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Arabidopsis STAY-GREEN2 Is a Negative Regulator in Chlorophyll 36 

Degradation during Leaf Senescence 37 

 38 

ABSTRACT  39 

 40 

Chlorophyll (Chl) degradation causes leaf yellowing during senescence or under stress conditions. For 41 

Chl breakdown, STAY-GREEN1 (SGR1) interacts with Chl catabolic enzymes (CCEs) and light-42 

harvesting complex II (LHCII) at the thylakoid membrane, possibly to allow metabolic channeling of 43 

potentially phototoxic Chl breakdown intermediates. Among these Chl catabolic components, SGR1 44 

acts as a key regulator for leaf yellowing. In addition to SGR1 (At4g22920), the Arabidopsis thaliana 45 

genome contains an additional homolog, SGR2 (At4g11910), whose biological function remains 46 

elusive. Under senescence-inducing conditions, SGR2 expression is highly up-regulated, similar to 47 

SGR1 expression. Here we show that SGR2 function counteracts SGR1 activity in leaf Chl 48 

degradation; SGR2-overexpressing plants stayed green and the sgr2-1 knockout mutant exhibited 49 

early leaf yellowing under age-, dark-, and stress-induced senescence conditions. Like SGR1, SGR2 50 

interacted with LHCII, but in contrast to SGR1, SGR2 interactions with CCEs were considerably 51 

limited. Furthermore, SGR1 and SGR2 formed homo- or heterodimers, strongly suggesting a role for 52 

SGR2 in negatively regulating Chl degradation by possibly interfering with the proposed CCE-53 

recruiting function of SGR1. Our data indicate an antagonistic evolution of the functions of SGR1 and 54 

SGR2 in Arabidopsis to allow balancing of Chl catabolism in chloroplasts with dismantling and 55 

remobilizing processes of other cellular components in senescing leaf cells.  56 

 57 

Key words: Arabidopsis thaliana; stay-green; SGR1; SGR2; chlorophyll degradation; leaf 58 

senescence; abiotic stress. 59 

 60 

61 
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INTRODUCTION 62 

 63 

During senescence, plants recycle valuable nutrient components from leaves, to maximize viability in 64 

the next generation (Hörtensteiner and Feller, 2002; Lim et al., 2007). In senescence, among other 65 

degradation processes, chlorophyll (Chl) is converted to colorless breakdown products in a multi-step 66 

catabolic pathway. This pathway consists of several chloroplast-located reactions that require six 67 

known Chl catabolic enzymes (CCEs) and a metal-chelating substance (MCS) that remains to be 68 

identified (Hörtensteiner and Kräutler, 2011). All six CCEs have been characterized in Arabidopsis 69 

thaliana. The first part of breakdown is the two-step reduction of Chl b to Chl a by Chl b reductase 70 

(CBR) and 7-hydroxymethyl Chl reductase (HCAR) (Scheumann et al., 1998). Genes encoding two 71 

CBR isoforms, NON-YELLOW COLORING1 (NYC1) and NYC1-LIKE (NOL), have been identified in 72 

rice (Oryza sativa) and Arabidopsis (Horie et al., 2009; Sato et al., 2009). During natural and dark-73 

induced senescence, Arabidopsis nyc1 and rice nyc1 and nol mutants show stay-green phenotypes 74 

with dominant retention of Chl b and LHCII subunits (Kusaba et al., 2007; Sato et al., 2009; Horie et 75 

al., 2009). However in Arabidopsis, nol mutants do not show any phenotype, and NOL expression 76 

patterns differ considerably from NYC1 (Horie et al., 2009; Sakuraba et al., 2013), suggesting that in 77 

Arabidopsis, these two CBR isoforms may have a similar function in Chl metabolism, but act at 78 

different developmntal stages. HCAR has recently been identified in Arabidopsis (Meguro et al., 79 

2011). Although Arabidopsis hcar mutants show a stay-green phenotype under dark-induced 80 

senescence, HCAR mRNA levels are the most abundant at early vegetative growth and leaf greening 81 

stages throughout development, similar to NOL expression (Sakuraba et al., 2013). Furthermore, 82 

HCAR strongly interacts with NOL in yeast two-hybrid assays, suggesting that the HCAR-NOL 83 

interaction may function in Chl turnover in presenescent leaves in Arabidopsis. The next step in the 84 

pathway is the removal of the central Mg atom of Chl a by MCS to yield a Mg-free Chl intermediate, 85 

pheophytin a (Phein a). Pheophytinase (PPH), catalyzing the hydrolysis of Phein a to produce 86 

pheophorbide a (Pheide a), was identified by bioinformatics in Arabidopsis and by map-based cloning 87 

of the stay-green nyc3 mutant in rice (Schelbert et al., 2009; Morita et al., 2009). Subsequently, the 88 

chlorin macrocycle of Pheide a is oxygenolytically opened by Pheide a oxygenase (PAO) (Pružinská 89 

et al., 2003), and the product of this reaction, red Chl catabolite (RCC), is reduced to a non-phototoxic 90 

primary fluorescent Chl catabolite (pFCC) by RCC reductase (RCCR) (Pružinská et al., 2007). PAO- 91 

and RCCR-impaired mutants, originally identified as accelerated cell death1 (acd1) and acd2 92 

mutants, respectively (Greenberg et al., 1994, 2002), exhibit severe leaf necrosis phenotypes that are 93 

caused by the accumulation of respective phototoxic Chl breakdown intermediates, i.e. Pheide a and 94 

RCC (Mach et al., 2001; Pružinská et al., 2007; Hirashima et al., 2009). 95 

In addition to CCEs and MCS, STAY-GREEN1 (SGR1) also acts as a key regulator of Chl 96 

degradation. Mutations in SGR1 orthologs cause a stay-green phenotype in many plant species, such 97 

as Arabidopsis (e.g. nonyellowing 1 [nye1-1]; Ren et al., 2007), rice (Park et al., 2007), pea (Pisum 98 



4 
 

sativum; Sato et al., 2007), tomato (Solanum lycopersicum; Barry et al., 2008) and bell pepper 99 

(Capsicum annuum; Barry et al., 2008), tall fescue (Festuca arundinacea; Wei et al., 2011),, 100 

Medicago truncatula (Zhou et al., 2011), and soybean (Fang et al., 2014). SGR1 specifically interacts 101 

with light-harvesting complex subunits of photosystem II (LHCII), but not with other components of 102 

photosystem complexes, including core complex and LHCI subunits (Park et al., 2007; Sakuraba et 103 

al., 2012b). Furthermore, we recently found that SGR1 physically interacts with all six known CCEs 104 

(i.e. NOL, NYC1, HCAR, PPH, PAO and RCCR), and forms a multi-protein, possibly highly 105 

dynamic, complex for Chl detoxification during natural senescence (Sakuraba et al., 2012b; Sakuraba 106 

et al., 2013). Recently, an another Arabidopsis mutant in SGR1, no chlorosis1 (noc1), was isolated by 107 

screening for plants that show altered disease symptoms after Pseudomonas syringae pv tomato (Pst) 108 

DC3000 infection (Mecey et al., 2011); noc1 mutants stayed green for several days after bacterial 109 

infection, indicating that SGR1 is also involved in disease-induced leaf chlorosis. 110 

Most higher plant species have two or more SGR1 homologs, all of which are predicted to 111 

localize to the chloroplast (Park et al., 2007; Barry et al., 2008), strongly suggesting that they also 112 

function in plastids and possibly in Chl metabolism. However, in M. truncatula SGR is expressed 113 

during nodule senescence in roots (Zhou et al., 2011), indicating a possible Chl degradation-114 

independent function. Phylogenic analysis revealed that the SGR protein family of higher plants can 115 

be classified into two groups (Barry et al., 2008; Aubry et al., 2008; Hörtensteiner, 2009) 116 

(Supplemental Figures 1 and 2). One group, considered to be the genuine SGR subfamily, contains 117 

members for which mutations cause a stay-green phenotype (Ren et al., 2007; Park et al., 2007; Barry 118 

et al., 2008). The second SGR subfamily, termed SGR LIKE (SGRL), is distinct from the SGR 119 

subfamily, but contains highly conserved members from different plant species. It was recently 120 

reported that transgenic rice plants overexpressing rice SGRL exhibited early leaf yellowing during 121 

dark-induced senescence (Rong et al., 2013), strongly suggesting that SGRL has almost the same 122 

function as SGR1 in rice.  123 

The Arabidopsis genome contains three SGR homologs, termed SGR1/NYE1 (At4g22920), SGR2 124 

(At4g11910), and SGRL (At1g44000), similar to soybean (Supplemental Figures 1 and 2). To date, 125 

the molecular, physiological and biochemical functions of Arabidopsis SGR1/NYE1 have been well-126 

characterized (Ren et al., 2007; Mur et al., 2010; Mecey et al., 2011; Sakuraba et al., 2012b). Like rice 127 

SGRL (Rong et al., 2013), it is possible that Arabidopsis SGRL also contributes to Chl breakdown or 128 

Chl turnover in presenescent leaves. Recently, it has been reported that the stay-green phenotype of 129 

the d1d2 double mutant in soybean is caused by null mutations of both D1/SGR1 and D2/SGR2 (Fang 130 

et al., 2014), indicating that the two senescence-induced SGR proteins, D1 and D2, function 131 

redundantly to promote Chl breakdown during leaf senescence. In addition, Delmas et al. (2013) 132 

reported that Arabidopsis SGR1 and SGR2 expression is up-regulated by ABA INSENSITIVE 3 (ABI3) 133 

for embryo degreening during seed maturation. However, the Arabidopsis sgr2-1 knockout mutant did 134 

not display the stay-green phenotype during leaf senescence (Aubry et al., 2008). Thus, the molecular, 135 
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physiological and biochemical functions of Arabidopsis SGR2 during Chl metabolism of senescing 136 

leaves remain ambiguous. 137 

Here, we functionally analyzed Arabidopsis SGR2 under various senescence-inducing conditions. 138 

We show that SGR2-overexpressing (SGR2-OX) plants exhibit a stay-green phenotype, and sgr2-1 139 

knockout mutants show slightly earlier leaf yellowing during age- and dark-induced senescence. We 140 

also found that in contrast to accelerated leaf yellowing of SGR1-OX plants, SGR2-OX plants 141 

maintained leaf greenness much longer also under abiotic stress-induced senescence conditions, such 142 

as salinity, drought, high temperature and high light stresses. Similar to SGR1 biochemical function, 143 

SGR2 interacts with LHCII subunits at the thylakoid membranes in vivo. However, compared to 144 

SGR1, we found that the capacity of SGR2 to interact with CCEs was considerably limited. 145 

Furthermore, SGR1 and SGR2 formed homodimers or heterodimers, which may negatively affect the 146 

SGR1 interaction efficiency with CCEs, a prerequisite for initiation of Chl breakdown.  147 

 148 

 149 

RESULTS 150 

  151 

Expression of the Three SGR Homologs in Arabidopsis  152 

 153 

Higher plants have two or more SGR homologs, and phylogenic analysis indicates that they can be 154 

divided into two evolutionarily distinct subfamilies, i.e. SGR and SGR LIKE (SGRL) (Supplemental 155 

Figure 1; Barry et al., 2008). While two SGR homologs exist in rice (SGR and SGRL), Arabidopsis 156 

has three SGR homologs, termed SGR1/NYE1 (At4g22920), SGR2 (At4g11910) and SGRL 157 

(At1g44000).  158 

We examined the expression patterns of the three Arabidopsis SGR homologs during plant 159 

development under long day (LD) and under dark-induced senescence conditions. Under long day 160 

conditions, expression of SGR1 and SGR2 was rapidly up-regulated during natural senescence (about 161 

4 weeks after germination [WAG]) (Figure 1A and 1B). By contrast, SGRL expression was up-162 

regulated during early vegetative stages, peaked at 3 WAG, and decreased thereafter (Figure 1C). 163 

Similar expression patterns were observed during dark-induced senescence; SGR1 and SGR2 164 

expression increased and peaked at 3 d of dark incubation (DDI) (Figure 1D and 1E), while SGRL 165 

expression was rapidly down-regulated in darkness (Figure 1F). Based on the similar pattern of SGRL 166 

expression in rice (Rong et al., 2013) and Arabidopsis, it is highly possible that Arabidopsis SGRL is 167 

involved in Chl degradation or Chl turnover in presenescent leaves, similar to rice SGRL (Rong et al., 168 

2013).  169 

The structures of SGR1 and SGR2 are considerably similar; a conserved central domain, termed 170 

the SGR domain, separates the highly variable N-terminal (containing the predicted chloroplast transit 171 

peptide) and C-terminal regions (Supplemental Figure 3). However, a biochemical function for 172 
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SGR2 during leaf senescence remains ambiguous, because it was reported that the sgr2-1 knockout 173 

mutant is not defective in Chl catabolism, unlike the nye1-1 stay-green mutant (Ren et al., 2007; 174 

Aubry et al., 2008). 175 

 176 

SGR2-Overexpressing Plants Stayed Green during Dark-Induced Senescence 177 

 178 

To find a possible physiological function of SGR2, we created the C-terminal TAP (Tandem Affinity 179 

Purification)-tagged overexpressing (OX) Arabidopsis plants for two SGR genes, termed SGR1-OX 180 

(as a control; Sakuraba et al., 2012b), and SGR2-OX (Supplemental Table 1). Expression levels of 181 

the SGR genes in these lines were examined by reverse transcription-quantitative real time PCR (RT-182 

qPCR), and the lines showing the highest expression, SGR1-OX#4 and SGR2-OX#3, were selected 183 

for further studies (Supplemental Figure 4). None of these lines showed any obvious phenotype 184 

during vegetative stages under long day conditions (Figure 2A, 0 DDI). Remarkably, however, under 185 

dark-induced senescence conditions (Figure 2A, 8 DDI), SGR2-OX showed a strong stay-green 186 

phenotype that was opposite to the accelerated leaf yellowing of SGR1-OX, as reported previously 187 

(Mur et al., 2010; Sakuraba et al., 2012b). The stay-green phenotype of SGR2-OX was further 188 

confirmed in other independent transgenic lines (Supplemental Figure 5). During dark-induced 189 

senescence, levels of total Chl (Figure 2B) and photosystem subunits (Figure 2C) remained much 190 

higher in SGR2-OX leaves compared to wild-type leaves, but they declined faster in SGR1-OX leaves 191 

(as shown in Sakuraba et al., 2012b). The stay-green phenotype of SGR2-OX leaves was also 192 

observed during natural senescence (Supplemental Figure 6) as well as upon senescence induction in 193 

the presence of methyl jasmonate (MeJA) (Supplemental Figure 7). 194 

Stay-green varieties have been divided into several subgroups and are categorized into functional 195 

(types A and B) and nonfunctional (types C, D and E) stay-greens (Thomas and Howarth, 2000; 196 

Hörtensteiner, 2009). It has been reported that SGR1 mutants, like nye1-1 in Arabidopsis, as well as 197 

loss-of-function mutants for some CCEs, such as HCAR, NYC1 and PPH, are nonfunctional type C 198 

stay-greens, i.e. they exhibit characteristics of normal senescence, but retain green color (Kusaba et 199 

al., 2007; Schelbert et al., 2009, 2013; Meguro et al., 2011). To examine whether SGR2-OX exhibits a 200 

functional or nonfunctional stay-green phenotype, we performed two types of experiments to examine 201 

senescence-related changes other than Chl breakdown. Using pulse amplitude modulated (PAM), at 202 

first we compared Minimum fluorescence (F0) and Maximum fluorescence (Fm) of photosystem II 203 

(PSII), and maximum photochemical efficiency (Fv/Fm) of PSII in dark-adapted leaves. During 204 

natural senescence (at 5 and 6 WAG), Fv/Fm ratios of SGR2-OX leaves were slightly lower than those 205 

of wild-type leaves (Supplemental Figure 8A). Although the Fm value of SGR2-OX was almost the 206 

similar as WT at every phase (3-6 week-old), the F0 value of SGR2-OX during senescence was 207 

significantly higher than that of WT (Supplemental Figure 8B and 8C), and it led to the slight 208 

decrease of Fv/Fm ratio of SGR2-OX.   Second, leaf ion leakage was measured during dark-induced 209 
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senescence. Ion leakage was higher in SGR2-OX than in wild type, but similar to SGR1-OX (Figure 210 

2E). These results indicate that SGR2-OX is a nonfunctional type C stay-green line that shows typical 211 

senescence changes, but retains Chl. 212 

 213 

Mutations in the Two SGR Genes Cause Different Phenotypes under Dark-Induced Senescence 214 

Conditions 215 

 216 

To analyze the effect of mutations in the two SGR genes on Chl breakdown, we compared the rates of 217 

leaf yellowing in nye1-1 and sgr2-1 of Arabidopsis under dark-induced senescence conditions. A stay-218 

green phenotype has been reported previously for nye1-1, which has a nonsense mutation in SGR1 219 

(Ren et al., 2007). Absence of SGR2 transcripts was confirmed in the T-DNA insertion line sgr2-1 220 

(SALK_003830C; Aubry et al., 2008), indicating it to represent a true knockout line (Supplemental 221 

Figure 9). Like the two SGR-OX plants described above, the two sgr mutants grew normally during 222 

vegetative stages without any obvious visible phenotype (Figure 3A, upper panel). After 6 DDI, 223 

however, sgr2-1 exhibited early leaf yellowing during dark-induced senescence (Figure 3A and 3B, 224 

lower panel), which is opposite to the phenotype of SGR2-OX (Figure 2A). For more reliability, we 225 

grew OX plants and mutants of two SGRs in the same tray and check the phenotype during DIS. At 6 226 

DDI, SGR1-OX and sgr2-1 similarly showed early leaf yellowing phenotype, while SGR2-OX and 227 

nye1-1 showed stay-green phenotype (Supplemental Figure 10).  These results indicate that the 228 

respective abundance of SGR1 and SGR2 directly affects the rate of Chl degradation during leaf 229 

senescence. We subsequently generated an nye1-1 sgr2-1 double mutant. Leaf stay-greenness in nye1-230 

1 sgr2-1 was comparable to nye1-1 leaves during dark-induced senescence (Figure 3A and 3B), 231 

indicating that SGR2 mainly functions to alleviate the SGR1 activity in senescing Arabidopsis leaves.  232 

 233 

Divergent Roles of SGR2 in Abiotic Stress-Induced Chl Degradation 234 

 235 

Besides senescence, Chl degradation is also caused by several abiotic stress conditions (Lim et al., 236 

2007). Although a relation of SGR1 to disease-induced leaf chlorosis has been reported (Mur et al., 237 

2010; Mecey et al., 2011), the roles of the two SGRs in abiotic stress-induced senescence remain 238 

undetermined. 239 

Molecular mechanisms of salt-induced senescence have been widely studied in Arabidopsis 240 

using functional stay-green mutants that are deficient in NAC transcription factors (Balazadeh et al., 241 

2010; Wu et al., 2012; Kim et al., 2013). Thus, we first examined leaf phenotypes of the two SGR-OX 242 

plants under salt stress conditions. After 6 d of salt treatment, SGR1-OX showed an accelerated leaf 243 

yellowing phenotype (Figure 4A). Consistent with the visible phenotype, total Chl levels dramatically 244 

decreased in SGR1-OX leaves (Figure 4B) accompanied by higher ion leakage rates (Figure 4C). On 245 

the other hand, SGR2-OX leaves retained greenness and higher Chl levels (Figure 4A and 4B), but 246 



8 
 

showed no difference in ion leakage (Figure 4C). We also checked leaf phenotypes of the two sgr 247 

mutants under salt stress conditions. After 3 d of salt treatment, sgr2-1 showed early leaf yellowing, 248 

while nye1-1 leaves stayed green with highly retained Chl (Supplemental Figure 11), indicating that, 249 

besides dark-induced Chl degradation, SGR2 also interferes with salt-induced Chl degradation. 250 

We further analyzed leaf phenotypes of the two SGR-OX plants under other abiotic stress 251 

conditions, such as drought, heat and high light. Under these stresses, SGR1-OX plants exhibited 252 

severe leaf yellowing (for drought stress, Supplemental Figure 12; for heat stress, Supplemental 253 

Figure 13; for high light stress, Supplemental Figure 14). On the other hand, we found that SGR2-254 

OX plants consistently exhibited a stay-green phenotype under these stress conditions (Figure 3A; 255 

Supplemental Figures 12-14), indicating that SGR2 is negatively involved in the regulation of both 256 

senescence- and stress-induced Chl breakdown. 257 

 258 

Altered Expression of CCE Genes by Overexpression or Mutations in SGR1 and SGR2 259 

 260 

To analyze whether, or to what extent modulation of gene expression of SGR1 and SGR2 may affect 261 

the expression of NYC1 and PPH whose mutants display a stay-green phenotype (Horie et al. 2009; 262 

Schelbert et al. 2009), their transcript abundance was analyzed in the overexpressing or knockout 263 

mutant lines during dark-induced senescence. Expression levels of NYC1 and PPH were significantly 264 

down-regulated in the SGR2-OX and nye1-1 stay-green lines, and up-regulated in the early yellowing 265 

lines SGR1-OX and sgr2-1 (Figure 5), indicating that SGR1 positively and SGR2 negatively 266 

influence the expression of the senescence-induced CCE genes, NYC1 and PPH, consistent with the 267 

dark-induced senescence phenotypes of the corresponding overexpression and mutant lines. However, 268 

the mechanism of this regulation remains elusive. 269 

 270 

SGR2 Interacts with LHCII at the Thylakoid Membrane 271 

 272 

We previously showed that Arabidopsis SGR1 localizes to the thylakoid membrane of chloroplasts 273 

and interacts with LHCII (Sakuraba et al., 2012b). To confirm chloroplast localization of SGR2, as 274 

predicted by ChloroP 1.1 (http://www.cbs.dtu.dk/services/ChloroP/), we produced Arabidopsis 275 

transgenic plants that carried a P35S:SGR2-GFP construct (Supplemental Table 1). In the cotyledon 276 

chloroplasts of transgenic plants, GFP fluorescence overlapped with red Chl autofluorescence as well 277 

as chloroplast targeted GFP protein (Figure 6A), and SGR2-GFP was mostly detected in membrane-278 

enriched fractions of protein extracts from mature leaves (Figure 6B), indicating that like SGR1, 279 

SGR2 also localizes at the thylakoid membrane. 280 

To examine whether SGR2 interacts with LHCII, we performed in vivo pull-down assays using 281 

SGR2-GFP transgenic plants. Our analysis revealed that both SGR1 and SGR2 co-282 

immunoprecipitated LHCII subunits (Lhcb1, Lhcb2 and Lhcb4), but not CP43 or Lhca1 (Figure 6C). 283 
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We also analyzed the pulled-down lysate by silver staining of SDS-PAGE gel. We detected two strong 284 

bands (Supplemental Figure 15A). One is corresponding to SGR1-GFP or SGR2-GFP 285 

(Supplemental Figure 15B), and the other one is corresponding to the Major LHCII (Supplemental 286 

Figure 15C). These results indicate that like SGR1, SGR2 also strongly binds to LHCII at the 287 

thylakoid membrane.  288 

 289 

SGR1 and SGR2 Have Different Capacities for Interaction with CCEs  290 

 291 

Previously, we demonstrated by yeast two-hybrid and bimolecular fluorescence complementation 292 

assays that SGR1 physically interacts with the six known CCEs (NOL, NYC1, HCAR, PPH, PAO and 293 

RCCR) directly or indirectly at LHCII (Sakuraba et al., 2012b; 2013). Because the phenotypes of 294 

SGR2-OX and mutant lines were opposite to those of SGR1-modulated plants under various 295 

senescence-inducing conditions, we considered the possibility that the interaction capacity of SGR2 296 

with CCEs could be different from SGR1.  297 

At first, we examined the pairwise interaction of the two SGRs with CCEs using yeast two-298 

hybrid assays. This analysis revealed that the CCE interaction capacity of SGR2 was considerably 299 

limited compared to SGR1, except for its interaction with RCCR (Figure 7A). We further examined 300 

these pairwise interactions by in vivo pull-down assays using CCE antibodies (Figure 7B) or in vitro 301 

pull-down assays using GFP- or FLAG-tagged transgenic lines (Figure 7C). As reported previously 302 

(Sakuraba et al. 2012b), leaf samples used for these series of pull-down assays were senescence-303 

induced by 3 DDI, and membrane-enriched fractions were treated with -GFP conjugated beads. 304 

Results of these pull-down assays were consistent with the yeast two-hybrid results (Figure 7A). 305 

Based on these results, we concluded that the distinct senescence phenotypes of the two SGR-OX 306 

lines and two sgr mutants are related to the difference in the interaction capacity of each SGR with 307 

CCEs. 308 

  309 

The Two SGR Proteins Form Homo- or Heterodimers 310 

 311 

The two SGR proteins are considerably similar to each other (Supplemental Figure 3). Because 312 

several pairs of two similar proteins have been shown to form heterodimers for controlling their 313 

physiological functions (Seo et al. 2011, 2012), we speculated that the two SGR proteins possibly 314 

interact with each other. To examine this possibility, we checked the pairwise interactions between the 315 

two SGR homologs by yeast two-hybrid assays. Each SGR had the capacity of forming heterodimers 316 

with the other SGR but also to homodimerize with itself (Figure 8A). The pairwise interactions were 317 

further confirmed by in vitro pull-down assays using the C-terminal GFP- or FLAG-tagged SGR 318 

transgenic lines. To avoid the possibility of indirect interaction between them via LHCII subunits, 319 

one-week-old etiolated seedlings were used for these experiments. Consistent with the yeast two-320 
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hybrid results, we confirmed the physical interactions of SGR1-SGR1, SGR1-SGR2, and SGR2-321 

SGR2 (Figure 8B-D).  These results strongly suggest that the two SGR proteins can form either 322 

homo- or heterodimers.  323 

 324 

 325 

DISCUSSION 326 

  327 

Most higher plants have two or three SGR homologs, belonging to two subfamilies, SGR and SGRL. 328 

The physiological function of orthologs of the senescence-induced Arabidopsis SGR1/NYE1 has been 329 

widely studied in different plant species (Ren et al., 2007; Park et al., 2007; Barry et al., 2008; Sato et 330 

al., 2007), and a possible function of SGRL in Chl breakdown during vegetative growth has also been 331 

reported in rice (Rong et al., 2013). The Arabidopsis thaliana genome harbors two SGR homologs, 332 

SGR1 and SGR2 (Supplemental Figures 1 and 2). Although the expression patterns of Arabidopsis 333 

SGR1 and SGR2 are considerably similar throughout development (Breeze et al., 2011; Figure 1), 334 

detailed functional studies on SGR2 were still limited, because the sgr2-1 knockout mutant did not 335 

show a stay-green phenotype (Aubry et al., 2008) but slightly earlier leaf yellowing in dark-induced 336 

senescence (Figure 3). By contrast, Arabidopsis nye1-1 single mutants largely prevent Chl catabolism 337 

and display a stay-green phenotype (Ren et al., 2007) despite an up-regulation of SGR2 in senescing 338 

nye1-1 leaves (data not shown) as wild type (Figure 1. This suggested that the role of SGR2 is 339 

distinct from SGR1 in senescing Arabidopsis leaves. 340 

Here, we examined potential physiological and biochemical roles of Arabidopsis SGR2, and 341 

uncovered that its function in Chl metabolism is antagonistic to SGR1, i.e. SGR2 acts as a negative 342 

regulator of Chl catabolism during leaf senescence (Figure 2A-C). This was rather unexpected, 343 

because the amino acid sequences of SGR1 and SGR2 are highly similar (76% sequence similarity) 344 

(Supplemental Figures 1 and 2A); thus, it is likely that these two sequences diverged from a 345 

common ancestor during evolution. Our results uncovered a possible mechanism for the opposite 346 

functions of SGR1 and SGR2 in Chl metabolism. In yeast two-hybrid and in vivo or in vitro pull-347 

down assays, SGR1 physically interacted with all CCEs, but the SGR2 interaction with CCEs was 348 

almost absent, except for RCCR (Figure 7). Considering that SGR2 can interact with LHCII subunits 349 

(Figure 6C), it can be speculated that SGR2 also locates close to CCEs at the thylakoid membrane, 350 

and probably interrupts or reduces the formation of SGR1-CCE-LHCII complexes (Sakuraba et al., 351 

2012b). This may allow Arabidopsis plant to better coordinate Chl breakdown with other cellular 352 

processes of senescence. A similar case was reported for two Arabidopsis homologs, FLOWERING 353 

LOCUS T (FT) and TERMINAL FLOWER1 (TFL1), which share 59% protein sequence similarity 354 

but act as an inducer and repressor of flowering, respectively (Hanzawa et al., 2005). Strikingly, 355 

swapping a single amino acid residue was shown to be sufficient to functionally convert FT to TFL1 356 
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and vice versa. It was suggested that this key residue contributes to the induction of flowering by 357 

affecting the interaction of FT and TFL1 with common interacting partners, such as FLOWERING 358 

LOCUS D, a bZIP transcription factor (Hanzawa et al., 2005; Ahn et al., 2006). Thus, the 359 

identification of amino acid residues of SGR1 and SGR2 that are important for binding to both LHCII 360 

and CCEs may provide a molecular basis for the regulation of Chl degradation by SGRs.  361 

We also revealed by yeast two-hybrid and in vitro pull-down assays that Arabidopsis SGR1 and 362 

SGR2 form homo- or heterodimers (Figure 8). Thus, it is highly possible that heterodimer formation 363 

alleviates the formation of SGR1-CCE complex. For example, the interaction of SGR1 with CCEs 364 

may become weak when heterodimerizing with SGR2 because of its limited interaction capacity with 365 

CCEs. Similar regulation mechanisms of protein activity have been reported previously. Splicing 366 

variant (CCA1b) of Arabidopsis CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1a) inhibits the 367 

formation of CCA1a homodimers by forming CCA1a-CCA1b heterodimers (Seo et al., 2012). 368 

Because of this negative regulation by heterodimerization, Arabidopsis CCA1b-OX plants showed a 369 

distinct phenotype from CCA1a-OX plants. For example, CCA1a-OX showed tolerance to freezing 370 

stress, while CCA1b-OX became cold sensitive (Seo et al., 2012). The Arabidopsis 371 

INDETERMINATE DOMAIN 14 transcription factor has a similar self-regulatory mechanism by 372 

forming heterodimers with its splicing variant (Seo et al., 2011). Considering these previous reports, it 373 

is highly possible that SGR1 activity is negatively regulated by heterodimerization with SGR2 during 374 

leaf senescence and Chl degradation-inducing stress conditions; SGR2-OX plants may mainly form 375 

inactive SGR1-SGR2 heterodimers and SGR2-SGR2 homodimers, but barely active SGR1-SGR1 376 

homodimers.  377 

Interestingly, the contribution of SGR2 to embryo degreening seems to be different from Chl 378 

degradation during leaf senescence. Delmas et al. (2013) recently reported that levels of Chl retention 379 

are much higher in sgr1-1 sgr2-2 seeds than in sgr1-1 (an allele distinct to nye1-1) seeds, indicating 380 

that SGR2 is involved in embryo degreening. One possibility is that SGR1 and SGR2-dependent Chl 381 

degradation during embryo degreening is mechanistically different from that during leaf senescence, 382 

because expression levels of some CCE genes, such as HCAR, NOL and RCCR, are considerably low 383 

during seed ripening (data not shown), as confirmed in the Arabidopsis eFP browser 384 

(http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Furthermore, we consistently observed that the 385 

mature embryos of SGR2-OX seeds are normally yellow as wild-type seeds (data not shown). The 386 

soybean genome also contains two SGR homologs and one SGRL gene (Supplemental Figures 1 and 387 

2). In contrast to our data in Arabidopsis, the two soybean SGR homologs, D1/SGR1 388 

(Glyma01g42390) and D2/SGR2 (Glyma11g02980), have a duplicate gene function to activate Chl 389 

degradation during leaf senescence, as confirmed by constitutive expression in Arabidopsis nye1-1 390 

plants (Fang et al., 2014). Moreover, the d1d2 double mutant exhibits a functional type B stay-green 391 

phenotype, which is quite different from the nonfunctional type C phenotypes found in sgr1 mutants 392 

of different plant species. It can be speculated that after duplication, the developmental, biochemical 393 
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and physiological functions of SGR genes in Chl metabolism have been diversified during different 394 

evolution processes of each plant species. In line with this is the proposed role of Medicago 395 

truncatula SGR in root nodule senescence (Zhou et al., 2011). Therefore, the precise functions of SGR 396 

homologs in each plant species need to be tested experimentally in vivo in order to elucidate whether 397 

they act synergistically, redundantly, or antagonistically in Chl breakdown and/or other physiological 398 

processes. 399 

In this study, we found that expression of the senescence-induced CCE genes, NYC1 and PPH, is 400 

significantly down-regulated in SGR2-OX, contributing to the stay-green phenotype of these lines, but 401 

these genes are up-regulated in SGR1-OX, a line with accelerated leaf yellowing (Figure 5). These 402 

results strongly suggest that altering SGR abundance or SGR-related changes in photosystem balance 403 

or its pigment (Chl and carotenoid) composition in chloroplasts may affect nuclear gene expression 404 

during leaf senescence. Changes in nuclear gene expression have previously been reported to occur in 405 

an Arabidopsis stay-green line termed BCG (Sakuraba et al., 2012a). In BCG plants, the balance of 406 

photosystem core and antenna is different from wild type due to Chl b over-accumulation caused by 407 

the overexpression of chlorophyllide a oxygenase (Sakuraba et al., 2010). Thus, changes in the 408 

homeostasis of photosystem components may be signaled to the nucleus and may alter the expression 409 

of senescence-related genes. Similarly, it is possible that altered interactions of SGRs with LHCII 410 

perturb photosystem complexes and induce retrograde signal(s) from the chloroplast to the nucleus. 411 

Considering the results of this study, antagonistic functions of SGR2 and SGR1 in Arabidopsis may 412 

have evolved for the necessity of tightly controlling Chl catabolism in accordance with the 413 

dismantling and remobilizing process of cellular components during leaf senescence, which is 414 

different from the redundant functions of D1/SGR1 and D2/SGR2 in soybean (Fang et al., 2014). 415 

 416 

 417 

METHODS 418 

 419 

Plant Materials 420 

 421 

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as wild type. Full-length cDNAs of SGR1 422 

and SGR2 in Arabidopsis (without stop codon for the C-terminal epitope-tagging) were amplified by 423 

RT-PCR using total RNA. After insertion of the SGR1 and SGR2 cDNAs into the Gateway entry vector 424 

pCR8/GW/TOPO (Invitrogen), the inserts were recombined into the binary Gateway vectors 425 

pEarleyGate 103, 202 and 205 for introducing C-terminal GFP, FLAG and TAP tags, respectively 426 

(Earley et al., 2006). The primers used for cloning are listed in Supplemental Table 2. Arabidopsis 427 

transgenic plants were obtained by Agrobacterium tumefaciens (strain GV3101)-mediated 428 
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transformation by a floral dipping method (Zhang et al., 2006). Primary transformants were selected on 429 

agar plates containing appropriate antibiotics. Lines that showed high expression of transgene were 430 

selected, and their third generation was subjected for further analysis. As a negative control for in vivo 431 

pull-down assays, transgenic plants carrying P35S:GFP were used (Sakuraba et al., 2012b). The T-DNA 432 

insertion-derived sgr2-1 mutant (SALK_003830C; Aubry et al., 2008) was obtained from the 433 

Arabidopsis Biological Resource Center (ABRC, Ohio State University, USA) (Supplemental Figure 434 

9). The absence of SGR2 mRNA in each mutant was confirmed by RT-PCR, and ACTIN2 (ACT2; 435 

At3g18780) was used as a loading control (Supplemental Figure 9). For an SGR1 mutant, nye1-1 was 436 

used (Ren et al., 2007).  437 

 438 

Growth Conditions 439 

 440 

Arabidopsis wild-type and transgenic plants were grown on soil in a growth chamber at 20oC 441 

(minimum temperature during nighttime) to 24oC (maximum temperature during daytime) under cool-442 

white fluorescent light (90-100 μmol m-2 s-1) in long-day (LD; 16-h light/8-h dark) conditions. Green 443 

rosette leaves detached from 3- or 4-week-old plants were sampled for dark-induced senescence and 444 

abiotic stress treatments. Detached leaves were incubated in light or in darkness at 22°C on 3 mM 445 

MES (pH 5.8) buffer with supplements, as indicated in the Figures. For dark-induced senescence 446 

treatment of whole plants, 3-week-old plants were transferred to complete darkness. After dark 447 

incubation, rosette leaves were sampled under dim green light. 2nd or 3rd rosette leaves were used for 448 

all experiments, including, Chl quantification, Ion leakage rate and Fv/Fm measurements, immunoblot 449 

analysis, and qRT-PCR analysis.   450 

 451 

Pigment Analysis 452 

 453 

Total Chl was extracted from rosette leaves (2nd or 3rd) using ice-cold acetone at 4°C. Supernatants 454 

were diluted with ice-cold water to a final acetone concentration of 80%. Chl was quantified 455 

spectrophotometrically as previously described (Lichtenthaler, 1987).  456 

  457 

Laser Scanning Confocal Microscopy  458 

 459 

GFP fluorescence images were recorded with a laser scanning confocal microscope (LSM510, Zeiss). 460 

An argon laser (25 mW) was used for generating an excitation source at 488 nm. GFP and Chl 461 

fluorescence were recorded at 525 nm and 660 nm, respectively. 462 

  463 

Fluorescence Measurement of Fv/Fm using Pulse Amplitude Modulation (PAM) 464 
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 465 

Maximal photochemical efficiency of photosystem II (Fv/Fm) was measured using a PAM 2000 466 

fluorometer (Heinz Walz, Germany). Plants were dark-adapted for 5 min and the Fv/Fm ratios if 2nd 467 

or 3rd rosette leaves were measured at 20°C.  468 

 469 

Measurement of Ion Leakage  470 

 471 

Ion leakage was measured as described previously (Fan et al., 1997) with minor modifications. 472 

Membrane leakage was determined by measurement of electrolytes (or ions) leaking from 2nd or 3rd 473 

detached leaves. Ten leaves from each treatment were immersed in 6 mL of 0.4 M mannitol at room 474 

temperature with gentle shaking for 3 h, and conductivity of the solution measured with a 475 

conductivity meter (CON6 METER, LaMOTTE Co., USA). Total conductivity was determined after 476 

sample incubation at 85°C for 20 min. The ion leakage is expressed as the percentage of initial 477 

conductivity divided by total conductivity. 478 

  479 

Gene Expression Analysis 480 

 481 

Gene expression levels were measured by reverse transcription and quantitative real-time PCR (RT-482 

qPCR) analysis. Total RNA was extracted from leaves using the Total RNA Extraction Kit including 483 

RNase-free DNase (iNtRON Biotechnology, Korea). For RT reactions, first-strand cDNA was 484 

synthesized from 5 μg of total RNA using M-MLV reverse transcriptase and an oligo(dT)15 primer 485 

(Promega) in a 20 μL mixture. Then, the reaction was diluted to 100 μL with water, and used as 486 

template for qPCR analysis. The qPCR mixture (20 μL) contained 2 μL of first-strand cDNA 487 

template, 10 μL of LightCycler 480 SYBR Green I Master (Roche), and 0.25 μM of forward and 488 

reverse primers for each gene. Primer sets used for qPCR are listed in Supplemental Table 2. qPCR 489 

was performed using the Light Cycler 2.0 (Roche Diagnostics). Relative expression levels of each 490 

gene were normalized to those of GAPDH (glyceraldehyde phosphate dehydrogenase; At1g16300).  491 

  492 

In vitro and In Vivo Pull-Down Assays 493 

 494 

For the interaction of SGR homologs with CCEs or photosystem proteins, total leaf proteins were 495 

extracted from 3-week-old plants (3 DDI) and membrane-enriched fractions were purified using the 496 

Native Membrane Protein Extraction Kit (Calbiochem). To examine the interactions between SGR1 497 

and SGR2, total proteins were extracted from 1-week-old etiolated seedlings using the Native 498 

Membrane Protein Extraction Kit (Calibiochem). Then, each extract was adjusted by Chl 499 

concentration, and pulled down using -GFP-conjugated agarose beads (MBL, Japan) as described 500 

previously (Sakuraba et al., 2012b). The agarose beads were washed at least three times with washing 501 
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buffer (50 mM Tris-HCl [pH 7.2], 200 mM NaCl, 0.1% Nonidet P-40, 2 mM EDTA, and 10% 502 

glycerol). Washed beads were boiled with 20 μL of sample buffer for 5 min and subjected to SDS-503 

PAGE and immunoblot analysis.  504 

 505 

SDS-PAGE, Silver staining, and Immunoblot Analysis 506 

 507 

Protein extracts or fractions of co-immunoprecipitation experiments were suspended with sample 508 

buffer (50 mM Tris-HCl [pH 6.8], 2 mM EDTA, 10% glycerol, 2% SDS, and 6% 2-mercaptoethanol), 509 

and denatured at 75°C for 3 min, and subjected to SDS-PAGE. The resolved proteins were 510 

electroblotted onto Immunobilon-P transfer membranes (Millipore). For visualization of protein 511 

bands, gels or membranes were stained with Coomassie Brilliant Blue (Sigma-Aldrich). For 512 

visualization of co-immunoprecipitated samples, SilverQuest™ Silver Staining Kit (Invitrogen) were 513 

used according to the protocol. Antibodies against GFP (Abcam), FLAG (Cell Signaling, USA), NOL 514 

and NYC1 (Sato et al., 2009), RCCR (Pružinská et al., 2007), PAO and photosystem proteins 515 

(Lhcba1, Lhcb1, Lhcb2, Lhcb4, Lhcb5, CytF, CP43 and D1) (Agrisera, Sweden) were used for protein 516 

detection. Peroxidase activity of secondary antibodies was visualized using the WEST SAVE 517 

chemiluminescence detection kit (AbFRONTIER, Korea).  518 

  519 

Yeast Two-Hybrid Assays 520 

 521 

The full-length cDNA of SGR2 in the entry vector pCR8/GW/TOPO was inserted into the destination 522 

vector pDEST32 as bait (Invitrogen). Bait (pDEST32) and prey (pDEST22) vectors of SGR1 and 523 

CCEs have previously been prepared (Sakuraba et al., 2012b; Sakuraba et al., 2013). The yeast strain 524 

MaV203 was used for co-transformation of bait and prey clones, and β-galactosidase activity was 525 

measured by a liquid assay using chlorophenol red-β-D-galactoside (CPRG; Roche Applied Science) 526 

according to the Yeast Protocol Handbook (Clontech). 527 

 528 

Abiotic Stress Treatments 529 

 530 

Analysis of salt stress was performed as previously described with minor modifications (Wu et al., 531 

2012). For analysis of salt stress-induced Chl degradation, 2nd or 3rd detached rosette leaves from 3-532 

week-old plants were floated on 3 mM MES (pH 5.8) buffer containing 150 mM NaCl with the adaxial 533 

side-up, or 3-week-old plants grown on soil were supplied with 200 mM NaCl solution, and incubated 534 

for 3 d (detached leaves) or 6 d (whole plants) under continuous light conditions (CL; 22°C, 90-100 535 

μmol m-2 s-1). For analysis of heat stress-induced Chl degradation, 3-week-old plants floating on 3 mM 536 

MES (pH 5.8) buffer containing 2 g/L Murashige and Skoog medium (Sigma-Adrich) were incubated 537 

for 4 h at 45°C and then transferred to 22°C for 72 h under long day (LD; 16-h light/8-h dark) 538 
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conditions. For analysis of drought stress-induced Chl degradation, 3 week-old plants were incubated 539 

in petri dishes without buffer at 23°C for 12 h, and then re-hydrated with water for 24 h under CL 540 

conditions. 541 

 542 

Accession Numbers Sequence data from this article can be found in the Arabidopsis Genome 543 

Initiative (AGI) or GenBank/EMBL data libraries under the following accession numbers: 544 

SGR1/NYE1 (At4g22920), SGR2 (At4g11910), NYC1 (At4g13250), NOL (At5g04900), HCAR 545 

(At1g04620), PPH (At5g13800), PAO (At3g44880), RCCR (At4g37000), GAPDH (At1g16300), and 546 

ACT2 (At3g18780). 547 

 548 
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 561 

Figure Legends 562 

 563 

Figure 1. Expression Profiles of Three Arabidopsis SGR Homologs during Development or Under 564 

Dark-Induced Senescence Conditions.  565 

Expression of SGR1 (A, D), SGR2 (B, E) and SGRL (C, F) was examined in 2nd and 3rd rosette 566 

leaves of wild-type (Col-0) plants during development (A-C) or in 2nd or 3rd detached rosette leaves 567 

from 3-week-old wild-type (Col-0) plants during dark-induced senescence (D-F). Plants were grown 568 

on soil at 22°C under long-day (16-h cool-white fluorescent light [90-100 mol m-2 s-1]/8-h dark) 569 

conditions. The relative expression levels of SGR genes were determined by RT-qPCR analysis and 570 

normalized to transcript levels of GAPDH (glyceraldehyde phosphate dehydrogenase; At1g16300). 571 

Mean and SD values were obtained from more than three biological replicates. These experiments 572 

were repeated at least twice with similar results. DDI, days of dark incubation. 573 

 574 
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Figure 2. Phenotypic Characterization of the Two SGR-OX Plants.  575 

(A) Phenotypes of 3-week-old wild-type (WT) and the two SGR-OX plants before dark incubation (0 576 

DDI) and after 8 DDI. Plants were grown on soil at 22°C in long-day conditions.  577 

(B) Changes in total Chl levels in attached leaves (2nd or 3rd) of the plants in (A) before dark 578 

incubation (black), and after 4 DDI (gray) and 6 DDI (white). Means and SDs were obtained from 579 

three samples.  580 

(C) Changes in photosynthetic protein levels in the leaves of plants like those shown in (A) before (0 581 

DDI), and after 5 DDI and 8 DDI. Antibodies against photosystem II core (CP43 and D1), 582 

photosystem II antenna (Lhcb1, Lhcb2, Lhcb4 and Lhcb5), Lhca1, CytF and PAO were used. RbcL 583 

(Rubisco large subunit) was visualized by Coomassie Brilliant Blue staining after immunoblot 584 

analysis.  585 

(D) Membrane ion leakage (as percentage of total ions) of detached leaves from WT and the two 586 

SGR-OX lines before dark treatment (0 DDI; black), and after 5 (gray) or 8 (white) DDI. Green 587 

rosette leaves of 4-week-old plants were used.  588 

(B, D) A Student’s t-test was used to calculate pairwise statistical significance (*P<0.05, **P<0.01). 589 

Means and SDs were obtained from more than seven leaf samples. All of these experiments were 590 

repeated more than twice with similar results. DDI, days of dark incubation; S1-OX, SGR1-OX; S2-591 

OX, SGR2-OX. 592 

 593 

Figure 3. Phenotypic Characterization of Single and Double Mutants in SGR1 and SGR2 during 594 

Dark-Induced Senescence. 595 

Phenotypes (A) and total Chl levels (B) of 3-week-old nye1-1, sgr2-1, nye1-1 sgr2-1 mutants before 596 

(0 DDI; upper panel) and after 6 d of dark incubation (6 DDI; lower panel). Means and SDs were 597 

obtained from more than seven samples. A Student’s t-test was used to calculate pairwise statistical 598 

significance (*P<0.05, **P<0.01). These experiments were repeated more than twice with similar 599 

results. 600 

 601 

Figure 4. Color Changes in Attached Leaves of the two SGR-OX Plants under Salt Stress.  602 

(A) Visible phenotypes of wild-type (WT) and two SGR-OX plants after 6 d of salt treatment (200 603 

mM NaCl). Three-week-old plants grown on soil under LD conditions were used. (B, C) Changes of 604 

total Chl levels (B) and ion leakage rates (C) in 6th rosette leaves of plants as shown in (A). Means 605 

and SDs were obtained from more than ten samples. A Student’s t-test was used to calculate pairwise 606 

statistical significance (*P<0.05). These experiments were repeated more than twice with similar 607 

results. S1-OX, SGR1-OX; S2-OX, SGR2-OX. 608 

 609 

Figure 5. Altered Expression of the Two CCE Genes NYC1 and PPH in SGR-OX Plants and sgr 610 

Mutants during Dark-Induced Senescence.  611 
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Total RNA was extracted from the rosette leaves of 3-week-old plants before and after dark 612 

incubation (black, 0 DDI; gray, 3 DDI; white, 5 DDI). Relative expression levels of NYC1 (A) and 613 

PPH (B) were determined by RT-qPCR and normalized to the transcript levels of GAPDH. Means 614 

and SDs were obtained from more than six samples. A Student’s t-test was used to calculate 615 

pairwise statistical significance (*P<0.05, **P<0.01). These experiments were repeated twice with 616 

similar results. S1-OX, SGR1-OX; S2-OX, SGR2-OX. 617 

 618 

Figure 6. SGR2 Interacts with LHCII at Thylakoid Membranes In Vivo.  619 

(A) Chloroplast localization of SGR1-GFP (S1-GFP), and SGR2-GFP (S2-GFP). Cotyledons of 1-620 

week-old WT (Negative control), transgenic plants expressing SGR-GFP fusions (SGR1-GFP and 621 

SGR2-GFP), and chloroplast targeted GFP (Positive control), were observed by laser scanning 622 

confocal microscopy. Red Chl autofluorescence (left), green GFP fluorescence (middle), and merged 623 

images (right) are shown. Bar = 50 μm.  624 

(B) SGR-GFP fusion proteins are more abundant in membrane-enriched protein fractions compared to 625 

soluble fractions. Total protein extracts were obtained from the rosette leaves of 3-week-old plants. 626 

GFP fusion proteins were detected by immunoblotting with an α-GFP antibody (upper panel). After 627 

immunoblot analysis, membranes were stained with Coomassie Brilliant Blue (CBB) as loading 628 

control (lower panel).  629 

(C) SGR2 interacts with LHCII subunits in vivo. Three-week-old plants expressing SGR-GFP fusions, 630 

i.e. SGR1-GFP (S1-GFP; positive control), SGR2-GFP (S2-GFP), and negative control (GFP) plants 631 

were incubated in darkness for 2 d. Membrane-enriched fractions were used for pull-down 632 

experiments using α-GFP antibody-conjugated agarose beads (GFP-IP). Co-precipitated proteins were 633 

detected by immunoblotting using respective antibodies. Input, immunoblot analysis of the fractions 634 

used for GFP-IP. These experiments were repeated more than twice with similar results. 635 

 636 

Figure 7. Physical Interactions of SGR1 and SGR2 with CCEs.  637 

(A) Pairwise interactions of SGR1 and SGR2 with 6 CCEs in yeast two-hybrid assays. Relative β-638 

galactosidase (β-Gal) activity was determined in liquid assays using chlorophenol red-β-D-639 

galactosidase (CPRG) as substrate. Empty prey plasmids (-) were used as negative controls. Mean and 640 

SD values were obtained from five independent colonies.  641 

(B) Co-immunoprecipitation of CCEs (RCCR, NOL, NYC1, and PAO) and SGRs in senescing 642 

chloroplasts. SGR1-GFP (S1-GFP), SGR2-GFP (S2-GFP), and GFP (negative control) transgenic 643 

plants grown for 3 weeks under LD conditions were transferred to darkness and sampled at 3 DDI. 644 

Membrane-enriched fractions were used for in vivo pull-down assays. GFP was immunoprecipitated 645 

(GFP-IP) with α-GFP-conjugated beads. RCCR, NOL, NYC1, and PAO in the input samples (left 646 

panel) and the pulled fractions (right panel) were detected using respective antibodies.  647 
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(C) Interactions between SGRs and PPH or HCAR by in vitro pull-down assays. Equal fresh weight 648 

of rosette leaves of 3-week-old transgenic Arabidopsis plants expressing FLAG-tagged SGRs and 649 

GFP-tagged HCAR or PPH (3 DDI) were co-homogenized. Membrane-enriched fractions were used 650 

for pull-down assays with α-GFP-conjugated beads (GFP-IP), followed by immunoblot analysis using 651 

α-FLAG. GFP transgenic plants were used as a negative control. These experiments were repeated 652 

more than twice with similar results. 653 

 654 

Figure 8. SGR1 and SGR2 Form Homo- or Heterodimers.  655 

(A) Pairwise interactions between SGR1 and SGR2. Relative β-galactosidase (β-Gal) activity was 656 

determined in liquid assays using chlorophenol red-β-D-galactosidase (CPRG) as substrate. Empty 657 

bait plasmids (-) were used as negative controls. Means and SDs were obtained from five independent 658 

colonies.  659 

(B-D) Interaction of SGR1 and SGR2 by in vitro pull-down assays. Equal fresh weight of 1-week-old 660 

etiolated seedlings of transgenic Arabidopsis lines expressing GFP-tagged SGR1 (S1-GFP) or SGR2 661 

(S2-GFP) were co-homogenized with FLAG-tagged SGR1 (S1-FLAG) or SGR2 (S2-FLAG). Each 662 

homogenate was used for pull-down assays with -GFP-conjugated beads (GFP-IP), followed by 663 

immunoblot analysis using -FLAG. GFP transgenic plants were used as a negative control. The 664 

series of experiments was performed more than twice with similar results. 665 

  666 
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Figure 1. Expression Profiles of Three Arabidopsis SGR Homologs during Development or Under 

Dark-Induced Senescence Conditions.  

Expression of SGR1 (A, D), SGR2 (B, E) and SGRL (C, F) was examined in 2nd and 3rd rosette 

leaves of wild-type (Col-0) plants during development (A-C) or in 2nd or 3rd detached rosette leaves 

from 3-week-old wild-type (Col-0) plants during dark-induced senescence (D-F). Plants were grown 

on soil at 22°C under long-day (16-h cool-white fluorescent light [90-100 mol m-2 s-1]/8-h dark) 

conditions. The relative expression levels of SGR genes were determined by RT-qPCR analysis and 

normalized to transcript levels of GAPDH (glyceraldehyde phosphate dehydrogenase; At1g16300). 

Mean and SD values were obtained from more than three biological replicates. These experiments 

were repeated at least twice with similar results. DDI, days of dark incubation. 
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Figure 2. Phenotypic Characterization of the Two SGR-OX Plants.  

(A) Phenotypes of 3-week-old wild-type (WT) and the two SGR-OX plants before dark incubation (0 

DDI) and after 8 DDI. Plants were grown on soil at 22°C in long-day conditions.  

(B) Changes in total Chl levels in attached leaves (2nd or 3rd) of the plants in (A) before dark 

incubation (black), and after 5 DDI (gray) and 8 DDI (white). Means and SDs were obtained from 

three samples.  

(C) Changes in photosynthetic protein levels in the leaves of plants like those shown in (A) before (0 

DDI), and after 5 DDI and 8 DDI. Antibodies against photosystem II core (CP43 and D1), 

photosystem II antenna (Lhcb1, Lhcb2, Lhcb4 and Lhcb5), Lhca1, CytF and PAO were used. RbcL 

(Rubisco large subunit) was visualized by Coomassie Brilliant Blue staining after immunoblot 

analysis.  
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(D) Membrane ion leakage (as percentage of total ions) of detached leaves from WT and the two 

SGR-OX lines before dark treatment (0 DDI; black), and after 5 (gray) or 8 (white) DDI. Green 

rosette leaves of 4-week-old plants were used.  

(B, D) A Student’s t-test was used to calculate pairwise statistical significance (*P<0.05, **P<0.01). 

Means and SDs were obtained from more than seven leaf samples. All of these experiments were 

repeated more than twice with similar results. DDI, days of dark incubation; S1-OX, SGR1-OX; S2-

OX, SGR2-OX. 
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Figure 3. Phenotypic Characterization of Single and Double Mutants in SGR1 and SGR2 during 

Dark-Induced Senescence. 

Phenotypes (A) and total Chl levels (B) of 3-week-old nye1-1, sgr2-1, nye1-1 sgr2-1 mutants before 

(0 DDI; upper panel) and after 6 d of dark incubation (6 DDI; lower panel). Means and SDs were 

obtained from more than seven samples. A Student’s t-test was used to calculate pairwise statistical 

significance (*P<0.05, **P<0.01). These experiments were repeated more than twice with similar 

results. 
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Figure 4. Color Changes in Attached Leaves of the two SGR-OX Plants under Salt Stress.  

(A) Visible phenotypes of wild-type (WT) and two SGR-OX plants after 6 d of salt treatment (200 

mM NaCl). Three-week-old plants grown on soil under LD conditions were used. (B, C) Changes of 

total Chl levels (B) and ion leakage rates (C) in 6th rosette leaves of plants as shown in (A). Means 

and SDs were obtained from more than ten samples. A Student’s t-test was used to calculate pairwise 

statistical significance (*P<0.05). These experiments were repeated more than twice with similar 

results. S1-OX, SGR1-OX; S2-OX, SGR2-OX. 
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Figure 5. Altered Expression of the Two CCE Genes NYC1 and PPH in SGR-OX Plants and sgr 

Mutants during Dark-Induced Senescence.  

Total RNA was extracted from the rosette leaves of 3-week-old plants before and after dark 

incubation (black, 0 DDI; gray, 3 DDI; white, 5 DDI). Relative expression levels of NYC1 (A) and 

PPH (B) were determined by RT-qPCR and normalized to the transcript levels of GAPDH. Means 

and SDs were obtained from more than six samples. A Student’s t-test was used to calculate 

pairwise statistical significance (*P<0.05, **P<0.01). These experiments were repeated twice with 

similar results. S1-OX, SGR1-OX; S2-OX, SGR2-OX. 
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Figure 6. SGR2 Interacts with LHCII at Thylakoid Membranes In Vivo.  

(A) Chloroplast localization of SGR1-GFP (S1-GFP), and SGR2-GFP (S2-GFP). Cotyledons of 1-

week-old WT (Negative control), transgenic plants expressing SGR-GFP fusions (SGR1-GFP and 

SGR2-GFP), and chloroplast targeted GFP (Positive control), were observed by laser scanning 

confocal microscopy. Red Chl autofluorescence (left), green GFP fluorescence (middle), and merged 

images (right) are shown. Bar = 50 μm.  

(B) SGR-GFP fusion proteins are more abundant in membrane-enriched protein fractions compared to 

soluble fractions. Total protein extracts were obtained from the rosette leaves of 3-week-old plants. 

GFP fusion proteins were detected by immunoblotting with an α-GFP antibody (upper panel). After 

immunoblot analysis, membranes were stained with Coomassie Brilliant Blue (CBB) as loading 

control (lower panel).  

(C) SGR2 interacts with LHCII subunits in vivo. Three-week-old plants expressing SGR-GFP fusions, 

i.e. SGR1-GFP (S1-GFP; positive control), SGR2-GFP (S2-GFP), and negative control (GFP) plants 

were incubated in darkness for 2 d. Membrane-enriched fractions were used for pull-down 

experiments using α-GFP antibody-conjugated agarose beads (GFP-IP). Co-precipitated proteins were 

detected by immunoblotting using respective antibodies. Input, immunoblot analysis of the fractions 

used for GFP-IP. These experiments were repeated more than twice with similar results. 
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Figure 7. Physical Interactions of SGR1 and SGR2 with CCEs.  

(A) Pairwise interactions of SGR1 and SGR2 with 6 CCEs in yeast two-hybrid assays. Relative β-

galactosidase (β-Gal) activity was determined in liquid assays using chlorophenol red-β-D-

galactosidase (CPRG) as substrate. Empty prey plasmids (-) were used as negative controls. Mean and 

SD values were obtained from five independent colonies.  

(B) Co-immunoprecipitation of CCEs (RCCR, NOL, NYC1, and PAO) and SGRs in senescing 

chloroplasts. SGR1-GFP (S1-GFP), SGR2-GFP (S2-GFP), and GFP (negative control) transgenic 

plants grown for 3 weeks under LD conditions were transferred to darkness and sampled at 3 DDI. 

Membrane-enriched fractions were used for in vivo pull-down assays. GFP was immunoprecipitated 

(GFP-IP) with α-GFP-conjugated beads. RCCR, NOL, NYC1, and PAO in the input samples (left 

panel) and the pulled fractions (right panel) were detected using respective antibodies.  

(C) Interactions between SGRs and PPH or HCAR by in vitro pull-down assays. Equal fresh weight 

of rosette leaves of 3-week-old transgenic Arabidopsis plants expressing FLAG-tagged SGRs and 

GFP-tagged HCAR or PPH (3 DDI) were co-homogenized. Membrane-enriched fractions were used 

for pull-down assays with α-GFP-conjugated beads (GFP-IP), followed by immunoblot analysis using 

α-FLAG. GFP transgenic plants were used as a negative control. These experiments were repeated 

more than twice with similar results.  
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Figure 8. SGR1 and SGR2 Form Homo- or Heterodimers.  

(A) Pairwise interactions between SGR1 and SGR2. Relative β-galactosidase (β-Gal) activity was 

determined in liquid assays using chlorophenol red-β-D-galactosidase (CPRG) as substrate. Empty 

bait plasmids (-) were used as negative controls. Means and SDs were obtained from five independent 

colonies.  

(B-D) Interaction of SGR1 and SGR2 by in vitro pull-down assays. Equal fresh weight of 1-week-old 

etiolated seedlings of transgenic Arabidopsis lines expressing GFP-tagged SGR1 (S1-GFP) or SGR2 

(S2-GFP) were co-homogenized with FLAG-tagged SGR1 (S1-FLAG) or SGR2 (S2-FLAG). Each 

homogenate was used for pull-down assays with -GFP-conjugated beads (GFP-IP), followed by 

immunoblot analysis using -FLAG. GFP transgenic plants were used as a negative control. The 

series of experiments was performed more than twice with similar results. 

 


