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Abstract 37 

 38 

Although chlorophyll (Chl) degradation is an essential biochemical pathway for plant physiology, our knowledge 39 

regarding this process retains unfilled gaps. Pheophytinase (PPH) was shown to be essential for Chl breakdown 40 

in dark-induced senescent leaves. However, the catalyzing enzymes involved in pigment turnover and fruit 41 

ripening-associated degreening are still controversial. Chl metabolism is closely linked to the biosynthesis of 42 

other isoprenoid-derived compounds, such as carotenoids and tocopherols, which are also components of the 43 

photosynthetic machinery. Chls, carotenoids and tocopherols share a common precursor, geranylgeranyl 44 

diphosphate, produced by the plastidial methylerythritol 4-phosphate (MEP) pathway. Additionally, the Chl 45 

degradation-derived phytol can be incorporated into tocopherol biosynthesis. In this context, tomato turns out 46 

as an interesting model to address isoprenoid-metabolic crosstalk since fruit ripening combines degreening and 47 

an intensely active MEP leading to carotenoid accumulation. Here, we investigate the impact of PPH deficiency 48 

beyond senescence by the comprehensive phenotyping of SlPPH-knockdown tomato plants. In leaves, 49 

photosynthetic parameters indicate altered energy usage of excited Chl. As a mitigatory effect, photosynthesis-50 

associated carotenoids increased while tocopherol content remained constant. Additionally, starch and soluble 51 

sugar profiles revealed a distinct pattern of carbon allocation in leaves that suggests enhanced sucrose 52 

exportation. The higher levels of carbohydrates in sink organs downregulated carotenoid biosynthesis. 53 

Additionally, the reduction in Chl-derived phytol recycling resulted in decreased tocopherol content in 54 

transgenic ripe fruits. Concluding, tocopherol and carotenoid metabolisms, together with the antioxidant 55 

capacity of the hydrophilic and hydrophobic fractions, were differentially affected in leaves and fruits of the 56 

transgenic plants. Thus, in tomato, PPH plays a role beyond senescence-associated Chl degradation that, when 57 

compromised, affects isoprenoid and carbon metabolisms that, ultimately, alters the fruit’s nutraceutical 58 

content. 59 

 60 

 61 

Keywords: Solanum lycopersicum; tomato; pheophytinase; tocopherol; carotenoids; chlorophyll degradation. 62 
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Introduction 64 

 65 

Photosynthesis, the process on which life relies upon, converts light energy by coupling chlorophyll (Chl) with 66 

an electron transport chain. The extention of photosynthetic activity for longer periods, by delaying leaf 67 

senescence, might lead to carbon assimilation improvement. Thus, this phenotype, called stay green, has been 68 

considered as strategy for yield breeding (Rossi et al. 2015) and has been classified as cosmetic or functional 69 

(Thomas and Howarth 2000). Genotypes with deficiency in senescence-associated Chl degradation are 70 

considered cosmetic, since the non-visible components of senescence are mostly unaffected (Thomas and 71 

Ougham 2014). This seems to be the case in the Arabidopsis thaliana pheophytinase (AtPPH) mutant (pph-1). 72 

Pheophytinase (PPH) catalyzes the dephytylation of pheophytin a releasing phytol, the Chl lipophilic chain. pph-73 

1 is unable to degrade chlorophyll and the functionality of photosynthesis is strongly affected upon senescence 74 

induction (Schelbert et al. 2009). Similar results have been obtained for the Solanum lycopersicum ortholog 75 

gene, SlPPH (Guyer et al. 2014), as Chl breakdown is impaired in dark-induced senescent leaves of SlPPH-76 

knockdown plants. The fruits of transgenic lines showed a transient delay of Chl degradation that was 77 

accompanied by a transitory accumulation of pheophytin a, but, ultimately, they degraded chlorophyll and 78 

pheophytin a like the wild type genotype. These results demonstrate the involvement of SlPPH in ripening-79 

associated degreening, however, they also indicate that other dephytylating activities may compensate the 80 

reduced levels of PPH in transgenic fruits. 81 

Another elusive mechanism regarding Chl metabolism is Chl turnover. It has been demonstrated that 82 

chlorophyll synthase re-esterifies chlorophyllide a, nevertheless the enzyme responsible for the hydrolysis of 83 

the ester bond yielding chlorophyllide a and free phytol is still missing (Lin et al. 2014, Zhang et al. 2015). 84 

Pheophytin a and Chl a exclusively differ in one magnesium ion, thus, it seems likely that the de-esterification is 85 

catalyzed by a PPH-like enzyme. Interestingly, pheophytin a recycling might also be needed for proper 86 

photosystem turnover as it is known to be the primary electron acceptor in PSII (Vass and Cser 2009). 87 

Furthermore, PPH-like genes are found from cyanobacterial to angiosperm genomes and have been shown to 88 

be localized in plastids (Schelbert et al. 2009, Guyer et al. 2014). 89 

Chl metabolism is closely linked to carotenoid and tocopherol biosynthesis, which are the major lipid-soluble 90 

antioxidants of the thylakoid membrane and consequently, important players in photosynthetic activity 91 

maintenance (Havaux et al. 2005). These isoprenoid-derived compounds are synthesized from geranylgeranyl 92 
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diphosphate (GGPP) produced by the plastidial methylerythritol 4-phosphate (MEP) pathway (DellaPenna and 93 

Pogson 2006) (Fig. 1). While GGPP is the substrate for the first enzyme of carotenoid biosynthesis, phytoene 94 

synthase (PSY), the Chl and tocopherol prenyl side chain derives from phytyl diphosphate (PDP), which in turn 95 

is produced by geranylgeranyl reductase (GGDR) (Almeida et al. 2015a). Tocopherols, which belong to the 96 

vitamin E (VTE) family of compounds, are further synthesized from the condensation of PDP and 97 

homogentisate from the plastidial shikimate (SK) pathway (Almeida et al. 2011). Additionally, PDP for 98 

tocopherol biosynthesis can also originate from the activity of phytol kinase (VTE5) and phytyl-phosphate 99 

kinase (VTE6), which recycle Chl degradation-derived phytol (Ischebeck et al. 2006, Valentin et al. 2006, 100 

Almeida et al. 2015b, vom Dorp et al. 2015).  101 

Although Chl, tocopherols and carotenoids share a common precursor, few studies have provided 102 

comprehensive insight into the regulation of their metabolic network (Quadrana et al. 2013, Almeida et al. 103 

2015a, Zhang et al. 2014, Zhang et al. 2015). It has been demonstrated that STAY GREEN 1 (SlSGR), a Chl 104 

degradation regulatory protein, controls lycopene and β-carotene accumulation by interacting directly with 105 

SlPSY1 during tomato ripening (Luo et al. 2013). Recent evidences indicate that PDP for tocopherol biosynthesis 106 

is mostly supplied by chlorophyll degradation (Zhang et al. 2015). In seeds of A. thaliana neither PPH nor 107 

chlorophyllases, the other known Chl dephytylating enzyme, seem to be responsible for producing Chl-derived 108 

phytol for tocopherol biosynthesis, although AtPPH-overexpressing lines displayed increased levels of 109 

tocopherol (Zhang et al. 2014). Altogether, these data suggest the existence of an unknown source of phytol for 110 

tocopherol biosynthesis as well as a still obscure complex regulatory network of isoprenoid-derived 111 

compounds. 112 

Tomato (Solanum lycopersicum) turns out as an interesting model to address the above described isoprenoid-113 

metabolic crosstalk since, during fruit ripening, chloroplast-to-chromoplast transition combines degreening and 114 

an intensely active MEP leading to carotenoid accumulation (Egea et al. 2011, Barsan et al. 2012, Seymour et al. 115 

2013); while total tocopherol content remains constant (Quadrana et al. 2013). Moreover, tomato is one of the 116 

most consumed fruits worldwide and is a major source of these nutraceutical compounds for human diet 117 

(Canene-Adams et al. 2005, Chun et al. 2006). 118 

In this work, we further characterized SlPPH-knockdown plants to address the role of PPH in Chl, carotenoid 119 

and tocopherol homeostasis and the physiological impact of PPH deficiency beyond senescence. The transgenic 120 

plants showed altered photosynthetic parameters that were reflected in modifications in carbon partitioning. 121 
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Carotenoid and tocopherol content and composition were differently affected in leaves and fruits of SlPPH-122 

knockdown plants, what could be explained by the transcriptional profile of respective biosynthetic genes as 123 

well as by the influence of sugars over carotenoid metabolism. In addition, antioxidant activities in both organs 124 

were altered in accordance with carotenoid and tocopherol contents. Finally, a comprehensive survey of the 125 

tomato genome revealed the presence of three other PPH-like genes. The transcriptional profiles suggested 126 

that they all might play a role in leaf Chl metabolism, while SlPPHL3 could in addition be involved in ripening-127 

associated degreening. The integrated data analysis showed that SlPPH deficiency affects isoprenoid 128 

metabolism in an organ-specific manner modifying the nutritional content of the edible fruit. 129 

 130 

Results 131 

 132 

Isoprenoid-derived compounds and Trolox Equivalent Antioxidant Capacity (TEAC) profiles are altered in SlPPH-133 

knockdown plants 134 

 135 

Aiming to investigate the effect of PPH deficiency in the metabolism of carotenoids and tocopherol, three 136 

independent SlPPH-knockdown lines, with at least 85% reduction of SlPPH mRNA level (Supplementary Fig. S1), 137 

were characterized. 138 

Linear (lycopene) and cyclized (β-carotene, lutein, violaxanthin and neoxanthin) carotenoids were measured 139 

(Table 1). In leaves, all detected carotenoids were increased in a statistically significant manner, except for 140 

lutein that remained unaltered. On the other hand, a contrasting scenario was found in fruits. While no 141 

significant changes were found at the mature green stage, ripe fruits of SlPPH-knockdown plants showed 142 

reduced carotenoid levels compared to the control genotype. Again, lutein was the only measured compound 143 

that showed similar levels to wild type fruits. 144 

Similar to that described for carotenoids, distinct tocopherol profiles were observed between organs. The 145 

levels of α-, γ- and total-tocopherol in leaves of SlPPH-knockdown plants were similar to those observed in the 146 

wild type; however, the transgenic lines also presented detectable amounts of δ-tocopherol. Mature green 147 

fruits of the transgenic plants accumulated higher levels of α- and γ-tocopherol, which resulted in about 12% 148 

increase in total-tocopherol content. At the ripe stage, the amount of total tocopherol decreased in SlPPH-149 
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knockdown lines as consequence of the reduction of the minor tocopherol forms, γ- and δ-, whose extent was 150 

not compensated by the increment in α-tocopherol (Table 2). 151 

As SlPPH-knockdown affected the profile of tocopherols and carotenoids, the antioxidant capacity in leaf and 152 

fruit extracts was estimated by the TEAC assay. The hydrophilic fraction of leaves and ripe fruits showed 153 

increased TEAC in transgenic plants, while reduced levels were detected at the mature green stage (Fig. 2A). In 154 

terms of antioxidant capacity of the lipophilic fraction, leaves of SlPPH-knockdown plants did not differ 155 

significantly from the wild type genotype. Interestingly, fruit TEAC profile in the non-polar extract of transgenic 156 

lines displayed the opposite pattern observed in the hydrophilic fraction (Fig. 2B).  157 

These data indicate that the metabolism of isoprenoid-derived compounds as well as the antioxidant capacity 158 

is differentially adjusted in response to SlPPH deficiency in leaves and fruits. 159 

 160 

SlPPH deficiency alters the transcript profile of tocopherol and carotenoid biosynthetic enzyme encoding genes. 161 

 162 

To address whether the alterations in tocopherol and carotenoids contents observed in transgenic plants are 163 

explainable by a transcriptional regulation of respective biosynthetic genes, the mRNA levels of isoprenoid 164 

metabolism-related genes (Fig. 1) were profiled in leaves and fruits (Fig. 3 and Supplementary Table S1).  165 

Due to the role of STAY GREEN 1 protein (SGR) in chlorophyll catabolic enzyme recruitment (Sakuraba et al. 166 

2012) and carotenoid biosynthesis regulation (Luo et al. 2013), the transcript profile of SlSGR was also 167 

evaluated. Interestingly, while no effect was found in leaves and mature green fruits, significantly lower 168 

amounts of SlSGR mRNA were detected at breaker and ripe stages of SlPPH-knockdown fruits. PHEOPHORBIDE 169 

a OXYGENASE (PAO) is another member of the chlorophyll catabolic enzyme complex (Sakuraba et al. 2012), 170 

and the SlPAO also showed reduced levels of mRNA in SlPPH-knockdown plants in leaves and fruits indicating 171 

that these plants are, in some extent, also impaired in the tetrapyrrole ring breakdown. In A. thaliana the 172 

overexpression and silencing of AtSGR1 resulted in higher and lower amounts, respectively of AtPPH mRNA 173 

(Sakuraba et al. 2014). Reciprocally, the results presented here showed that the reduced expression of SlPPH 174 

leads to the downregulation of SlSGR and SlPAO suggesting the existence of transcriptional co-regulation of the 175 

members of the Chl catabolic enzyme complex. 176 

During tomato fruit ripening the expression of 1-DEOXY-D-XYLULOSE-5-P SYNTHASE encoding gene (SlDXS) 177 

increases while the amount of transcripts of the GERANYLGERANYL DIPHOSPHATE REDUCTASE encoding gene 178 
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(SlGGDR) diminishes. These changes in the transcriptional profile enhance the availability of isoprenoid 179 

intermediates for fruit carotenoid accumulation (Quadrana et al. 2013, Almeida et al. 2015a). Interestingly, the 180 

fruits of the transgenic plants showed a reversed pattern of expression displaying higher and lower levels of 181 

transcripts for SlGGDR and SlDXS, respectively. Conversely, the leaves of the SlPPH-knockdown plants showed 182 

increased amounts of mRNA for SlDXS. 183 

Carotenoid metabolism was addressed by profiling the transcript amount of PHYTOENE SYNTHASE (SlPSY1 and 184 

SlPSY2), PHYTOENE DESATURASE (SlPDS) and LYCOPENE β-CYCLASE (the chloroplast-specific SlLCYβ and the 185 

chromoplast-specific SlCYCβ) genes. It is worth mentioning that in chloroplast of wild type plants, both SlPSYs 186 

and SlLCYβ are highly expressed contributing to the biosynthesis of photosynthesis-associated carotenoids. In 187 

fruits, SlPSY2 expression is insignificant while, SlCYCβ is the most abundant LYCOPENE β-CYCLASE being 7-fold 188 

more expressed than SlLCYβ (Supplemental Table S2). As an overall pattern, SlPPH silencing led to the 189 

downregulation of the analyzed genes with the exception of SlLCYβ at breaker and ripe stages. 190 

The mRNA levels of tocopherol biosynthetic (SlVTE1, SlVTE2, SlVTE3(1), SlVTE3(2) and SlVTE4) and phytol 191 

recycling (SlVTE5 and SlVTE6) enzyme encoding genes were also evaluated. In comparison to the control 192 

genotype, leaves of transgenic plants displayed reduction in SlVTE4 and SlVTE3(2) expression, whereas in 193 

breaker fruits SlVTE2, SlVTE4 and SlVTE5 showed lower levels of transcript amounts. The later was also reduced 194 

at the mature green stage in SlPPH-deficient plants. Moreover, reduced amounts of mRNAs for SlVTE6 were 195 

also observed in breaker and ripe fruits of SlPPH-knockdown plants compared to controls. 196 

These data showed that SlPPH silencing alters the expression of several isoprenoid metabolism-related genes in 197 

leaves and fruits reinforcing the tight link between Chl, carotenoid and tocopherol metabolisms.  198 

 199 

SlPPH-knockdown affects photosynthesis and primary carbon metabolism 200 

Given that SlPPH deficiency led to significant changes in carotenoid and tocopherol content, the effect on plant 201 

growth and photosynthesis was also evaluated.  202 

The height and node number data were monitored during thirteen weeks of growth and, although some 203 

transitory changes in plant height were observed until the ninth week, shoot growth in SlPPH-knockdown lines 204 

was largely similar to wild type plants (Supplementary Fig. S2).  205 
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Regarding Chl content, no significant alterations were identified in source leaves, mature green and ripe fruits. 206 

However, age-induced senescent leaves and petioles had impaired Chl degradation in transgenic lines 207 

(Supplementary Fig. S3). 208 

Photosynthetic parameters were evaluated in source leaves of 7-week-old plants (Table 3). SlPPH silencing did 209 

not affect respiration (Rd), transpiration (E), conductance (gs) and dark-adapted PSII maximum quantum 210 

efficiency (Fv/Fm). However, reduction in CO2 assimilation (A), proportion of open PSII centers (qP), PSII 211 

operating efficiency (ΦPSII) and electron transport rate (ETR), as well as increase in non-photochemical 212 

quenching (NPQ) were detected in comparison to the wild type. These results implied that reduced transcript 213 

levels of SlPPH alter the energy usage of excited Chl. 214 

Starch and soluble sugar composition was further evaluated in SlPPH-knockdown plants (Fig. 4). In leaves, the 215 

allocation of fixed carbon as starch diminished whereas sucrose and glucose accumulated at higher levels. In 216 

fruits, sucrose was remarkably increased in transgenic plants in all three stages analyzed. Additionally, breaker 217 

fruits of SlPPH-knockdown plants showed higher levels of starch and glucose; whereas higher glucose and 218 

fructose amounts were detected in ripe fruits of most transgenic lines. The starch and soluble sugar profile 219 

revealed an altered pattern of carbon distribution in the analyzed organs of transgenic lines that suggest 220 

enhanced sucrose export from leaves towards sink organs. 221 

 222 

The tomato genome harbors four PPH-like genes 223 

 224 

SlPPH knockdown led to diverse effects of the plant’s physiology by affecting leaf senescence-associated 225 

degreening (Guyer et al. 2014), metabolism of isoprenoid-derived compounds, antioxidant capacity and carbon 226 

allocation. Nevertheless, Chl is still degraded along fruit ripening. Aiming at the identification of the missing 227 

dephytylating enzymes, a comprehensive survey for putative α/β-hydrolases homologous to SlPPH resulted in 228 

the identification of four clades in plant genomes (Fig. 5, Supplementary Table S4). One, named PPH, included 229 

the previously functionally characterized enzymes, AtPPH (Schelbert et al. 2009) and SlPPH (Guyer et al. 2014). 230 

The other three contained uncharacterized α/β-hydrolase-like genes and were named PPH-LIKE (PPHL) 1-3.  231 

The tomato genome harbors a single copy gene in the PPH, PPHL1 and PPHL2 clade; while two paralogs were 232 

identified for the PPHL3 clade. All of the predicted protein sequences contained the PPH motif with a high 233 

degree of similarity and the conserved serine active residue (Schelbert et al 2009) suggesting that these 234 
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proteins share the catalytic domain described for SlPPH (Supplementary Fig. S4). As expression was not 235 

detected for PPHL3.1 (Solyc02g085070) in the public RNA-seq database 236 

(http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi), this gene was not further analyzed.  237 

The abundance of mRNA of the identified SlPPHL genes was profiled in leaves and along fruit ripening in wild 238 

type plants (Fig. 6 and Supplementary Table S1). The three genes showed over 5-fold more transcripts in leaves 239 

than in fruits. The mRNA amount of SlPPHL1 decreased along ripening while SlPPHL2 maintained constant 240 

levels from mature green towards ripe stage. Similarly to SlPPH, the mRNA amount of SlPPHL3 increased at the 241 

breaker stage. It is worth pinpointing that SlPPHLs mRNA levels were up to 6-, 80-, 300- and 1000-fold less than 242 

SlPPH in leaves, mature green, breaker and ripe fruits, respectively, being SlPPHL3 the gene with the highest 243 

expression after SlPPH (Supplemental Table S2). To evaluate co-silencing in SlPPH-knockdown plants, the 244 

SlPPHLs transcripts were further profiled (Fig. 7). Interestingly, a considerable level of co-silencing in leaves and 245 

fruits was verified up to 80% and 60% for SlPPHL1 and SlPPHL3, respectively. SlPPHL2 was only silenced in 246 

breaker fruits of the SlPPH-knockdown plants. Although the fragment of 400 bp of the hairpin RNA (RNAi) 247 

construct used for SlPPH silencing does not contain the conserved PPH motif, it spans a highly conserved region 248 

shared by the four genes (Supplementary Fig. S5) explaining the observed off-target silencing. The expression 249 

levels suggest that SlPPHLs are more likely to play a role in leaf Chl metabolism than in fruits. However, taking 250 

into account the mRNA abundance and profile fluctuation, SlPPHL3 might also be involved in degreening during 251 

ripening, even though further experiments are needed to precisely address the role of these SlPPHLs genes. 252 

 253 

Discussion 254 

 255 

Our knowledge on Chl metabolism has significantly increased in recent years, especially regarding tetrapyrrole 256 

biosynthesis (Tanaka and Tanaka 2007), the Chl cycle (Tanaka and Tanaka 2011) and senescence-associated 257 

degradation (Hörtensteiner 2013). However, a few critical processes, such as Chl turnover (Lin et al. 2014) and 258 

ripening-induced degreening (Guyer et al. 2014) remain elusive. Interestingly, although induced upon 259 

senescence and ripening onset, AtPPH and SlPPH are transcribed in non-senescent source leaves and in 260 

developing green fruits (Schelbert et al. 2009, Lira et al. 2014). Beyond the impairment in leaf Chl degradation 261 

associated with dark-induced senescence and the delay in fruit degreening described in tomato (Guyer et al. 262 

2014), this work investigated the effects that PPH deficiency has on the content of close metabolically-linked 263 
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compounds, photosynthetic performance and primary carbon metabolism in an integrated manner under 264 

normal growth conditions.  265 

Although without apparent effect on vegetative growth, SlPPH deficiency led to a slight reduction in carbon 266 

assimilation. This might be a consequence of photoinhibition as evidenced by a reduced ΦPSII and ETR, and by 267 

the increment in the NPQ (Table 3). The xanthophyll cycle is one of the main components of NPQ that dissipate 268 

excessively absorbed photons via harmless heat (Wilhem and Selmar 2011). In this sense, the increase in 269 

violaxanthin content observed in leaves of the SlPPH-knockdown plants (Table 1) is indicative of an 270 

enhancement of the xanthophyll cycle. Additionally, neoxanthin and β-carotene were also increased in leaves 271 

of transgenic plants and their role as PSII-derived singlet oxygen (
1
O2) quenchers has been extensively 272 

described (Pospíšil 2012). Interestingly, SlDXS, the first MEP enzyme encoding gene, showed upregulation while 273 

reduced level of expression of SlLCYβ was observed in the transgenic leaves (Fig. 3). Since no increment in Chl 274 

was verified (Supplementary Fig. S3), the alterations in the expression profile described might have resulted in 275 

higher precursor availability for carotenogenesis thus, explaining the increment in photosynthesis-associated 276 

carotenoids in SlPPH-knockdown plants. Interestingly, a similar transcript pattern for carotenogenesis-related 277 

genes was found in the sgr tomato mutant (Almeida et al. 2015a). Regarding tocopherol, the reduction of the 278 

mRNA amount of SlVTE4 (Fig. 3) accounts for the slight decrease in α- and the increase of δ-tocopherol towards 279 

detectable levels; however, these fluctuations did not affect the total tocopherol content in transgenic plants 280 

(Table 2). These data point out that the leaves of SlPPH-knockdown plants accumulate carotenoids as a 281 

mechanism to attenuate photoinhibition (Fanciullino et al. 2014). Additionally, other compensatory protective 282 

mechanisms, as those that contribute to the observed increment of the hydrophilic TEAC in leaves (Fig. 2A) 283 

(e.g. ascorbic acid – glutathione cycle, Foyer and Shigeoka 2011), are likely to guarantee constant Fv/Fm in 284 

SlPPH-knockdown plants. This is in agreement with the observation in the tocopherol deficient vte1 Arabidopsis 285 

mutant, in which, the enhancement of the non-photochemical quenching is accompanied by a compensatory 286 

increment in hydrophilic antioxidants (Kanwischer et al. 2005). Additionally, accumulation of xanthophylls was 287 

observed in response to limited PSII photoinhibition in this mutant. Furthermore, the xanthophyll and 288 

tocopherol deficient vte1 npq1 double mutant displayed severe oxidative symptoms, pointing to the 289 

overlapping antioxidant function of both compounds (Havaux et al. 2005). Interestingly, the allocation of fixed 290 

carbon as starch diminished whereas sucrose accumulated at higher levels in leaves of the transgenic plants 291 

(Fig. 4). This shift in partitioning, away from starch and towards soluble sugars, has been described associated 292 
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to photohibition, due to the role of sucrose as stress signal and antioxidant protective agent (Bolouri-293 

Moghaddam et al. 2010). Tomato plants showed enhanced sucrose accumulation in leaves upon low 294 

temperature treatment, together with reduction in qP, ΦPSII and ETR, as well as increase in NPQ (Liu et al. 295 

2012), in agreement of that observed in SlPPH-knockdown plants. Considering that in tomato carbon is mostly 296 

translocated in the form of sucrose (Barker et al. 2000), this carbohydrate profile hints to enhanced carbon 297 

export from leaves towards sink organs. 298 

Accordingly, fruits of SlPPH-knockdown plants accumulated higher amounts of starch and soluble sugars (Fig. 299 

4). It has already been demonstrated that the increment in sugar availability in sink organs led to the reduction 300 

of carotenoid accumulation by repressing the expression of enzyme encoding genes of the carotenoid 301 

biosynthetic pathway in tomato (Mortain-Bertrand et al. 2008) .In agreement, SlDXS expression is highly 302 

reduced in fruits of the SlPPH-deficient plants limiting the input of precursors towards GGPP. The genes 303 

encoding the first two committed steps in carotenogenesis also showed reduced levels of expression; SlPSY1, 304 

which is the most highly expressed paralog in fruits (The Tomato Genome Consortium, 2012) and its essential 305 

role in carotenogenesis along ripening has already been demonstrated (Fantini et al., 2013), and SlPDS. Thus, it 306 

is reasonable to propose that the massive reduction in carotenoid content observed in the fruits of transgenic 307 

plants (Table 1) is linked to the increased sugar availability. Additionally, the relatively higher reduction of 308 

lycopene may also be the consequence of a failure of SlLCYβ transcriptional repression during ripening (Fig. 3). 309 

The perturbation in Chl metabolism in SlPPH-knockdown plants resulted in altered tocopherol profile in fruits 310 

as well (Table 2). Taking into account that tomato mature green fruits harbor an active photosynthetic electron 311 

transport chain (Piechulla et al 1987), the slight increment in total tocopherol suggests a tuning of protective 312 

antioxidant compounds to deal with oxidative stress. Chl-degradation derived phytol is the main source of PDP 313 

for tocopherol synthesis in tomato as demonstrated by the tocopherol depletion described in SlVTE5-silenced 314 

plants (Almeida et al. 2015b). Although SlVTE5 and SlVTE6 are downregulated in SlPPH-knockdown fruits, such 315 

severe phenotype is not verified because of the failure of transcriptional repression of SlGGDR during ripening, 316 

which deflects GGPP from carotenogenesis towards PDP biosynthesis (Fig. 3) (Almeida et al. 2015a, Quadrana 317 

et al. 2013). However, the de novo PDP supply is not enough to maintain wild type levels of tocopherol in ripe 318 

fruits. The transgenic fruits showed TEAC inverted patterns in hydrophilic and hydrophobic fractions (Fig. 2), 319 

which negatively and positively correlated, respectively, to the variation of lipophilic antioxidant content, 320 

especially total-tocopherol. These results evidenced the existence of a compensatory regulation between 321 
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antioxidant mechanisms and reinforced the role of tocopherol as 
1
O2 scavenger in PSII (Kaiser et al. 1990, 322 

Fukuzawa et al. 1997). 323 

Based on the collected data and the state of knowledge, it seems reasonable to propose that PPH, beyond the 324 

already demonstrated function in senescence degreening, plays a role in photosystem-associated pigment 325 

recycling. The identification of three SlPPH-like genes brings new players to the Chl metabolic network for 326 

further investigation (Fig. 5). In this sense, Arabidopsis orthologs of SlPPH-like2 and SlPPH-like3 were previously 327 

proposed to be associated with steady-state Chl turnover (Lin et al. 2014). According to the expression pattern, 328 

SlPPH-like3 appears as a candidate responsible for the delayed ripening-associated degreening observed in 329 

SlPPH-knockdown fruits (Fig. 6). It is worth pinpointing that the SlPPHLs co-silencing (Fig. 7) has two 330 

implications, they could partially compensate the deficiency of SlPPH in fruit degreening and also, the above 331 

described phenotypes might not only be consequence of the SlPPH knockdown, but also of the slight reduction 332 

in the expression of any of the SlPPHLs.  333 

In summary, SlPPH silencing in tomato affects photosynthesis, carbon partitioning and, in an organ-specific 334 

manner, isoprenoid metabolism, which, ultimately, results in fruits with reduced levels of nutraceutical 335 

compounds but enriched levels of soluble sugars. 336 

 337 

Materials and Methods 338 

 339 

Plant material, growth conditions and sampling 340 

 341 

SlPPH-silenced transgenic lines (L17, L24 and L27) were generated in a previous study (Guyer et al. 2014) by 342 

constitutively expressing an intron-spliced hairpin RNA (RNAi) construct targeted at SlPPH (Solyc01g088090) in 343 

Solanum lycopersicum (cv Ailsa Craig). T2 plants were grown in greenhouse under automatic irrigation (four 344 

times a day) in an average mean temperature of 25°C, 11.5/13 (winter/summer) light hours and 250-350 μmol 345 

m
-2

 s
-1

 of incident photo-irradiance. Plant height and leaf number were measured weekly. The sixth fully 346 

expanded leaf from the base of 7-week-old plants were harvested at the middle of the light period. Pericarp 347 

samples from fruits at mature green, breaker and ripe stages were harvested approximately at 39 (displaying 348 

jelly placenta), 42 and 52 days after anthesis, respectively. All samples were frozen in liquid N2, powdered and 349 
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stored at -80°C. For tocopherol content determination, leaf and pericarp samples were dried by lyophilization 350 

before extraction. 351 

 352 

qPCR analysis 353 

 354 

RNA extraction, complementary DNA (cDNA) synthesis, primer design and qPCR assays were performed as 355 

described by Quadrana et al. (2013). Primer sequences used are detailed in Supplementary Table S3. qPCR 356 

reactions were carried out in a 7500 real-time PCR system (Applied Biosystems) using 2X SYBR Green Master 357 

Mix reagent (Life Technologies) in a 20 µL final volume. Absolute fluorescence data were analyzed using the 358 

LinRegPCR software package (Ruijter et al. 2009) in order to obtain quantitation cycle (Cq) values and calculate 359 

PCR efficiency. Expression values were normalized against the geometric mean of two reference genes, TIP41 360 

and EXPRESSED, according to Quadrana et al. (2013). A permutation test lacking sample distribution 361 

assumptions (Pfaffl et al. 2002) was applied to detect statistical differences (P < 0.05) in expression ratios using 362 

the algorithms in the fgStatistics software package version 17/05/2012 (Di Rienzo 2009). 363 

 364 

Tocopherol and pigment quantification 365 

 366 

Tocopherols were extracted from approximately 25 mg dry weight as described in Almeida et al. (2015a). The 367 

samples were adjusted to 4 mL final volume. Aliquots of 3 mL were dried under N2 and dissolved in 200 µL of 368 

mobile phase composed of hexane/tert-butyl methyl ether (90:10). Chromatography was carried out on a 369 

Hewlett–Packard series 1100 HPLC system coupled with a fluorescence detector (Agilent Technologies series 370 

1200) on a normal-phase column (LiChrosphere® 100 Diol Si; 250 mm x 4.0 mm, 5 µm; Agilent Technologies, 371 

Germany) at room temperature, with the mobile phase running isocratically at 1 mL min
-1

. Eluted compounds 372 

were detected by excitation at 295 nm and fluorescence was quantified at 330 nm.  373 

Chlorophyll extraction was carried out as described in Porra et al. (1989). One mL of dimethylformamide (DMF) 374 

was added to 100 mg or 300 mg of fresh weight for leaf or fruit samples, respectively. After sonication for five 375 

min and further centrifugation of 9000 g for 10 min, the supernatant was collected. The procedure was 376 

repeated until total removal of tissue green colour. Spectrophotometer measurements were performed at 664 377 

and 647 nm. 378 
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Carotenoid extraction was modified from Sérino et al. (2009). Aliquots of 200 mg of fresh weight were 379 

sequentially extracted with a solution of saturated NaCl, dichloromethane and hexane:diethyl ether (1:1). After 380 

centrifugation, the supernatant was collected and the last step was repeated three more times. Samples were 381 

dried by vacuum and dissolved in 200 µL of acetonitrile. Chromatography was carried out on Agilent 382 

Technologies series 1100 HPLC system on a normal-phase column Phenomenex (Luna C18; 250 x 4.6 mm; 5 µm 383 

particle diameter) at room temperature with a flow rate of 1 mL min
-1

. The mobile phase was a gradient of 384 

ethyl acetate (A) and acetonitrile:water 9:1 (B): 0-4 min with 20% A/80% B; 4-30 min with 65% A/35% B; 30-35 385 

min with 65% A/35% B; 35-40 min with 20% A/80% B. Eluted compounds were detected between 340-700 nm 386 

and quantified at 450 nm. 387 

 388 

Trolox equivalent antioxidant capacity (TEAC) 389 

 390 

Leaf and pericarp samples of 100 and 500 mg fresh weight, respectively, were ground in liquid nitrogen and 391 

subsequently homogenized in 1 mL of 100 mM sodium acetate buffer pH 7.0. The homogenate was incubated 392 

at 4°C for 30 min and then centrifuged for 10 min at 4°C at 5000 g. The supernatant was immediately analyzed 393 

for hydrophilic antioxidant activity and the pellet was resuspended in 1.5 mL hexane, incubated at 4°C for 30 394 

min and then centrifuged for 10 min at 4°C at 5000 g. This procedure was performed three times and the 395 

organic extract was reduced to 500 µL under vacuum and immediately analyzed for lipophilic antioxidant 396 

activity. Both hydrophilic and lipophilic antioxidant activities were specrophotometrically determined as the 397 

deactivation of an activated 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS
+•

) solution prepared as 398 

described in Re et al. (1999) and compared to a standard curve of 6-hydroxy-2,5,7,8-tetramethylchroman-2-399 

carboxylic acid (Trolox). Absorbance was read at 734 nm after 2 h of incubation at 25°C and the results were 400 

expressed as Trolox Equivalent Antioxidant Capacity (TEAC). 401 

 402 

Leaf gas exchange and fluorescence measurements 403 

 404 

Gas exchange and chlorophyll fluorescence parameters were measured in the sixth fully expanded leaf from 405 

the base of 7-week-old plants between 10 and 12 h using a portable open gas-exchange system incorporating 406 

infra-red CO2 and water vapor analysers (LI-6400XT system; LI-COR) equipped with an integrated modulated 407 
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chlorophyll fluorometer (LI-6400-40; LI-COR). Reference CO2 concentration was held at 400 µmol mol
-1

 and leaf 408 

temperature at 28˚C for all measurements. Air humidity inside the leaf chamber was equivalent to values 409 

measured inside the greenhouse (approximately 75%). Carbon assimilation rate (A), leaf stomatal conductance 410 

(gs), leaf dark respiration (Rd), transpiration (E) and fluorescence parameters were measured at 800 µmol PPFD 411 

m
-2

 s
-1

. For the values of minimal (Fo) and maximal (Fm) fluorescence and leaf dark respiration, leaves were 412 

dark-adapted for 30 min before a saturating pulse of light. The parameters derived from chlorophyll 413 

fluorescence, including dark-adapted PSII maximum quantum efficiency (Fv/Fm), proportion of open PSII 414 

centers (photochemical quenching, qP), PSII operating efficiency (ΦPSII), non-photochemical quenching (NPQ) 415 

and electron transport rate (ETR) were calculated according to Maxwell and Johnson (2000).  416 

 417 

Starch and soluble sugars quantification 418 

 419 

Soluble sugars and starch extraction and quantification were performed as described in Freschi et al. (2010) 420 

with some modifications. Briefly, 100 and 300 mg of fresh weight of leaf and pericarp samples, respectively, 421 

were extracted in 1 mL 80% ethanol for 15 min at 80°C and the supernatants were recovered by centrifugation 422 

(5000 g, 15 min). Pellets were re-extracted five times and all supernatants were combined and reduced to 423 

dryness under vacuum. Starch content was determined from dried pellets as described in Suguiyama et al. 424 

(2014). The supernatant residue was resuspended in 50 μL pyridine and derivatized for 40 min at 60°C with 20 425 

µL of N,O-bis(trimethylsilyl)trifluoroacetamide with 1% of trimethylchlorosilane. Sample volumes of 1 µL of the 426 

trimethylsilylated extracts were analyzed on a gas chromatograph coupled to a mass spectrometer (model 427 

GCMS-QP2010 SE, Shimadzu) and total ion current spectra were recorded in the mass range of 50–700 atomic 428 

mass units in scanning mode. The chromatograph was equipped with a fused-silica capillary column (30 m, ID 429 

0.25 mm, 0.50 μm thick internal film) DB-5 MS stationary phase using helium as the carrier gas at a flow rate of 430 

4.5 mL min
–1

. The initial running condition was 100°C for 5 min, followed by a gradient up to 320°C at 8°C min
-1

. 431 

The injector temperature was 250°C and the following MS operating parameters were used: ionization voltage, 432 

70 eV (electron impact ionization); ion source temperature, 230°C; interface temperature, 260°C. The 433 

endogenous metabolite concentration was obtained by comparing the peak areas of the chromatograms with 434 

commercial standards. 435 

 436 

Page 16 of 35Plant & Cell Physiology



For P
eer R

eview

17 

 

Phenetic analysis 437 

 438 

For the phenetic analysis, Phytozome v10.1 database (Goodstein et al. 2012) was surveyed for AtPPH 439 

homologous sequences (Supplementary Table S4). The retrieved protein sequences were aligned by Clustal in 440 

MEGA 6.0 software (Tamura et al. 2013) using default parameters. The tree reconstruction from the obtained 441 

alignment was performed using PHYML 3.0 algorithm (Guindon et al. 2010) hosted at 442 

http://www.hiv.lanl.gov/content/sequence/PHYML/interface.html with the following parameters: LG 443 

substitution model, four substitutions rate categories, tree optimization by topology and branch length and, 444 

improvement by subtree pruning and regrafting. From the dataset the proportion of invariable sites, 445 

equilibrium of frequencies and gamma shape parameter were estimated. Branches were supported by SH-like 446 

support. 447 

 448 

Data analyses 449 

 450 

Differences in parameters were analyzed in Infostat software version 17/06/2015 (Di Rienzo et al. 2011). When 451 

the data set showed homoscedasticity, t-test (P<0.05) was performed to compare transgenic lines against wild 452 

type control genotype. In the absence of homoscedasticity, a non-parametric comparison was performed by 453 

applying Mann-Whitney. test (P<0.05). All values represent the mean of at least three biological replicates. A 454 

parameter was considered to be affected by SlPPH silencing if at least two out of the three transgenic lines 455 

differed significantly from the wild type genotype. 456 
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Figure Legends 607 

 608 

Fig. 1 Chlorophyll, tocopherol and carotenoid metabolism. Schematic representation of the interconnection 609 

between chlorophyll synthesis and degradation (green), carotenogenesis (orange) and tocopherol biosynthetic 610 

(blue) pathways. Dotted lines represent that intermediary steps were omitted. Enzymes whose genes have 611 

transcriptionally been profiled in this work are indicated. Enzymes and compounds are named according to the 612 

following abbreviations: DXS, 1-deoxy-d-xylulose-5-P synthase; GGDR, geranylgeranyl diphosphate reductase; 613 

PSY, phytoene synthase; PDS, phytoene desaturase; LCYβ, chloroplast-specific β-lycopene cyclase; CYCβ, 614 

chromoplast-specific β-lycopene cyclase; GGPP, geranylgeranyl diphosphate; PDP, phytyl diphosphate; PP, 615 

phytyl phosphate; PPH, pheophytinase; PAO, pheophorbide a oxygenase; pFCC, primary fluorescent chlorophyll 616 

catabolite; VTE5, phytol kinase; VTE6, phytyl phosphate kinase; MPBQ, 2-methyl-6-geranylgeranylbenzoquinol; 617 

VTE1, tocopherol cyclase; VTE2, homogentisate phytyl transferase; VTE3, 2,3-dimethyl-5-phytylquinol 618 

methyltransferase; VTE4, tocopherol C-methyl transferase; MEP: methylerythritol 4-phosphate pathway. 619 

Adapted from Almeida et al. (2015b). 620 

 621 

Fig. 2 Trolox equivalent antioxidant capacity (TEAC) in SlPPH-knockdown lines. The TEAC assay was addressed in 622 

hydrophilic (A) and lipophilic (B) extracts of leaves and fruits at mature green and ripe stages. Values represent 623 

the mean ± SD from at least three biological replicates. Statistically significant differences (P<0.05) between the 624 

control genotype and transgenic lines are marked with an asterisk. 625 

 626 

Fig. 3 Transcript profile of chlorophyll degradation, carotenogenesis and tocopherol biosynthetic genes in 627 

leaves and along fruit ripening of SlPPH-knockdown lines. Heatmap representation of the statistically significant 628 

(P<0.05) relative transcript amount compared to the corresponding wild type sample. The expression values 629 

are detailed in Supplementary Table S1. The abbreviations indicate: SlSGR, stay-green; SlPAO, pheophorbide a 630 

oxygenase; SlDXS, 1-deoxy-d-xylulose-5-P synthase; SlGGDR, geranylgeranyl diphosphate reductase; SlVTE1, 631 

tocopherol cyclase; SlVTE2, homogentisate phytyl transferase; SlVTE3, 2,3-dimethyl-5-phytylquinol 632 

methyltransferase; SlVTE4, tocopherol C-methyl transferase; SlVTE5, phytol kinase; SlVTE6, phytyl phosphate 633 

kinase; SlPSY, phytoene synthase; SlPDS, phytoene desaturase; SlLCYβ, chloroplast-specific β-lycopene cyclase; 634 

SlCYCβ, chromoplast-specific β-lycopene cyclase; LF, leaf; MG, mature green fruit pericarp; BR, breaker fruit 635 
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pericarp; RR, ripe fruit pericarp. Values represent means from at least three biological replicates. SlVTE3(2) was 636 

not evaluated in fruits (grey boxes) because it is leaf-specific (Quadrana et al. 2013). 637 

 638 

Fig. 4 Starch and soluble sugar content in SlPPH-knockdown lines. The content of starch and soluble sugars 639 

(glucose, fructose and sucrose) was measured in leaves and fruits at the mature green and ripe stages. Values 640 

represent the mean ± SD from at least three biological replicates. Statistically significant differences (P<0.05) 641 

between the control genotype and transgenic lines are marked with an asterisk. 642 

 643 

Fig. 5 Phenetic analysis of PPH homologous protein sequences. PPH homologs were identified in the 644 

Phytozome database (Supplementary Tables S4). Tree topology reveals four clades: the already functionally 645 

characterized PPH clade and three still uncharacterized clades that were named PPH-LIKE1-3. 646 

 647 

Fig. 6 Transcript profile of SlPPH and SlPPHLs genes in leaves and along fruit ripening of the wild type genotype. 648 

Data represent the mean ± SD from at least three biological replicates and are expressed as relative transcript 649 

amount compared to the corresponding mature green stage. Statistically significant differences (P<0.05) 650 

compared to the mature green stage are marked with an asterisk. 651 

 652 

Fig. 7 Transcript profile of SlPPHLs in SlPPH-knockdown plants in leaves and along fruit ripening. Data represent 653 

the mean ± SD from at least three biological replicates and are expressed as relative transcript amount 654 

compared to the corresponding wild type sample. Statistically significant differences (P<0.05) compared to the 655 

mature green stage are marked with an asterisk. 656 

  657 
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Supplementary data 658 

 659 

Supplementary Fig. S1 SlPPH transcript profile in SlPPH-knockdown lines.  660 

Supplementary Fig. S2 Vegetative growth of SlPPH-knockdown lines. 661 

Supplementary Fig. S3 Chlorophyll content and impairment of age-induced senescence-associated degreening 662 

in SlPPH-knockdown lines.  663 

Supplementary Fig. S4 Protein sequence alignment of AtPPH, SlPPH and SlPPHLs. 664 

Supplementary Fig. S5 Alignment of SlPPHLs along the fragment of the hairpin RNA (RNAi) construct used for 665 

SlPPH-knockdown plants. 666 

Supplementary Table S1. Expression values of chlorophyll degradation, carotenogenesis and tocopherol 667 

biosynthetic genes in leaves and along fruit ripening of SlPPH-knockdown lines. 668 

Supplementary Table S2. Relative transcript ratio of SlPPH and SlPPHLs. 669 

Supplementary Table S3. Primers used for qPCR.  670 

Supplementary Table S4. Sequences used for alignment. 671 

  672 
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Table 1. Carotenoid contents in SlPPH knockdown lines.  673 

  WT L17 L24 L27 

Leaf 

Neoxanthin 41.82 ± 7.63 52.39 ± 6.92 65.56 ± 8.8 56.11 ± 6.97 

Violaxanthin 36.57 ± 10.36 66.23 ± 10.17 71.36 ± 12.65 70.87 ± 14.32 

Lutein 52.75 ± 7.05 53.03 ± 7.38 61.25 ± 6.37 59.94 ± 4.69 

Lycopene ND ND ND ND 

β-Carotene 39.16 ± 6.08 60.81 ± 5.66 64.32 ± 6.4 69.7 ± 10.5 

Mature green fruit 

Neoxanthin 2.00 ± 0.39 1.81 ± 0.24 2.28 ± 0.18 2.22 ± 0.6 

Violaxanthin 2.16 ± 0.32 1.80 ± 0.12 2.38 ± 0.23 2.33 ± 0.5 

Lutein 6.16 ± 0.99 5.74 ± 0.69 6.22 ± 0.52 5.76 ± 1.32 

Lycopene ND ND ND ND 

β-Carotene 1.74 ± 0.10 1.77 ± 0.16 2.07 ± 0.15 1.89 ± 0.07 

Ripe fruit 

Neoxanthin 0.19 ± 0.02 0.14 ± 0.01 0.13 ± 0.01 0.14 ± 0.02 

Violaxanthin 0.50 ± 0.05 0.38 ± 0.02 0.34 ± 0.06 0.38 ± 0.04 

Lutein 2.40 ± 0.22 2.20 ± 0.11 2.24 ± 0.13 2.22 ± 0.16 

Lycopene 411.04 ± 11.51 326.42 ± 34.76 271.3 ± 16.62 283.32 ± 10.53 

β-Carotene 10.13 ± 0.72 9.02 ± 0.32 7.25 ± 0.78 7.88 ± 1.28 

Statistically significant differences between the wild type (WT) control and transgenic lines are indicated in 674 
bold terms (t-test, P<0.05). Values represent means ± SD from at least three biological replicates. Values 675 
are expressed in

 
µg/g fresh weight. ND: Not Detected. 676 

  677 
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Table 2. Tocopherol content in SlPPH-knockdown lines. 678 

  WT L17 L24 L27 

Leaf 

α-tocopherol 326.49 ± 3.59 322.41 ± 12.32 301.85 ± 13.54 308.35 ± 15.61 

β-tocopherol ND ND ND ND 

ϒ-tocopherol 5.01 ± 0.94 6.11 ± 0.88 6.32 ± 1.04 4.36 ± 0.48 

δ-tocopherol ND 2.05 ± 0.33 2.31 ± 0.19 1.81 ± 0.20 

Total-tocopherol 331.50 ± 6.07 330.57 ± 22.65 310.48 ± 14.42 314.51 ± 20.09 

Mature green fruit 

α-tocopherol 134.88 ± 1.97 149.08 ± 8.38 141.04 ± 2.81 146.74 ± 4.90 

β-tocopherol 2.78 ± 0.18 2.38 ± 0.22 2.60 ± 0.36 2.70 ± 0.22 

ϒ-tocopherol 6.28 ± 0.79 11.86 ± 0.50 13.96 ± 2.01 14.33 ± 1.53 

δ-tocopherol ND ND ND ND 

Total-tocopherol 143.94 ± 2.43 163.32 ± 4.32 157.60 ± 3.58 163.77 ± 2.77 

Ripe fruit 

α-tocopherol 145.54 ± 17.48 167.40 ± 13.76 165.67 ± 22.62 170.72 ± 30.55 

β-tocopherol 3.24 ± 0.18 2.85 ± 0.27 3.22 ± 0.13 3.00 ± 0.21 

ϒ-tocopherol 93.07 ± 8.23 27.47 ± 6.11 36.49 ± 3.42 50.21 ± 4.39 

δ-tocopherol 2.10 ± 0.15 1.28 ± 0.08 1.35 ± 0.10 1.31 ± 0.11 

Total-tocopherol 243.94 ± 25.88 198.99 ± 25.41 206.72 ± 11.56 225.23 ± 17.69 

Statistically significant differences between the wild type (WT) control and transgenic lines are indicated in bold 679 
terms (t-test, P<0.05). Values represent means ± SD from at least three biological replicates. Values are expressed in 680 
µg/g dry weight. ND: Not Detected.  681 
  682 
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Table 3. Photosynthetic parameters in SlPPH-knockdown lines. 683 

WT L17 L24 L27 

A
 

13.35 ± 0.86 12.16 ± 0.89 11.92 ± 0.93 11.85 ± 0.94 

Rd
 

2.46 ± 0.17 2.31 ± 0.14 2.37 ± 0.20 2.42 ± 0.17 

E
 

4.05 ± 0.17 3.92 ± 0.28 3.90 ± 0.14 4.03 ± 0.14 

gs
2 

0.34 ± 0.02 0.30 ± 0.04 0.31 ± 0.03 0.31 ± 0.04 

Fv/Fm 0.61 ± 0.02 0.62 ± 0.02 0.63 ± 0.02 0.60± 0.01 

qP 0.38 ± 0.01 0.33 ± 0.03 0.34 ± 0.03 0.32 ± 0.03 

NPQ 0.97 ± 0.04 1.01 ± 0.05 1.18 ± 0.12 1.15 ± 0.07 

ΦPSII 0.22 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.20 ± 0.01 

ETR 98.45 ± 3.11 84.98 ± 2.99 86.51 ± 7.49 85.27 ± 8.71 

Photosynthetic parameters were measured in the sixth fully expanded leaf from the base of 684 
7-week-old plants. Statistically significant differences between the wild type (WT) control and 685 
transgenic lines are indicated in bold terms (t-test, P<0.05). Values represent means ± SD 686 
from at least three biological replicates. Carbon assimilation rate (A) and leaf dark respiration 687 
(Rd) are expressed in µmol CO2.m

-2
.s

-1
. Transpiration (E) and leaf stomatal conductance (gs) 688 

are expressed in
 
mol H2O.m

-2
.s

-1
. Fv/Fm: dark-adapted PSII maximum quantum efficiency. qP: 689 

proportion of open PSII centers. ΦPSII: PSII operating efficiency. NPQ: non-photochemical 690 
quenching. ETR: electron transport rate. 691 
 692 
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Fig. 1 Chlorophyll, tocopherol and carotenoid metabolism. Schematic representation of the interconnection 
between chlorophyll synthesis and degradation (green), carotenogenesis (orange) and tocopherol 

biosynthetic (blue) pathways. Dotted lines represent that intermediary steps were omitted. Enzymes whose 

genes have transcriptionally been profiled in this work are indicated. Enzymes and compounds are named 
according to the following abbreviations: DXS, 1%deoxy%d%xylulose%5%P synthase; GGDR, geranylgeranyl 

diphosphate reductase; PSY, phytoene synthase; PDS, phytoene desaturase; LCYβ, chloroplast%specific β%
lycopene cyclase; CYCβ, chromoplast%specific β%lycopene cyclase; GGPP, geranylgeranyl diphosphate; PDP, 

phytyl diphosphate; PP, phytyl phosphate; PPH, pheophytinase; PAO, pheophorbide a oxygenase; pFCC, 
primary fluorescent chlorophyll catabolite; VTE5, phytol kinase; VTE6, phytyl phosphate kinase; MPBQ, 2%
methyl%6%geranylgeranylbenzoquinol; VTE1, tocopherol cyclase; VTE2, homogentisate phytyl transferase; 

VTE3, 2,3%dimethyl%5%phytylquinol methyltransferase; VTE4, tocopherol C%methyl transferase; MEP: 
methylerythritol 4%phosphate pathway. Adapted from Almeida et al. (2015b).  
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Fig. 3 Transcript profile of chlorophyll degradation, carotenogenesis and tocopherol biosynthetic genes in 
leaves and along fruit ripening of SlPPH�knockdown lines. Heatmap representation of the statistically 
significant (P<0.05) relative transcript amount compared to the corresponding wild type sample. The 

expression values are detailed in Supplementary Table S1. The abbreviations indicate: SlSGR, stay�green; 
SlPAO, pheophorbide a oxygenase; SlDXS, 1�deoxy�d�xylulose�5�P synthase; SlGGDR, geranylgeranyl 

diphosphate reductase; SlVTE1, tocopherol cyclase; SlVTE2, homogentisate phytyl transferase; SlVTE3, 2,3�
dimethyl�5�phytylquinol methyltransferase; SlVTE4, tocopherol C�methyl transferase; SlVTE5, phytol kinase; 

SlVTE6, phytyl phosphate kinase; SlPSY, phytoene synthase; SlPDS, phytoene desaturase; SlLCYβ, 
chloroplast�specific β�lycopene cyclase; SlCYCβ, chromoplast�specific β�lycopene cyclase; LF, leaf; MG, 

mature green fruit pericarp; BR, breaker fruit pericarp; RR, ripe fruit pericarp. Values represent means from 
at least three biological replicates. SlVTE3(2) was not evaluated in fruits (grey boxes) because it is leaf�

specific (Quadrana et al. 2013).  
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