulated during leaf senescence (Brychkova et al., 2008), gives more than a clue as to the involvement of
112 RNA degraded products in N metabolism (Werner and Witte, 2011, Have et al., 2016).
113  To examine the role of purine degraded metabolites as an important nitrogen source in Arabidopsis plant
114  development, the knockout mutants Atxdhl, Ataln and Ataah defective in Xanthine dehydrogenase
115  (XDH1), Allantoinase (ALN) and Allantoate amidohydrolase (AAH) expression respectively, were studied
116  under sufficient and limited nitrogen conditions. Under nitrogen deficient conditions the purine
117  degradation pathway is activated on transcript and protein levels to provide an additional source of
118  nitrogen from older senescent leaves to the young leaves. Growth of the purine catabolism mutants under
119 nitrate limitation resulted in premature senescence symptoms in old leaves, but not in those of WT plants.
120  In contrast, sufficient supply of nitrate resulted in almost full disappearance of the premature senescence
121 symptoms, with parallel enhancement of the organic nitrogen and soluble protein content in the mutant
122 older leaves. This was achieved by higher nitrate reductase activity in Atxdhl than WT leaves. Further, it
123 was demonstrated that the absence of remobilized purine-degraded N from older leaves is the cause for
124  senescence symptoms, a result of higher degradation of chloroplastic proteins, such as Rubisco large
125  subunit and D1, the component of the reaction center of PSII, in older leaves of nitrate starved Atxdhl
126 plants.

132 RESULTS

133 High nitrate supplementation prevents senescence symptoms in Atxdhl older leaves

134 Previously it was shown that a mutation in AtXDH1, a key enzyme in the purine catabolism procees,

135  confers early leaf senescence (Brychkova et al., 2008). To examine the role of purine degraded
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136  metabolites as an important endogenous nitrogen source, the effect of sufficient and limited nitrogen
137  supplementation to the knockout mutants Atxdhl, Ataln and Ataah defective in XDH1, ALN and AAH,
138  respectively was studied with 25 days old plants. Total chlorophyll levels in Atxdhl, Ataln and Ataah
139  mutants old leaves supplemented with low nitrate (1 mM) were lower than in wild type (WT) old leaves,
140  whereas no difference was noticed in the young leaves. Importantly, increasing nitrate levels in the
141 growth medium (5 mM) enhanced the total chlorophyll level in the mutants old leaves (Fig. 1AB,
142 Supplementary Fig. S1). Additionally, the senescence marker Cys protease senescence-associated gene 12
143 [SAGI12 (Gepstein et al., 2003)], the chlorophyll-degradation gene ACD2 [accelerated cell death? (Tanaka
144 et al., 2003)] and stay-green proteinl [SNG1 (Park et al., 2007)] were significantly upregulated in the old
145  leaves of the mutants supplemented with the lowest nitrate level as compared to WT, but not in mutants
146  old leaves in plants grown with high nitrate (Fig. 1C, Supplementary Fig. S1 C, D). These results indicate
147  that limited nitrate supply resulted in enhanced chlorophyll degradation in mutants impaired in purine
148  catabolism genes. This is likely due to a shortage of endogenous nitrogen sources in the mutant lines that
149  could be repaired by higher nitrate supplementation.
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Figure 1. Effects of different nitrate levels, supplemented to the growth medium of WT (Col) and Atxdh1
mutant, on senescence symptoms in leaves. Leaf appearance (4) from left to right is young to old where the
first and last 4 leaves are designated ‘young' and ‘old’, respectively. Total chlorophyll (B) content. Relative
expression {C) of senescence marker transcripts in old leaves of SAGT2 (Suppressor of overexpression of Cys
protease senescence-associated gene 12), ACD2 (accelerated cell death?), SGN{ (stay-green protein 1)
(AtbG45890, At4G3T000, At4G22920, respectively). The data of chlorophyll content represent the mean obtained
from a representative experiment from six independent biological replications. Values denoted by different letters
are significantly different (Tukey-Kramer HSD test, P < 0.05). The expression of each transcript was compared
with the young leaves of WT in 5 mM nitrate treatment after normalization to EF-1a transcript (AtSg60330).
Values marked with asterisk denotes significant difference (T-test, n=3, P < 0.05) between treatment and
genotypes for each transcript and the data represent the mean obtained from 3 independent experiments. Afxdh?
are SALK_148366 and GABI_049004 T-DMA mutants

150

151 Atxdhl mutation confers lower organic nitrogen and soluble protein levels, but higher RNA
152  than in WT old leaves grown under N deficiency

153  Levels of total nitrogen in its various forms, are key physiological indicator of plant health.
154  Examination of nitrogen (N) levels in the young and old leaves grown under low (ImM) and high
155  (5mM) nitrate, revealed a total N decrease in WT and Atxdhl leaves with decreasing nitrate
156  application. However, total nitrogen (N) level was significantly lower in old leaves of Atxdhl mutant

157  as compared to WT (Fig. 2A). Importantly, under the low nitrogen supplementation the organic N
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158  level was considerably lower in the old and young leaves of the Atxdhl mutant as compared to WT
159  (decrease of 1.03 and 0.83 mmol N per g DW, respectively), whereas, no significant difference was
160  noticed between the leaves of these two genotypes when fed with high nitrate (Fig. 2B). This indicates
161  that under low nitrate conditions the mutation in XDH1 stimulates the degradation of organic nitrogen and
162  protein in the older leaves (Fig. 2), to supply nitrogen essential for the growth of the younger leaves. This
163  is consistent with the early senescence phenotype in mutant older leaves and its absence in the younger
164  leaves, albeit the organic N in the latter was lower than in WT, but still significantly higher as compared
165  to the old leaves in Atxdhl plant grown under low nitrate supply (Fig. 1, 2).

166  The high nitrate application resulted in increased nitrate content in the young and old WT and Atxdhl
167  leaves, being lower in young leaves of Atxdhl mutant as compared to WT plants (Fig. 2C). The
168  significantly lower nitrate accumulation in Atxdh1 younger leaves is indicative for a higher rate of nitrate
169  assimilation in the mutant younger leaves, to overcome the absence of ammonium, originated from
170  unimpaired purine catabolism and employed for organic N biosynthesis in WT. Indeed, the ammonium
171 content in the Atxdhl mutant was similar as in the WT grown under high nitrate conditions (Fig. 2D)
172  indicating that nitrate was assimilated to ammonium, to be incorporated into organic molecules
173 (Somerville and Ogren 1980; Joy 1988; Stitt, 1999; Wang et al., 2003, Coruzzi 2003). Interestingly, total
174  soluble protein content in young leaves was similar in WT and mutant plants being significantly
175  higher than the old leaves of both genotypes. Yet, soluble proteins were significantly lower in old
176  leaves of 1mM nitrate fed mutant plants as compared to WT [decreased by 33% (by 0.13 mg soluble
177  protein per g FW)], the latter having similar soluble protein levels as the 5 mM supplied WT and
178  mutant plants (Fig. 2E). The lowest soluble protein and organic N in old leaves of the mutant fed with
179  low nitrate (Fig. 2B, E) is indicative for remobilization of degraded protein products from these

180 leaves.
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Figure 2. Effects of different nitrate levels on total N (A), total organic N (B), nitrate (C), ammonium (D),
soluble protein content (E) and total RMA content (F) in old and young leaves of WT (Col) and Atxdh1
mutants. Plants were grown until 25 days old in nitrogen deficient soil supplemented with one-half strength
Hoagland nutrient solution supplemented with 1 or 5mM MNaMO; as the only N source. The data represent the
mean obtained from six independent experiments. The values denoted with different letters are significantly
different according to the Tukey- Kramer HSD test, (F < 0.05). Different upper case letters in inserts (A) to (D)
indicate differences between treatments. Different capital letters in inserts (E) and (F) indicate differences
between treated young leaves. Different lower case letters in inserts (E) and (F) indicate differences between
treated old leaves. Afxdh! are SALK_148366 and GABI_043004 T-DMA mutants
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182  The estimation of total RNA level does not represent the whole pool of purine degraded compounds,
183  since there are additional purine pools in plants such as nucleosides and bases (eg. AMP, ADP, ATP,
184  GMP, GDP), purine alkaloids (eg. 3-Methylxanthine, 7-methylxanthosine, Theobromine), coenzymes
185 (e.g. NAD, NADP, FAD, coenzyme A) and adenylosuccinate, as well as isopentenyl adenosine
186  monophosphate and more (Meyer and Wagner, 1986; Smith and Atkins, 2002; Koyama et al., 2003;
187  Lange et al., 2007, Sabina et al., 2007; Ashihara et al., 2008; Agrimi et al., 2012) Yet, the RNA
188  estimation is a good indicator for the process, especially when considering the level of the ureides
189  accumulated in Ataln mutants (see below). With this caveat in mind, the significant low RNA level in
190  WT old leaves fed with low nitrate as compared to the RNA levels in WT supplemented with high
191  nitrate or mutant leaves fed with low or high nitrate is indicative for the employment of purine
192  degradation product for N remobilization from these leaves to the upper leaves, where no differences
193 in RNA levels were evident within nitrate treatments or between genotypes (Fig. 2F). Overall, the
194  significant rate of decrease in total N, organic N, and soluble proteins and the higher RNA in the old
195  mutant leaves as compared to WT old leaves in low nitrate fed plants, suggests the neglegible N
196  remobilization from purines and the significant N degradation and remobilization from mutant old

197  leaves proteins.

198  Low nitrogen supplementation confers enhancement of ureide transporter transcripts in
199  old leaves of WT

200  Ureides, the purine degradation products, were shown to be transported from the nodules of legume roots
201  viathe xylem (Collier and Tegeder, 2012) to the shoot (Schubert, 1981). By employing orthologue AtUPS
202  gene expression in yeast and/or xenopus with other than Arabidopsis promoters it was shown that the
203  AtUPS1 acts as xanthine and allantoin permeases whereas AtUPS2 is an uracil, and AtUPS5 is likely
204  more a xanthine and allantoin permease (Desimone et al., 2002; Schmidt et al., 2004, 2006). Recently,
205  AtUPS5 was suggested to act as a key component in allantoin transport to the shoots (Schmidt et al.,
206 2006, Lescano, 2016), whereas AtUPS1 was shown to be significantly up-regulated in adult Arabidopsis
207  shoot as a response to a sudden total nitrogen starvation (Krapp et al., 2011). The lower total RNA level
208 in old leaves of nitrogen starved WT as compared to Atxdhl (Fig. 2F), led us to explore the transcript
209  expression of these UPS transporters. Overall, older leaves had higher levels of all transporters compared
210  to younger leaves. The expression of AtUPS1, AtUPS2 and AtUPS5 was especially high in old WT leaves
211 of plants fed with 1 mM nitrate compared to plants supplemented with 5 mM nitrate or in Atxdhl mutant
212 plants (Fig. 3). Importantly, the expression of AtUPS1 and AtUPS2 in old and young leaves of low nitrate
213 fed Ataln plants was folds higher than in the WT plant, whereas AtUPS5 in old leaves of Ataln was

214 similar as shown in WT supplemented with low nitrate (Fig. 3). These results support the notions of i) the

10
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215  role of AtUPS1, AtUPS2 and AtUPSS5 in mediating ureide transport and ii) ureide remobilization from the
216  old leaves to the young growing leaves of nitrate starved plants. It also suggests that induction of the UPS

217  transcripts is sensitive to the flux of catabolic products and these are lacking in the Atxdhl mutant.
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Figure 3. Transcript expression levels of the ureide permeases, AtUPS1(A), AtUPS52 (B) and AtUPS5 (C),
in old and young leaves of WT (Col), Atxdh1 and Ataln wmutants in response to nitrate level
supplemented to the growth medium. Quantitative analysis of transcripts by real-time RT-PCR was performed
using 25 old plants grown on nitrogen deficient soil supplemented with 1 or 5mM MaMNOs as the only N source.
The expression of each treated line was compared with the young leaves of Col in 5mM nitrate treatment after
normalization to EF-Ta transcript (Atbg60330). The data represent the mean obtained from three independent
experiments (Tukey-Kramer HSD test, P < 0.05). Atxdh? and Afaln are SALK_148366 and SALK_ 013427 T-DMA
mutants respectively.
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219  Xanthine and allantoin catabolism in WT and mutants impaired in purine catabolism

220 In case of catabolic activity substrates are expected to accumulate within the mutant lines for purine
221  catabolism. It is therefore of interest to examine the possibility of differential accumulation in WT and
222 mutants young and old leaves. Importantly, xanthine accumulated chiefly in the old leaves of Atxdhl, was
223 several folds higher than in the young leaves and was significantly higher in old leaves in plants
224 supplemented with low nitrate compared to old leaves of Atxdhl fed with high nitrate. The xanthine level
225  in WT old leaves was folds lower than in the mutant (Fig. 4A). The possible stress effect of xanthine
226  toxicity was examined in leaf discs sampled from 6™ to 10" rosette leaves (counted from the bottom and
227  being without senescence symptoms) exposed to water (mock) and 1mM xanthine or allantoin for 48 h.
228  Anthocyanin accumulation was used as a sign of stress (Chalker-Scott, 1999; Gould et al., 2002;
229  Schussler et al., 2008). Higher anthocyanin levels were evident in the presence of xanthine as compared
230  to allantoin especially in Atxdhl when compared to WT leaf discs (Supplementary Fig. S2). This indicates
231  that xanthine accumulation could contribute to stress and hastening of the senescence phenotype in
232 Atxdhl old leaves supplemented with low N (See in Fig. 1) especially in the absence of ureides (Figure 8a
233 in Brychkova et al., 2008). However, this is likely not the case here (Fig. 1), since no senescence
234 symptoms could be noticed in the xanthine treated leaf discs (See in Supplementary Fig. S2). Moreover,
235  the level of xanthine accumulated in the old leaves of Atxdhl mutant (Fig. 4A) was far lower than the
236 level shown recently in Atxdh1 leaves after 5 successive days in dark [calculated as ~1 pmol g™* FW from
237  Figure 8A in (Schroeder et al., 2017)], where no significant senescence symptoms is claimed to be more
238 in the mutant compared to WT leaves (See Figure 7 in Schroeder et al., 2017). Significantly, only low
239  xanthine levels were evident in the old leaves of Ataln and Ataah mutants and WT plants (Fig. 4A,
240  Supplementary Fig. S3). Yet, the mutants also displayed enhanced senescence symptoms relative to WT
241  under low nitrate conditions (Fig. 1 and Supplementary Fig. S1). This suggests that the absence of the
242 nitrogen rich allantoin (Fig. 4B) degraded products demanded for the young leaf growth, was substituted
243 Dby the degraded product of older leaf chloroplastic-proteins as as can be seen by the higher chlorophyll
244 degradation and senescence marker transcripts SAG12 and SGNL1 in these leaves (Suplementary Fig. S1).
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Figure 4. The levels of xanthine (A), allantoin (B) in old and young leaves of WT (Col), Atxdh1, Ataln
mutants grown in nitrogen deficient soil supplemented with 1 or 5 mM NaMNOs;. ND- not detected. The
data represent the mean obtained from one of 5 independent experiments with similar results. The values
denoted with different letters are significantly different according to the Tukey-Kramer HSD test, (p< 0.05).
Different upper case letters indicate differences between mutants and WT plants. Afxdh? are SALK_148366

245 and GABI_049004, whereas Ataln are SALK_013427 and SALK_146783 T-DMNA mutants.

246  Xanthine accumulation in Atxdhl mutant reports higher purine catabolic activity (Ma et al., 2016). The
247  several folds higher xanthine levels accumulated in Atxdhl old leaves, being the highest in the low nitrate
248  fed plants is thus indicative for the high demand for purine degradation products blocked from being
249  further catabolized and remobilized for young leaf growth (Fig 4A). The low xanthine level in WT old
250 leaves is a result of xanthine degradation and the further consumption of the degraded ureide products, as
251  indicated by the low level of allantoin in the WT and their enhancement in the old leaves of the low
252 nitrate fed Ataln plants (Fig. 4B). Importantly, the negligible allantoin levels evident in Atxdhl leaves,
253  which are at a much lower level than in WT leaves (Fig. 4B), was shown recently by others (Brychkova et
254  al., 2008; Watanabe et al., 2014) and can be explained by a slight XDH activity resulting from AtXDH2
255  or another yet unknown source. Importantly, the levels of allantoin accumulated in both young and old
256 Ataln leaves were much higher than the level of xanthine accumulated in Atxdhl leaves, indicating that
257  the range between the accumulation of xanthine and allantoin, may be an indication for the rate of purine

258  catabolism in WT plants.
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259 Interestingly, while a large difference between older and younger leaves is evident for xanthine
260  accumulation, the ureide accumulation was much less differential (Fig. 4, Supplementary Fig. S3). This
261 indicates that while the initial purine breakdown takes place in the older leaves, the allantoin is readily
262 exported and the subsequent catabolic steps take place in all leaves. This scenario is consistent with the

263 observation of elevated UPS transcript levels in WT older leaves (Fig. 3).

264  The expression of the purine degradation network is up regulated by nitrogen deficiency
265 and down regulated by high nitrate application

266  During natural senescence and dark induced senescence an orchestrated regulation of transcripts related
267  to purine catabolism was observed that includes upregulation of upstream purine catabolism transcripts
268  such as AtXDH1 and AtUOX with parallel downregulation of the downstream transcripts AtALN and
269  AtAAH (Brychkova et al., 2008). We wished to elucidate how the purine catabolism gene network is
270  orchestrated either by N-deficiency induced senescence and/or by sufficient N that prevents senescence in
271  purine mutant leaves. Therefore, the transcripts of the purine-degrading enzymes were analyzed in plants
272 supplemented with low and high nitrate as the only N source. The low nitrate as compared to high nitrate
273  treatment resulted in the increase in transcript expression of purine catabolism genes in WT plants.
274  Whereas AtAMPD, AtAAH and AtALN were increased in old and young leaves, AtXDH1 AtUOX were
275  found to increase only in old leaves (Fig. 5 ). Interestingly, with the exception of the ATXDH1 transcript,
276  Atxdhl mutant showed a similar tendency towards the expression pattern of the purine degradation gene
277  network as the WT (Fig. 5). Importantly, Ataln and Ataah mutants also exhibited a similar general
278  expression tendency as WT and Atxdhl mutant (Supplementary Fig. S4, Fig. 5). Thus, we can conclude
279  that the purine degradation transcript network is generally up regulated by nitrogen deficiency and down

280  regulated by high nitrate application, indicating that the regulation in senescent leaves is more complex.
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Figure 5. Transcript expression of the purine catabolism genes in young and old leaves of WT and
Atedh1 plants supplemented with 1 or 5SmM nitrate as the only N source. Adenosine 5-monophosphate
deaminase (AtAMPD) (A), xanthine dehydrogenase (AfXDH) (B), urate oadase (AfUOX) (C), allantoinase
(AtALN) (D) and allantoate amidinohydrolase (AtAAH) (E) were presented. Quantitative analysis of transcripts by
real-time RT-PCR was performed using WT (Col) and Atxdh? (SALK_148366, GABI_049004) 25 days old plants
grown on nitrogen deficient soil. The expression of each treated line was compared with the young leaves of WT
in &mM nitrate treatment after normalization to EF-7a gene product (At5g60390). The data represent the mean
obtained from three independent experiments. Values denoted by different letters are significantly different
(Tukey-Kramer HSD test, P = 0.05).

Low nitrate supplementation confers enhanced XDH activity and AAH protein in leaves

To examine the levels of protein expression we chose XDH1 and AAH, as representative proteins of the
upstream and downstream components of the purine catabolism, to be estimated by activity gels and

immunodetection, respectively (Fig. 6, Supplementary Fig. S5 A). The results indicated elevated levels of
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286  XDH activity in low nitrate in both old and young leaves (Fig. 6A). NADH dependent superoxide
287  generating activity of XDH, confirmed this result (Supplementary Fig. S5 B).
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Figure 6. The activity of xanthine dehydrogenase (XDH) (A) and immunoblot analysis of allantoate
amidohydrolase (AAH) (B). Protein extracted from old and young leaves of WT (Col) and Afxdh? mutant
(SALK_148366, GABI_049004) grown on 1 mM or 5 mM nitrate as the only N source. The general activity of
XDH in native-503 PAGE gel was detected by using PMS as the electron-carrier intermediate and MTT as
the electron acceptor. AAH protein level was analyzed by immunoblotting employing specific antiserum
against AAH. Protein extracted from Afaah (SALK_112631) mutant leaves was used as the negative contral.
For XDH activity 50 and 100 pg crude protein extracts was loaded per each lane for the old and young
leaves. For AAH analyses equal amount of 100 pg crude protein extracts were loaded per each lane for old
and young leaves respectively. The data represents one of three independent expeniments with similar
results.

290
291 AAH protein expression was evaluated by immunoblotting after native PAGE, employing highly

292 specific antisera (gifted by Claus-Peter Witte). The AAH protein was detected as one band in the WT,
293  verified by being absent in Ataah (Fig. 6B). Interestingly, analyses of AAH levels in WT and in the
294  Atxdhl mutant revealed that the AAH level increased in old and young leaves with decreasing nitrate
295  supplementation (Fig. 6B). These results indicate that XDH1 and AAH protein and activity expression are
296  generally in agreement with the results of the transcript network expression and indicates generation of

297  ureides and their degradation for further deployment of nitrogen during its deficiency (Fig. 6A, B).
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298  Nitrate reductase activity in 18 and 25 days old Atxdhl and WT plants fed with high and
299  low nitrate levels

300 Nitrate reductase (NR) catalyzes the first step of nitrate assimilation toward the biosynthesis of NH3, by
301  generating the intermediate nitrite (Campbell, 1988; Kaiser and Huber, 1994; Sivasankar and Oaks,
302  1996). To examine the influence of purine catabolism potential, NR activity was estimated in young and
303  old leaves of 18 days old WT and Atxdhl mutant plants supplemented with high and low nitrate as the
304  only N source (Fig. 7A). In general NR activity was significantly higher in younger leaves than in older
305 leaves. These results are consistent with the finding that primary N-assimilating enzymes decrease with
306  aging, as shown before (Masclaux et al. 2000). In addition, the level of NR activity was always more
307  elevated in the mutant line. Lower nitrate levels were detected in the young as compared to the old leaves
308 of 25 and 18 days old plants (Fig. 2C and Fig. 7 B, respectively) and in the Atxdhl mutant compared to
309 the WT in the 18 days old plants (Fig. 7B) indicating a higher nitrate assimilation by NR (Fig. 7A). The
310 higher NR activity in the mutant younger leaves, followed by lower nitrate, may indicate compensation
311  for the lack of remobilized purine-dependent nitrogen source from the older to younger leaves, especially
312 inthe nitrate starved Atxdhl mutant plants.
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Figure 7. Nitrate reductase activity (A) and nitrate content (B) in old and young leaves of WT (Col) and

Atxdh1 mutant as affected by nitrate level supplemented to the growth medium. Eighteen days old plants

grew in nitrogen deficient soil supplemented with one-half- Hoagland nutrient solution containing 1 or 5mM

MNaMNOQ; as the only N source. The data represent the mean obtained from three independent experiments. Values

denoted by different letters are significantly different (Tukey-Kramer HSD test, P = 0.058). Atxdh? are
313 GABI_045004 and SALK_148366 T-DNA mutants.
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314  DISCUSSION

315 In tropical legumes such as soybean, cowpea and common bean, symbiotic N fixation in plant nodules
316  leads to the incorporation of the fixed N into purine nucleotides to be converted into ureides, which are
317  used as major nodule (root) to shoot nitrogen transport compounds (Schubert, 1986; Amarante et al.,
318  2006). In other plants, leaf senescence has been shown to be accompanied by a decrease in nucleic acids
319  content (Masclaux et al., 2000). Hence, it is reasonable to consider that relatively N enriched ureides (1:1
320  C/N ratio) could serve as possible endogenous conduits for remobilized nitrogen during plant growth and
321  development in non-legumes (Have et al., 2016). In support of this notion is the observation that ureides
322 accumulate in several non-legume shrubs and trees, likely for storage and translocation of nitrogen
323  (Schmidt and Stewart, 1998).

324 The presence of all components necessary for purine catabolism and its recycling and
325 remobilization are well established in non-legumes plants (Todd and Polacco, 2006; Todd et al., 2006;
326  Zrenner et al., 2006; Werner and Witte, 2011). However, the physiological role of purine degradation,
327  how it contributes to N remobilization and overall N nutrition and the conditions under which it becomes
328  acritical limiting step in organ survival are not known.

329 By analyzing the central mutations of the purine degradation pathway under nitrogen-limiting
330  conditions, we show the critical role of the purine degraded product in providing nitrogen. Based on this
331  work, one general physiological role of purine degradation in plants is to optimize the use of N resources
332 by recycling purines from N source tissues such as older leaves for remobilization to growing organs and

333 tissues as N-sinks.

334  The integration of nitrogen starvation and impairment in purine catabolism results in early
335  senescence symptoms in old leaves of Arabidopsis plants.

336  Leaf senescence hallmarks - decrease in chlorophyll level, soluble protein content, organic nitrogen
337  content and enhancement of senescence molecular markers were evident in the Arabidopsis mutant plants
338  Atxdhl, Ataln and Ataah supplemented with 1mM nitrate as the only N source (Fig. 1, 2, Supplementary
339  Fig. S1). Leaf senescence has an important role in nitrogen metabolite management, to remobilize
340 important degraded N containing components for the re-assimilation of nitrogen resulting from
341  chloroplast degradation, hydrolysis of stromal proteins and other degraded organelles and cell
342 components (Masclaux et al., 2000; Hortensteiner and Feller, 2002; Eckhardt et al., 2004; Fischer, 2007,
343  Liu et al., 2008). A similar metabolic strategy was suggested to take place in senescence that resulted
344  from nitrogen limitation (Aerts, 1990). Importantly, old leaves of WT plants that undergo nitrate
345 starvation do not show senescence symptoms whereas the various independent mutants; Atxdhl, Ataln

346  and Ataah, impaired in the purine catabolism pathway did (Fig. 1, 2, Supplementary Fig. S1). Senescence
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347  symptoms and elevated expression of the senescence marker genes SAG12, SGN1 and ACD2 were noted
348 in old leaves of the purine pathway mutants grown with low nitrate (Fig. 1, Supplementary Fig. S1).
349  These leaves also exhibited significantly higher expression of GLN1.1, GDH1, GDH2 transcripts as
350 compared to WT (Supplementary Fig. S6). Enhanced expression of the latter transcripts was shown
351  previously to be associated with protein degradation necessary to remobilize nitrogen from senescent
352  leaves in tobacco (Masclaux et al., 2000; Pageau et al., 2006). Considering the absence of all these
353  described senescence symptoms in old leaves of nitrate starved WT one must conclude that the absence of
354  purine catabolism forces the plant to compensate for nitrogen shortage by activating chloroplast proteins
355  degradation in the old leaves (Matile et al., 1996; Suzuki and Shioi, 1999; Pruzinska” et al., 2005). Hence,
356  arobust catabolic pathway is necessary to prevent premature senescence.

357  Allantoin, a degraded N enriched purine metabolites is remobilized from the old to the
358  young growing leaves

359  The lack of senescence symptoms in the old leaves of nitrate starved WT plants, whereas Atxdhl, Ataln
360 and Ataah mutants exhibited senescence symptoms that could be prevented by enhanced nitrate
361  supplementation (Fig. 1 and Supplementary Fig. S1), indicate the essentiality of a normal active purine
362  catabolism pathway for an efficient nitrogen metabolism. Importantly, while the decrease in soluble
363  protein and organic N in the old leaves of nitrate starved Atxdhl mutant could be avoided by
364  supplementation of 5 mM nitrate, a significantly lower nucleic acid level, expressed as total RNA, was
365  detected in old leaves of the nitrate starved WT, whereas no senescence symptoms were noticed (Fig. 2).
366  These results support a notion of remobilization of the degraded nucleic base purine metabolites such as
367 ureides from the old to young leaves. This notion was additionally supported by allantoin infiltration by
368 injection into the old leaves of WT and Atxdhl mutant, where a significant enhancement of allantoin
369 levels was evident not only in the injected leaves, but in the middle and the young leaves of WT as well
370 as Atxdhl mutant as compared to the control (H,O) infiltrated plants. Importantly, the accumulated
371  allantoin was significantly higher in the youngest than in the middle leaves (Supplementary Fig. S7). This
372 scenario is further supported by the significant enhanced expression of AtUPS1, AtUPS2 and AtUPS5
373  transporters in old WT leaves of nitrate starved plants compared to plants supplemented with high nitrate
374  or to Atxdhl mutant plants (Fig. 3). The up-regulation of the nitrogen-related transporters was previously
375  suggested as an indication that the transporters participate in the remobilization of the related nitrogen
376  forms from the senescing tissues (Kojima et al., 2007). Hence, enhanced expression of the ureide
377  transporters is indicative of ureide remobilization from the old leaves to the young growing leaves of
378 nitrate starved plants. Furthermore, the enhanced transcript levels of the upstream and downstream purine

379  catabolism genes as well as their protein levels were preferentially detected in old leaves of nitrate starved
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380 plants (Fig. 5, 6 and Supplementary Fig. S4). Such orchestration of purine catabolism should normally
381  result in full degradation of purine metabolites and indeed, xanthine and allantoin do not accumulate in
382  WT leaves (Fig. 4), whereas they do accumulate in their related mutants. Higher accumulation of xanthine
383  was evident in the old as compared to the young leaves of Atxdhl mutants and significantly higher
384  allantoin was noticed in the young leaves of Ataln mutant. This indicates that xanthine is mostly degraded
385 in the old leaves and the majority of the generated allantoin is remobilized to the young leaves (Fig. 4).
386  The results support the notion of ureide remobilization taking place from the old leaves to the young
387  growing leaves.

388  Higher protein degradation during the period of 18 to 25 day after germination is the cause
389  for pre-mature senescence symptoms in the older leaves of nitrate starved Atxdhl plants.

390 N remobilisation was shown to start earlier and with increased rate of the remobilized N when plants
391  grow with low as compared to high nitrogen (Ta and Weiland, 1992; Uhart and Andrade, 1995).
392  Emerging and growing organs, such as young leaves, are a potential sink to trigger N remobilisation from
393  older plant parts, that includes N remobilisation from leaf to leaf during the vegetative phase (Wendler et
394  al., 1995; Masclaux-Daubresse et al., 2008). Proteins in the mature leaves are potential N storage to be
395 degraded and remobilized to the young growing leaves (Hensel, 1993; Masclaux et al., 2000;
396  Hortensteiner and Feller, 2002; Fischer, 2007; Liu et al., 2008). Amongst these, are chloroplastic proteins
397  such as Rubisco, which represent 50% of the total proteins in mature leaves of C3 plants (Staswick,
398  1997). Indeed, Rubisco large subunit and D1 protein (encoded by psbA transcript), a component of the
399  reaction center of PSII (Keren et al., 1997), both chloroplast releted proteins, were decreased in old leaves
400  of nitrogen limited Atxdhl mutant, whereas, the level of the autophagy-related protein ATG8a was
401  enhanced, indicating enhanced remobilization of the degraded protein products (Supplementary Fig. S8).
402  This is consistent with the observation of the 33% or even more than the 45% reduction of the soluble
403  protein content in these leaves as compared to the older leaves of the WT starved plant or the old leaves
404  of the elevated nitrate fed plant, respectively (Fig. 2E).

405  Importantly, no difference in chlorophyll content was evident, and no yellowish of leaves was noticed in
406  the old leaves of the nitrate starved Atxdhl plants at the age of 18 days (Supplementary Fig. S9A and B).
407  Furthermore, at this growth stage the mutation in AtXDH1, or the level of the supplemented nitrate had no
408  effect on the level of the soluble proteins in the old leaves (Supplementary Fig. S9 C). Considering that
409  the level of the soluble proteins decreased in the older leaves and increased in the younger leaves of the
410 25 as compared to the 18 days old plants (compare Supplementary Fig. S9C to Fig. 2E), our results
411  indicate a higher soluble protein degradation and remobilization rate from the older to the younger leaves

412  of the nitrate starved Atxdhl than WT plants. Further considering that the nitrogen-to-protein conversion
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413 factor ranged in plant leaves from 6.25 to 4.43 (Yeoh and Wee, 1994) the decrease of 0.13 mg protein g
414  FW indicates the remobilization of 20.8 to 29.3 pug more N originating from degraded soluble protein, in
415 N starved mutant older leaves as compared to WT (Fig. 2E). Importantly, the 0.37 or 0.78 pmol g* FW
416  xanthine or allantoin (Fig. 4), contains 20.71 or 43.65 ug N g* FW (see calculation in Supplemental
417  Table S2) accumulated in the old leaves of nitrate starved Atxdhl and Ataln mutants respectively, that
418  likely represents the rate of purine catabolism and remobilization of the resulting N from older to younger
419  growing WT leaves. Given so, the results clearly demonstrate that the absence of the purine degraded N
420  remobilized from the older leaves is the cause for the senescence symptoms, a result of higher soluble
421  protein degradation, several days before bolting, in older leaves of nitrate starved Atxdhl plants.

422  The level of the applied nitrate negatively regulates purine degradation in Arabidopsis
423  leaves

424  The application of nitrate was shown to downregulate AtALN and AtAAH transcripts in two nitrogen
425  starved Arabidopsis plants (Werner et al., 2008) and inhibit nodule formation as well as the fixation of
426  atmospheric N, in legume plants (Murray et al., 2016 and references therein) indicating that nitrate
427  supplementation is associated with purine metabolism and negatively affects purine metabolite use in
428  legumes and non-legume plants. This was clearly demonstrated by the lower accumulated xanthine and
429  allantoin in leaves of 5 mM nitrate supplemented Atxdhl and Ataln than in the 1 mM nitrate fed mutants,
430  respectively (Fig. 4). Nitrate supplementation is shown here to negatively regulate purine catabolism at
431  both the transcript (Fig. 3, 5, 7) and protein (Fig. 6 and Supplementary Fig. S5) expression levels.
432 However, another level of posttranslational modification was shown before to exist in ryegrass. In that
433  case, the lower XDH activity as well as lower allantoin and allantoate levels in leaves of nitrate supplied
434  annual ryegrass as compared to ammonium supplied plants (Sagi et al., 1998), were attributed to the
435  preferred allocation of the molybdenum cofactor (Moco). The catalytic center of NR and XDHL1, plant
436  molybdoenzymes, requires Moco. Preferential allocation of Moco to NR supports nitrate assimilation in
437  the presence of high nitrate over AtXDH1 activity (Sagi et al., 1997, 1998; Sagi and Lips, 1998). While
438  not examined here directly, the enhanced AtXDH1 activity and decreased NR activity in old leaves and
439  vice versa in young leaves, as well as the enhanced AtXDH1 activity and decreased NR activity in nitrate
440  starved plants and vice versa in leaves of high nitrate supplied plants, supports this notion (Fig. 6, 7,
441  Supplementary Fig. S5). This study uncovers further transcriptional and post-transcriptional levels of
442  control.

443  High nitrate application almost fully abrogated the senescence symptoms evident in the old leaves of
444  nitrate starved mutants, by enhancing organic nitrogen level and soluble protein content in these leaves

445  (Fig. 1, 2 and Supplementary Fig. S1). This is attributed to NR activity that was significantly higher in
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446  mutant than in WT plants when detected in leaves of 18 day old plants (Fig. 7), before the appearance of
447  senescence symptoms (Supplementary Fig. S9). The lower nitrate (Fig. 2, 7B) and higher NR activity in
448  Atxdhl mutant than in WT leaves when both plants were supplemented with high nitrate (Fig. 7) suggest
449  that under high nitrate availability the shortage of purine originated nitrogen in Atxdhl mutant plant is

450  compensated by higher nitrate assimilation.

451  MATERIALS AND METHODS

452  Plant Material Growth Conditions

453  Arabidopsis thaliana (L.) Heynh wild-type and mutants used in the current study were of the Col-0
454  background. The following homozygous T-DNA inserted mutants were employed:
455  Atxdhl(GABI_049D04, SALK 148366, accession No. At4g34890) described previously by us
456  (Yesbergenova et al. 2005, Brychkova et al., 2008); Ataln (SALK_ 013427, SALK 146783, accession
457  No. At49g04955) described before (Todd and Polacco 2006; Watanabe et al., 2014); Ataah
458  (SALK_112631; Todd & Polacco 2006, accession No. At4g20070).

459 Seeds were surface-sterilized in 80% alcohol for 2 min, washed three times in sterile water and
460  sown on one-half strength Murashige and Skoog (MS 1/2) agar plates (Murashige and Skoog, 1962). The
461  plates were placed at 4°C for 3 days to synchronize germination, and then were transferred to a controlled
462  growth room at 22°C, 14/10 h light/dark photoperiod and light intensity of 150 uE m™* s "', Six-day-old
463  seedlings were transferred each to a 0.128 L pot containing a 1:1 mixture of perlite and nutrient-free soil
464  (Sun Gro Horticulture Canada; http://www.sungro.com/). Plants were irrigated twice a week with a 0.5
465  Hoagland solution (Hoagland and Arnon, 1950) modified to contain 1 or 5 mM NaNO; as the only N
466  source, where the sodium level was balanced to contain 5 mM sodium in all the treatments, by the
467  supplementation of NaCl. Salinization was avoided by irrigation performed to leach out 50% of the
468 irrigated nutrient solution. The leaves of plants at 18 or 25 days after germination (The latter just before
469  bolting) were harvested, snap-frozen in liquid nitrogen and stored at —80°C for further use. The first 4
470  rosette leaves from the bottom were designated as old leaves and the upper-most 4 from top as young

471 leaves.

472 Determination of chlorophyll and anthocyanin

473  For chlorophyll determination, 4 leaf discs were sampled from old and young rosette leaves of WT,
474  Atxdhl, Ataln, Ataah mutants grown under the low and high nitrate conditions. The leaf discs (0.7mm
475  diameter) were immersed in 90% EtOH and incubated at 4°C for 2 days in the dark. Absorbance of the
476  extracted chlorophyll was measured at 652 nm and total chlorophyll was estimated (Ritchie, 2006). To

477  assess the response to external xanthine and allantoin, 7mm leaf discs were sampled from rosette leaves
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478  of WT and Atxdhl mutant plants and put in Petri dishes, on filter paper soaked with a solution containing
479  water (mock) and 1 mM xanthine or allantoin, for two days in permanent light. Thereafter the discs were
480  washed and the total anthocyanin was measured as described in Laby et al., 2000. In addition, the green
481  area of the leaf disk was estimated by employing Digimizer 3.2.1.0 (http://www.digimizer.com) and

482  presented as the ratio of the green part to total area of the leaf disc, as the chlorophyll damage indicator.

483  Metabolites Analysis

484  Samples (100 mg) were grounded in 25 mM pH 7.5 K,PO,/KH,PO, buffer (1:4 w/v) using a chilled
485  mortar and pestle (Brychkova et al., 2008; Lescano et al., 2016). The resulting homogenates were
486  transferred to 1.5 ml micro-centrifuge tubes, centrifuged at 15000 g for 20 min at 4°C, and the
487  supernatant was used for analyses. Quantification of the ureides, allantoin and allantoate was performed
488  using the differential conversion of ureide compounds to glyoxylate and colorimetric detection described
489 by Vogels and Van Der Drift, (1970) and employed by others (Todd et al., 2006; Brychkova et al., 2008;
490  Werner et al., 2008, 2013; Watanabe et al., 2014; Lescano et al., 2016; Takagi et al., 2016). Xanthine
491  was detected using the xanthine oxidase assay as previously described (Brychkova et al., 2008a).
492  Ammonium was detected by Nessler method (Molins-Legua et al., 2006). Nitrate content was analyzed
493  according to Cataldo et al. (1975). Total N in the dried tissues was measured by an elemental analyzer
494  (Thermo Scientific™ FLASH 2000 CHNS/O Analyzers).

495  Protein Extraction and Fractionation

496  Whole protein from Arabidopsis rosette leaves was extracted as described by Sagi et al., (1998).
497  Concentrations of total soluble protein in the resulting supernatant were determined according to
498  (Bradford, 1976). Native-SDS PAGE was carried out as previously described (Sagi and Fluhr, 2001;
499  Srivastava et al., 2017). Samples containing the extracted proteins were incubated on ice for 30 min in
500  sample buffer containing 47 mM Tris-HCI (pH 7.5), 2% (w/v) SDS, 7.5% (v/v) glycerol, 40 mM 1,4-
501  dithio-DL-threitol (DTT) as the thiol-reducing agent, and 0.002% (w/v) bromophenol blue. The incubated
502  samples were centrifuged at 15,000xg for 3 min before loading the supernatant and subsequently resolved
503 in 7.5% (w/v) SDS-polyacrylamide separating gel and 4% (w/v) stacking gels. Native-SDS PAGE was
504  carried out using 1.5 mm thick slabs loaded with 50 pg of old leaf or 100 pg of young leaf proteins unless

505  mentioned otherwise.
506  XDH In-gel activity and nitrate reductase kinetic activity
507  Regeneration of the active proteins after denaturing PAGE was carried out by removal of the SDS by

508  shaking the gel for 1 h in 10mM Tris-HCI buffer (pH 7.8) solution (65 ml buffer per ml of gel) containing
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509 2mM EDTA and 1.0% (w/v) Triton X-100 (Sagi and Fluhr, 2001; Srivastava et al., 2017). Following the
510  regeneration process, the gels were assayed for normal in-gel XDH activities using 0.1mM PMS, 1mM
511  MTT and addition of 0.5mM xanthine mixed with ImM hypoxanthine in 0.1mM Tris-HCI buffer (pH
512  8.5), at 25 °C under dark conditions. To detect superoxide generation activity of XDH, PMS was omitted
513  and the mix of xanthine with hypoxanthine or 0.25 mM NADH as specific substrates were employed
514  (Yesbergenova et al., 2005). The quantity of the resulting formazan was directly proportional to enzyme
515  activity during a given incubation time, in the presence of excess substrate and tetrazolium salt (Rothe,
516  1974; Srivastava et al., 2017).

517  For nitrate reductase activity the samples were extracted in a buffer containing 3 mM EDTA, 3.6 mM
518 dithiothreitol (DTT), 0.25 M Tris-HCI (pH 8.48), 3 mg L-Cys, 3 mM NaMoO4 and protease inhibitors
519 including aprotenin (10pg ml™) and pepstatin (10pg ml™) and the activity was detected as previously
520  described (Sagi et al., 1997).

521  Western Immunoblotting

522  Protein crude extract samples (20-50uQ) extracted as described by Sagi et al., (1998), were subjected to
523  Native-PAGE for detecting AAH and SDS-PAGE electrophoresis for the other proteins. The fractionated
524  proteins were transferred onto polyvinylidene difluoride membranes (Immun-Blot membranes, Bio-Rad).
525  The membrane was probed first with the following primary antibodies: Anti-AAH (a gift from Claus-
526  Peter Witte, https://www.ipe.uni-hannover.de) at 1:500 dilution ratio, antibody specific to D1 protein [a
527  component of the reaction center of PSII] (Agrisera, http://www.agrisera.com) at 1:10,000 ratio, specific
528  antibodies to autophagy-related protein 8a (ATG8a) (Abcam, http://www.abcam.com) at 1:1,000 ratio and
529 an antibody recognizing large subunits of Rubisco (LSU) (a gift from Michal Shapira
530  (http://in.bgu.ac.il/en/natural_science/LifeSciences/Pages/staff/Michal_Shapira.aspx) at a dilution ration
531  of 1:3,000. Thereafter, the proteins under went binding with secondary antibodies diluted 5000-fold in
532 PBS (anti-rabbit 1gG; Sigma-Aldrich). Protein bands were visualized by staining with Clarity Western
533  ECL Substrate (Bio-Rad, USA) and quantified by Image lab (Version 5.2, Bio-Rad, USA).

534  Quantitative RT-PCR

535  Total RNA was extracted from plants using the Aurum Total RNA kit according to the manufacturer's
536  instructions (Bio-Rad). First-strand cDNA was synthesized in a 10-pl volume containing 350 ng of plant
537  total RNA that was reverse transcribed employing an iScript cDNA Synthesis Kit (Bio-Rad) according to
538  the manufacturer’s instructions. The generated cDNA was diluted 10 times, and quantitative analysis of
539  transcripts was performed employing the set of primers presented in Supplemental Table S1 designed to

540  overlap exon junctions as previously described (Brychkova et al., 2007).
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541  Statistical analysis

542  All results are presented as means and standard errors of means. The data for total N, total organic
543  nitrogen, nitrate, and ammonium represent the mean obtained from six independent experiments.
544  Metabolite, protein content and transcripts measurements represent mean obtained through at least three
545  independent experiments. Each treatment was evaluated using ANOVA (JMP 8.0 software,
546  http://www.jmp.com). Comparisons among three or more groups were made using one-way analysis of
547  variance with Tukey's multiple comparison tests.

548 SUPPLEMENTARY DATA

549  Supplemental Figure S1. The effect of nitrate level supplemented to the growth medium of wild-type
550  (WT) and mutant plants impaired in the purine catabolic pathway.

551  Supplemental Figure S2. Effects of exogenous application of xanthine and allantoin on leaf disc

552 appearance.

553  Supplemental Figure S3. The levels of the xanthine content in old and young leaves of the Atxdhl, Ataln

554  and Ataah mutant and WT plants grown in nitrogen deficient soil supplemented with ImM NaNOs.

555  Supplemental Figure S4. Transcript expression levels of purine catabolism transcripts in young and old
556  leaves of WT (Col) and purine catabolism impaired plants supplemented with 1 mM or 5 mM nitrate as

557  the only N source.

558  Supplemental Figure S5. Xanthine and NADH depended superoxide-generating activities of XDH in old
559  and young WT and Atxdh1 mutant leaves of plants grown with 1 mM or 5 mM nitrate as the only N

560  source.

561  Supplemental Figure S6. The relative expression of N assimilation senescence related transcripts in old

562  and young leaves of WT and Atxdhl mutant plants.

563  Supplemental Figure S7. The effect of allantoin infiltration to the oldest leaves on its level in old, milled

564  and young leaves of WT and Atxdhl mutant plants.
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565  Supplemental Figure S8. Immunoblot analysis of large subunit of Rubisco (LSU), component of the

566  reaction center of PSII D1 and autophagy protein ATG8a.

567  Supplemental Figure S9. Leaf appearance, total chlorophyll content and soluble protein content of the

568  old and young leaves of 18 days old WT and Atxdhl mutant plants.

569  Supplemental Tables

570  Supplemental Table S1. Gene-specific primer sequences used for the expression analyses

571  Supplemental Table S2. The calculation of nitrogen content in xanthine and allantoin accumulated in the

572  old leaves of Atxdh1 and Ataln mutants respectively.
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577 FIGURE LEGENDS

578  Figure 1. Effects of different nitrate levels, supplemented to the growth medium of WT (Col)
579 and Atxdhl mutant, on senescence symptoms in leaves. Leaf appearance (A) from left to right is
580 young to old where the first and last 4 leaves are designated ‘young’ and ‘old’, respectively. Total
581  chlorophyll (B) content. Relative expression (C) of senescence marker transcripts in old leaves of
582  SAG12 (Suppressor of overexpression of Cys protease senescence-associated gene 12), ACD2
583  (accelerated cell death2), SGN1 (stay-green protein 1) (At5G45890, At4G37000, At4G22920,
584  respectively). The data of chlorophyll content represent the mean obtained from a representative
585  experiment from six independent biological replications. Values denoted by different letters are
586  significantly different (Tukey-Kramer HSD test, P < 0.05). The expression of each transcript was
587  compared with the young leaves of WT in 5 mM nitrate treatment after normalization to EF-la
588  transcript (At5960390). Values marked with asterisk denotes significant difference (T-test, n=3, P <
589  0.05) between treatment and genotypes for each transcript and the data represent the mean obtained
590 from 3 independent experiments. Atxdhl are SALK_ 148366 and GABI_049004 T-DNA mutants

591  Figure 2. Effects of different nitrate levels on total N (A), total organic N (B), nitrate (C),
592  ammonium (D), soluble protein content (E) and total RNA content (F) in old and young leaves
593 of WT (Col) and Atxdhl mutants. Plants were grown until 25 days old in nitrogen deficient soil
594  supplemented with one-half strength Hoagland nutrient solution supplemented with 1 or 5mM NaNO,

595 as the only N source. The data represent the mean obtained from six independent experiments. The
596  values denoted with different letters are significantly different according to the Tukey- Kramer HSD
597  test, (P < 0.05). Different upper case letters in inserts (A) to (D) indicate differences between
598 treatments. Different capital letters in inserts (E) and (F) indicate differences between treated young
599 leaves. Different lower case letters in inserts (E) and (F) indicate differences between treated old leaves.
600  Atxdhl are SALK 148366 and GABI_049004 T-DNA mutants

601  Figure 3. Transcript expression levels of the ureide permeases, AtUPS1(A), AtUPS2 (B) and
602  AtUPS5 (C), in old and young leaves of WT (Col), Atxdhl and Ataln mutants in response to
603  nitrate level supplemented to the growth medium. Quantitative analysis of transcripts by real-time
604  RT-PCR was performed using 25 old plants grown on nitrogen deficient soil supplemented with 1 or
605 5mM NaNO; as the only N source. The expression of each treated line was compared with the young
606  leaves of Col in 5 mM nitrate treatment after normalization to EF-1a transcript (At5g60390). The data
607  represent the mean obtained from three independent experiments (Tukey-Kramer HSD test, P < 0.05).
608  Atxdhl and Ataln are SALK_148366 and SALK_013427 T-DNA mutants respectively.

609  Figure 4. The levels of xanthine (A), allantoin (B) in old and young leaves of WT (Col), Atxdhl,
610  Ataln mutants grown in nitrogen deficient soil supplemented with 1 or 5 mM NaNO;. ND- not
611  detected. The data represent the mean obtained from one of 5 independent experiments with similar
612  results. The values denoted with different letters are significantly different according to the Tukey-
613  Kramer HSD test, (p< 0.05). Different upper case letters indicate differences between mutants and
614  WT plants. Atxdhl are SALK 148366 and GABI_049004, whereas Ataln are SALK_ 013427 and
615  SALK_146783 T-DNA mutants.

616  Figure 5. Transcript expression of the purine catabolism genes in young and old leaves of WT and
617  Atxdhl plants supplemented with 1 or 5mM nitrate as the only N source. Adenosine 5'-
618  monophosphate deaminase (AtAMPD) (A), xanthine dehydrogenase (AtXDH) (B), urate oxidase
619  (AtUOX) (C), allantoinase (AtALN) (D) and allantoate amidinohydrolase (AtAAH) (E) were presented.
620  Quantitative analysis of transcripts by real-time RT-PCR was performed using WT (Col) and Atxdhl
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621  (SALK 148366, GABI_049004) 25 days old plants grown on nitrogen deficient soil. The expression of
622  each treated line was compared with the young leaves of WT in 5mM nitrate treatment after
623  normalization to EF-1a gene product (At5g60390). The data represent the mean obtained from three
624  independent experiments. Values denoted by different letters are significantly different (Tukey-Kramer
625  HSD test, P < 0.05).

626  Figure 6. The activity of xanthine dehydrogenase (XDH) (A) and immunoblot analysis of
627  allantoate amidohydrolase (AAH) (B). Protein extracted from old and young leaves of WT (Col) and
628  Atxdhl mutant (SALK 148366, GABI_049004) grown on 1 mM or 5 mM nitrate as the only N source.
629  The general activity of XDH in native-SDS PAGE gel was detected by using PMS as the electron-
630  carrier intermediate and MTT as the electron acceptor. AAH protein level was analyzed by
631  immunoblotting employing specific antiserum against AAH. Protein extracted from Ataah
632  (SALK 112631) mutant leaves was used as the negative control. For XDH activity 50 and 100 pg
633  crude protein extracts was loaded per each lane for the old and young leaves. For AAH analyses equal
634 amount of 100 pg crude protein extracts were loaded per each lane for old and young leaves
635  respectively. The data represents one of three independent experiments with similar results.

636  Figure 7. Nitrate reductase activity (A) and nitrate content (B) in old and young leaves of WT
637 (Col) and Atxdhl mutant as affected by nitrate level supplemented to the growth medium.
638  Eighteen days old plants grew in nitrogen deficient soil supplemented with one-half- Hoagland nutrient
639  solution containing 1 or 5mM NaNO3 as the only N source. The data represent the mean obtained from
640  three independent experiments. Values denoted by different letters are significantly different (Tukey-
641  Kramer HSD test, P < 0.05). Atxdhl are GABI_049D04 and SALK 148366 T-DNA mutants.

642  Supplemental Figures

643  Supplemental Figure S1. The effect of nitrate level supplemented to the growth medium of wild-type
644  (WT) and mutant plants impaired in the purine catabolic pathway. Leaf appearance (A) and total
645  chlorophyll content (B) of the old leaves of WT (Col), Atxdhl (GABI_049D04), Ataln (SALK_146783)
646  and Ataahl (SALK 112631) mutant plants. Plants were grown in nitrogen deficient soil supplemented
647  with 1 or 5 mM NaNOs; as the only N source. Relative transcript expression levels of suppressor of
648  overexpression of Cys protease senescence-associated gene 12 [SAG12, (At5G45890)] (C), stay-green
649  protein 1 [SGN1 (At4G22920)] (D), in the old leaves of WT and mutants is presented. Transcript
650 levels were compared to the expression in 5mM NaNO; treated WT old leaves, after normalization to
651  Elongation factor alfa (EFa) gene (At5G60390) and presented as relative expression. The data
652  represents the mean obtained from three independent experiments. Values denoted by different letters
653  are significantly different (Tukey-Kramer HSD test, P < 0.05).

654  Supplemental Figure S2. Effects of exogenous application of xanthine and allantoin on leaf disc
655  appearance. Appearance of adaxial (left insert) and abaxial (right insert) surface is presented (A). Leaf
656  discs removed from 6™ to 10" rosette leaves [counted from the bottom (without senescence symptoms)]
657  of WT and Atxdhl (SALK_148366) mutant plants were treated with water (mock) and 1 mM xanthine
658  or allantoin under permanent light (for 48 h). The green area ratio of adaxial (B) and abaxial (C) side
659  was estimated by Digimizer 3.2.1.0 tool (http://www.digimizer.com). Discs were washed and the total
660  anthocyanin content (D) was determined. The presented data is one of three independent experiments
661  with similar results. Values denoted by different letters are significantly different (Tukey-Kramer HSD
662  test, N=3, P <0.05).

663  Supplemental Figure S3. The levels of the xanthine content in old and young leaves of the Atxdh1l,
664  Ataln and Ataah mutant and WT plants grown in nitrogen deficient soil supplemented with 1mM
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665 NaNOjz The data represent the mean obtained from three experiments. The values denoted with
666  different letters are significantly different according to the Tukey-Kramer HSD test; p< 0.05. Different
667  upper case letters indicate differences between mutants and WT plants. The following T-DNA mutants
668  were emplpyed: Atxdhl, SALK 148366 and GABI_049004; Ataln, SALK 013427 and SALK 146783;
669  Ataah, SALK_112631.

670  Supplemental Figure S4. Transcript expression levels of purine catabolism transcripts in young and
671  old leaves of WT (Col) and purine catabolism impaired plants supplemented with 1 mM or 5 mM
672  nitrate as the only N source. The expression of Adenosine 5'-monophosphate deaminase (AtAMPD) (A),
673  xanthine dehydrogenase (AtXDH) (B), urate oxidase (AtUOX) (C), allantoinase (AtALN) (D) and
674  allantoate amidinohydrolase (AtAAH) (E) were presented. Quantitative analysis of transcripts by real-
675 time RT-PCR was performed using 25-days-old plants. The expression of each treated line was
676  compared with the young leaves Col grown with 5 mM nitrate after normalization to EF-1a gene
677  product (At5g60390). The data represent the mean obtained from three different experiments. Values
678  denoted by different letters are significantly different (Tukey-Kramer HSD test, P < 0.05). The
679  following T-DNA mutants were employed: Atxdhl, GABI_049D04; Ataln, SALK 146783; Ataah,
680  SALK 112631.

681  Supplemental Figure S5. Xanthine (A) and NADH depended (B) superoxide-generating activities of
682  XDH in old and young WT and Atxdh1 mutant leaves of plants grown with 1 mM or 5 mM nitrate as
683  the only N source. Xanthine dependent XDH assay contained MTT and hypoxanthine/xanthine, NADH
684  depended XDH assay contained NADH and MTT. The data represents one of 3 independent experiment
685  with similar results. The lanes of old and young leaves of the activity gels contained 50 and 100 ug of
686  crude protein extract, respectively. SALK 148366 was employed as the T-DNA mutant of Atxdhl.

687  Supplemental Figure S6. The relative expression of N assimilation senescence related transcripts in
688  old (A) and young leaves (B) of WT (Col) and Atxdh1(SALK 148366) mutant plants. The 25-days-old
689  plants grew in N-deficient soil containing 1 or 5mM NaNO3 as the only N source. The relative
690  expression of the following transcripts were evaluated: GiInl;1, GInl;2, GIn1;3, GInl;4, GInl;5,
691 GDH1, GDH2 and GDH3. The expressed transcript levels were compared to GInl;5 and GDH3
692  expression, respectively, in young leaves of Col grown in 5mM NaNO3, after normalization to the
693  Elongation factor alfa (EFa) gene (At5960390.1) and presented as relative expression for GIn and
694  GDH, respectively. The data represent the mean obtained from three independent experiments. Values
695  denoted by different letters are significantly different (Tukey-Kramer HSD test, P < 0.05).

696  Supplemental Figure S7. The effect of allantoin infiltration to the oldest leaves on its level in old,
697  milled and young leaves of WT and Atxdhl (SALK_148366) mutant plants. The infiltration by injection
698  of 5mM (A), 1mM (B) or 0 [control (H,0)] allantoin solutions into the oldest leaves (the first 4 leaves
699  from the bottom) of 18 days old plants was performed by employing 1 ml needless syringe as
700  previously described [see sulfite infiltration by injection (Brychkova et al., 2012)]. Allantoin levels was
701  determined 3 hour after the infiltration. The presented data is the mean obtained from 3 experiments.
702  The values denoted with different letters are significantly different according to the Tukey-Kramer
703  HSD test; p< 0.05. Different upper case letters indicate differences between mutants and WT plants.

704 Supplemental Figure S8. Immunoblot analysis of the large subunit (LSU) of Rubisco (A), D1, the
705  component of the reaction center of PSIl (B) and ATG8a, an autophagy protein (C). Proteins were
706  extracted from old leaves (first 4 leaves counted from the bottom) of WT (Col) and Atxdhl mutant
707  (SALK_148366) plants grown for 25 days on 1 or 5 mM nitrate as the only N source. 50 pg crude
708  protein extracts was loaded into each lane.
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Supplemental Figure S9. Leaf appearance (A), total chlorophyll content (B) and soluble protein
content (C) of the old and young leaves of 18 days old WT (Col) and Atxdhl (SALK_148366) mutant
plants. Plants grew in nitrogen deficient soil supplemented with one-half strength Hoagland nutrient
solutions containing 1 or 5mM NaNOs as the only N source. The data represent the mean obtained from
three independent experiments. Values denoted by different letters are significantly different (Tukey-
Kramer HSD test, P < 0.05).

Supplemental Tables

Supplemental Table S1. Gene-specific primer sequences used for the expression analyses

Supplemental Table S2. The calculation of nitrogen content in xanthine and allantoin accumulated in the

old leaves of Atxdh1 and Ataln mutants respectively.
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Figure 1. Effects of different nitrate levels, supplemented to the growth medium of WT (Col) and Atxdh1
mutant, on senescence symptoms in leaves. Leaf appearance (A) from left to right is young to old where the
first and last 4 leaves are designated 'young' and ‘old’, respectively. Total chlorophyll (B) content. Relative
expression (C) of senescence marker transcripts in old leaves of SAGT2 (Suppressor of overexpression of Cys
protease senescence-associated gene 12), ACDZ (accelerated cell death2), SGNT (stay-green protein 1)
(AtAG45890, AtAG3TO00, At4G22920, respectively). The data of chlorophyll content represent the mean obtained
from a representative experiment from six independent biological replications. Values denoted by different letters
are significantly different (Tukey-Kramer HSD test, P < 0.058). The expression of each transcript was compared
with the young leaves of WT in & mM nitrate treatment after normalization to EF-Ta transcript (At5g60330).
Values marked with asterisk denotes significant difference (T-test, n=3, P =< 0.05) between treatment and
genotypes for each transcript and the data represent the mean obtained from 3 independent experiments. Afxdh{
are SALK_148366 and GABI_043004 T-DMA mutants
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Figure 2. Effects of different nitrate levels on total N (A), total organic N (B), nitrate (C), ammonium (D),
soluble protein content {E) and total RNA content (F) in old and young leaves of WT (Col) and Atxdh1
mutants. Plants were grown until 25 days old in nitrogen deficient soil supplemented with one-half strength
Hoagland nutrient solution supplemented with 1 or 5mM NaNOsas the only N source. The data represent the
mean obtained from six independent experiments. The values denoted with different letters are significantly
different according to the Tukey- Kramer HSD test, (P < 0.05). Different upper case letters in inserts (A) to (D)
indicate differences between treatments. Different capital letters in inserts (E) and (F) indicate differences
between treated young leaves. Different lower case letters in inserts (E) and (F) indicate differences between
treated old leaves. Afxdh{ are SALK 148366 and GABI 043004 T-DMA mutants
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Figure 3. Transcript expression levels of the ureide permeases, AtUPS1(A), AtUP52 (B) and AtUPS5 (C),
in old and young leaves of WT (Col), Atxdh? and Ataln mutants in response to nitrate level
supplemented to the growth medium. Quantitative analysis of transcripts by realtime RT-PCR was performed
using 25 old plants grown on nitrogen deficient soil supplemented with 1 or SmM NaNOs as the only N source.
The expression of each treated line was compared with the young leaves of Cal in 5mM nitrate treatment after
normalization to EF-Ta transcript (At5g60330). The data represent the mean obtained from three independent
experiments (Tukey-Kramer HSD test, P < 0.05). Afxdh? and Afaln are SALK 148366 and SALK 013427 T-DMA
mutants respectively.
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Figure 4. The levels of xanthine (A), allantoin (B) in old and young leaves of WT (Col), Atxdh1, Ataln
mutants grown in nitrogen deficient soil supplemented with 1 or 5 mM NaNQ;. ND- not detected. The
data represent the mean obtained from one of 5 independent experiments with similar results. The values
denoted with different letters are significantly different according to the Tukey-Kramer HSD test, (p< 0.05).
Different upper case letters indicate differences between mutants and WT plants. Afxdh{ are SALK_148366
and GABI_D439004, whereas Afaln are SALK_013427 and SALK_146783 T-DMNA mutants.
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Figure 5. Transcript expression of the purine catabolism genes in young and old leaves of WT and
Atxdh1 plants supplemented with 1 or 5mM nitrate as the only N source. Adenosine 5-monophosphate
deaminase (AtAMPD) (A). xanthine dehydrogenase (AEXDH) (B), urate oxidase (AtUOX) (C), allantoinase
(AtALN) (D) and allantoate amidinohydrolase (At4AH) (E) were presented. Quantitative analysis of transcripts by
real-time RT-PCR was performed using WT (Col) and Atxdh (SALK 148366, GABI_043004) 25 days old plants
grown on nitrogen deficient soil. The expression of each treated line was compared with the young leaves of WT
in 5mM nitrate treatment after normalization to EF-1a gene product (At5g60390). The data represent the mean
obtained from three independent experiments. Values denoted by different letters are significantly different

(Tukey-Kramer HSD test, P = 0.05).
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Figure 6. The activity of xanthine dehydrogenase (XDH) (A) and immunoblot analysis of allantoate
amidohydrolase (AAH) (B). Protein extracted from old and young leaves of WT ({Col) and Atxdh! mutant
(SALK._ 148366, GABI 049004} grown on 1 mM or & mM nitrate as the only M source. The general activity of
XDH in native-5D5 PAGE gel was detected by using PMS as the electron-camer intermediate and MTT as
the electron acceptor. AAH protein level was analyzed by immunoblotting employing specific antiserum
against AAH. Protein extracted from Ataah (SALK_112631) mutant leaves was used as the negative control.
For XDH activity 50 and 100 pg crude protein extracts was loaded per each lane for the old and young
leaves. For AAH analyses equal amount of 100 pg crude protein extracts were loaded per each lane for old
and young leaves respectively. The data represents one of three independent experiments with similar
results.
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Figure 7. Nitrate reductase activity (A) and nitrate content (B) in old and young leaves of WT (Col) and
Atxdh1 mutant as affected by nitrate level supplemented to the growth medium. Eighteen days old plants
grew in nitrogen deficient soil supplemented with one-half- Hoagland nutrient solution containing 1 or S5miv
MaMO5 as the only N source. The data represent the mean obtained from three independent experiments. Values
denoted by different letters are significantly different (Tukey-Kramer HSD test, P < 0.05). Afxdh! are
GABI_049D04 and SALK_148366 T-DNA mutants.
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