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Abstract 28 

In ripening tomato fruits, the leaf-specific carotenoids biosynthesis mediated by 29 

phytoene synthase 2 (PSY2) is replaced by a fruit-specific pathway by the expression of two 30 

chromoplast-specific genes: phytoene synthase 1 (PSY1) and lycopene-β-cyclase (CYCB). 31 

Consequently, mutations in those two and other genes contributing to intermediate steps render 32 

the ripened tomato fruits bereft of lycopene. To decipher whether PSY2-mediated pathway also 33 

operates in ripening fruits, we blocked the in vivo activity of lycopene-β-cyclases by injecting 34 

CPTA (2-(4-Chlorophenylthio) triethylamine hydrochloride), an inhibitor of lycopene-β-35 

cyclases. The injection of CPTA induced accumulation of lycopene in leaves, immature-green 36 

and ripening fruits. Even, in tomato mutants deficient in fruit-specific carotenoid biosynthesis 37 

such as V7 and r (PSY1), and ζ-carotene isomerase (ZISO), CPTA triggered lycopene 38 

accumulation. The CPTA-treated ziso mutant fruits, where PSY1 remains functional, 39 

accumulated phytoene and phytofluene. Conversely, CPTA-treated PSY1-knockout mutant 40 

(r3756) fruits did not accumulate phytoene and phytofluene. CPTA-treated fruits were enriched 41 

in lycopene-derived volatiles and had reduced ABA levels. The lycopene accumulation was 42 

associated with the partial transformation of chloroplasts to chromoplasts bearing thread-like 43 

crystalline structures, indicating lycopene accumulation. Our study shows that inhibition of 44 

lycopene β-cyclases unmasks the operation of a parallel carotenoid biosynthetic pathway 45 

mediated by PSY2 in ripening tomato fruits. 46 

 47 

Keywords: Carotenoid biosynthesis, chromoplasts, CPTA, fruit ripening, phytoene synthase, 48 

Tomato. 49 

Abbreviations: CPTA- 2-(4-Chlorophenylthio) triethylamine hydrochloride, CrtISO- 50 

carotenoid isomerase, CYCB- chromoplast-specific lycopene-β-cyclase, IG- immature-green, 51 

MG- mature-green, LCYB- chloroplast-specific lycopene β-cyclases, LCYE lycopene ε-52 

cyclase, PDS- phytoene desaturase,  PSY- phytoene synthase, ZISO- ζ-carotene isomerase, 53 

ZDS- ζ-carotene desaturase. 54 
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Introduction 56 

In nature, carotenoids provide the color to a wide range of plants, flowers, and fruits 57 

and are the most widely distributed pigments (Schwartz et al., 2008). Differential 58 

accumulation of carotenoids gives diverse hues that attract pollinators and herbivores to the 59 

flowers and fruits, thus helping in the pollination and dispersal of seeds. Carotenoid 60 

biosynthesis occurs not only in photosynthetic organisms but also in some non-photosynthetic 61 

fungi and bacteria (Walter and Strack, 2011). In green tissues, they serve as accessory 62 

pigments in photosynthesis and protect the reaction center from photooxidation (Müller et al., 63 

2001; Robert et al., 2004). Carotenoids also serve as a precursor for several volatiles, 64 

responsible for the fruits' taste and aroma (Baldermann et al., 2010).  65 

Carotenoid biosynthesis most prominently occurs in chloroplasts, where carotenoids 66 

play a key role in photosynthetic light absorption (Niyogi, 1999). A multi-pronged approach 67 

consisting of analysis of mutants, chemical inhibitors, and labeling studies identified the 68 

biochemical steps leading to carotenoid synthesis and degradation (Spurgeon, 1983). Above 69 

studies established that in higher plants, geranylgeranyl pyrophosphate, the first committed 70 

precursor for carotenoid synthesis, derives from the plastid-localized methylerythritol 4-71 

phosphate pathway. While chlorophylls accumulation/synthesis obligatorily needs carotenoids, 72 

carotenoids biosynthesis is not coupled to chlorophylls. Carotenoids are also present in non-73 

photosynthetic organs of plants such as flowers and fruits. Among fruits, wide color variations, 74 

and shorter time duration needed to transit to a fully colored fruit, makes tomato an ideal system 75 

for deciphering molecular-genetic mechanisms regulating carotenoid biosynthesis.  76 

The first rate-limiting step of carotenoid biosynthesis involving condensation of two 77 

geranylgeranyl pyrophosphate molecules is catalyzed by phytoene synthase (PSY), generating 78 

15-cis phytoene, a colorless compound (Fraser et al., 2002). While most species have a single 79 

PSY gene, in tomato, PSY was triplicated with neofunctionalization of additional genes during 80 

evolution. Among these genes, the fruit-specific carotenoid biosynthesis is mediated by a 81 

chromoplast-specific paralog of PSY, namely PSY1. The other two PSY genes also show tissue-82 

specific expression, with PSY2 mediating leaf-specific carotenoids biosynthesis, whereas 83 

expression of PSY3 is limited to roots under stress conditions (Fraser et al., 1999; 84 

Kachanovsky et al., 2012; Fantini et al., 2013). 85 

In conformity with the role of PSY1 in regulating fruit-specific carotenoids 86 

biosynthesis, a loss-of-function mutation- yellow flesh (locus r), causes a severe reduction in 87 
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carotenoids in ripe tomato fruits. The carotenoids reduction in the r mutant can be alleviated 88 

by transgenic-overexpression of a wild-type copy of PSY1 (Fray and Grierson, 1993). The 89 

colorless phytoene is converted by phytoene desaturase (PDS), through a series of 90 

desaturations, to 15-cis phytofluene and 9,15,9'-tri-cis-ζ-carotene, which undergoes 91 

isomerization to form 9,9'-di-cis-ζ-carotene by ζ-carotene isomerase (ZISO). Alike PSY1, zeta 92 

(z2803) mutation in ZISO terminates carotenoid biosynthesis at ζ-carotene in tomato fruit 93 

(Kachanovsky et al., 2012).  94 

Di-cis-ζ-carotene is desaturated by ζ-carotene desaturase (ZDS) to form 7,9,9'-tri-cis-95 

neurosporene and 7,7',9,9'-tetra-cis-lycopene. Isomerization of tetra-cis-lycopene to all-trans-96 

lycopene is catalyzed by a carotenoid isomerase (CrtISO) encoded by the tangerine (t) locus 97 

of tomato. Two tangerine mutant alleles have been reported: tangerinemic, affected by a 98 

deletion of the gene, and tangerine3183, with impaired gene expression (Isaacson et al., 2002).  99 

The carotenoid isomerization mediated by ZISO and CRITSO can also be directly carried out 100 

by the light (Isaacson et al., 2002; Fantini et al., 2013).  101 

Using VIGS, Fantini et al. (2013) delineated the relative contribution of PSY1, PDS, 102 

ZDS, ZISO, CrtISO, CrtISO-Like1, and CrtISO-Like2 to tomato fruit carotenogenesis. PSY1 103 

and CrtISO-silenced fruits displayed a phenotype similar to yellow flesh and tangerine mutants, 104 

respectively. Consistent with light acting as an effector for carotenoid isomerization, the light 105 

exposure restored lycopene biosynthesis in ZISO-silenced fruits. All-trans-ζ-carotene was 106 

detected in ZDS-silenced fruits but not in CrtISO-Like1-/CrtISO-Like2-silenced fruits. These 107 

studies suggested isomerization to all-trans-lycopene as an additional regulatory step in 108 

carotenoid biosynthesis. 109 

The mode of cyclization of all-trans-lycopene acts as a decisive point in controlling the 110 

flux of carotenoids to the α-carotene or the β-carotene branch. The conversion of lycopene to 111 

α-carotene or β-carotene is governed by lycopene ε- and β-cyclases (LCYE and LCYB), 112 

respectively. LCYE adds an ε-ring to all-trans lycopene to form a monocyclic δ-carotene, 113 

which gets β-cyclized on the opposite end by LCYB to form α-carotene. The conversion to β-114 

carotene is mediated by the addition of one β-ring to all-trans-lycopene to form γ-carotene, 115 

which is converted to β-carotene by the addition of one more β-ring by LCYB (Cunningham 116 

et al., 1996). Similar to PSY1, during evolution, LCY first diverged to LCYE and LCYB, and 117 

then to chloroplastic LCYB1, LCYB2, and chromoplastic CYC-B (Mohan et al., 2016).  118 
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Studies in tomato revealed that carotenoid pathway genes display developmental and 119 

organ-specific regulation during fruit development (Lois et al., 2000). Though PSY2 seemingly 120 

does not contribute to carotenogenesis, it expresses during tomato ripening, albeit at much 121 

lower levels than PSY1 (Kilambi et al., 2021). Similarly, LCY-E, LCYB1, and LCYB2 122 

expression continue along with CYC-B in ripening fruits (Kilambi et al., 2021). It remains to 123 

be determined whether these genes are redundant, or have a function hitherto not reported, due 124 

to the paucity of mutations in these genes. The absence of mutations for critical genes is 125 

generally overcome by the chemical inhibition of the genes. Consistent with this, inhibition of 126 

PDS by Norflurazon blocks carotenogenesis and bleaches photosynthetic tissue due to 127 

photooxidation of chloroplasts (Oelmüller and Mohr, 1986; Chamovitz et al., 1991). The 128 

inhibitors targeting PDS have been used as a tool to study the up/downstream carotenogenic 129 

gene expression in different tissues (Simkin et al., 2000). 130 

Similar to PDS, the activity of lycopene cyclases is sensitive to 2-(4-Chlorophenylthio) 131 

triethylamine hydrochloride (CPTA) (Coggins et al., 1970; Yokoyama et al., 1972; 132 

Rabinowitch and Rudich, 1972; Simpson et al., 1974a,b; Seyama and Splittstoesser, 1975). 133 

The CPTA application blocks the conversion of lycopene to α-carotene or β-carotene, 134 

preventing the flux into these pathways. Consequently, the carotenoid biosynthesis in CPTA-135 

treated tissue is terminated at lycopene, leading to ectopic lycopene accumulation even in 136 

photosynthetic tissues (Knypl, 1969).  137 

Though in tomato fruits both PSY1 and PSY2 genes express, the functional role of PSY2 138 

is not known. To uncover its role, we examined carotenogenesis in fruits of several PSY1 139 

mutants of tomato treated with or without CPTA. To complement this, we also treated tomato 140 

ripening mutants green flesh, rin, and nor with CPTA. We report that contrary to the assumed 141 

notion that PSY1 is the sole enzyme in tomato fruits, PSY2 is also functional but contributes 142 

to carotenoids formation likely downstream of lycopene. 143 

  144 
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Materials and Methods 145 

Plant material and growth conditions 146 

Seeds of tomato (Solanum lycopersicum) cultivar Arka Vikas (AV) and IIHR 2866 were 147 

obtained from IIHR (Indian Institute of Horticulture Research), Bangalore. The rin (LA1795), 148 

nor (LA3770), r (LA2997), and gf  (LA3534) mutants were obtained from the Tomato Genetics 149 

Resource Center (University of California, Davis, CA), V7 heirloom from Amishlands 150 

Heirlooms, USA, Yellow Oxheart heirloom from Victory seeds, Oregon, USA, and r3756 seeds 151 

was the generous gift from Dr. Joseph Hirschberg, Hebrew University of Jerusalem, Israel. The 152 

ZISO mutant was isolated using forward genetics from an EMS remutagenized population 153 

(Gupta et al., 2017). The tomato fruits used in supplementary figures were obtained from 154 

tomatoes grown in an open field sourced from a farmer. 155 

 Tomato seeds were surface sterilized with 4% (w/v) NaClO4 for 10 min, followed by 156 

washing in running tap water and sowing on germination paper. The germinated seedlings were 157 

transferred to 50-well nursery trays filled with coco peat (Sri Balaji Agroservices, 158 

Madanapalle, Andhra Pradesh, India). The trays were kept in a greenhouse (12-14 h of light, 159 

28±1°C during the day, ambient in the night), and after three weeks, the seedlings were 160 

transferred to the pots. 161 

Estimation of Carotenoids  162 

 The carotenoid analysis was done as described by Gupta et al. (2015). E. coli strains 163 

containing pAC-BETA-At (Addgene plasmid no. #53288), pAC-ZETA (Addgene plasmid no. 164 

#53316), pAC-EPSILON (Addgene plasmid no. #53276), pAC-LYC (Addgene plasmid no. 165 

#53270), pAC-85b (Addgene plasmid no. #53282) was a gift from Francis X Cunningham Jr. 166 

Growth conditions and carotenoid extraction from bacteria were as described in Cunningham 167 

and Gantt (2005). 168 

Quantitative Real-Time PCR 169 

Total RNA was extracted from the pericarp tissue of fruits using TRI reagent (Sigma-170 

Aldrich) according to the manufacturer's protocol. The isolated RNA was incubated with 171 

RNAse-free DNAse (Promega) as per the manufacturer's protocol to eliminate any genomic 172 

DNA contamination. The cDNA was prepared from 2 µg RNA using a cDNA synthesis kit 173 

(SuperScript III; Invitrogen, USA). Quantitative real-time PCR (qRT-PCR) was carried out in 174 

the Aria-MX real-time PCR system (Agilent Technologies). The transcript abundance was 175 

measured in 10 µL volume of the SYBR Green PCR Master Mix (Takara, Japan) containing 176 
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cDNA corresponding to 5 ng of total RNA with gene-specific primers. The ∆Ct value was 177 

calculated by normalizing each gene's Ct values to the mean expression of the two internal 178 

control genes (β-actin and ubiquitin3). The list of primers is given in Table S1. 179 

Volatile analysis  180 

The volatile extraction, separation on GC-MS, and identification were carried out as 181 

described previously (Kilambi et al., 2021).  The list of identified volatiles is given in Table 182 

S2. 183 

Plastid Ultrastructure  184 

The pericarp tissue from tomato fruits was excised into approximately 1 mm3 pieces 185 

and stored in 2.5% glutaraldehyde in 0.1 M cacodylate buffer until further use. Fixed samples 186 

were washed with buffer and post-fixed with 1% OsO4 in water at 4°C for 2 h. After washing, 187 

samples were incubated in 1% Ur Ac for 2 h in darkness and dehydrated with EtOH graded 188 

series from 30% to 100 % absolute EtOH. Embedding in epoxy-resin was gradual, using 3:1, 189 

1:1, and 1:3 EtOH/Epon resin ratios (each 12 h) before incubating the samples for 3 days in 190 

pure Epon resin, with changes of resin every 12 h. Samples were transferred to molds with 191 

fresh resin and let polymerize for 2 days at 60°C. Ultra-thin sections of approximately 70 nm 192 

were obtained with a Reichert-Jung ultramicrotome. Sections were collected in 100 mesh 193 

copper grids and post-stained with 1% Ur Ac and lead citrate, according to Reynolds (1963). 194 

  195 
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Results 196 

CPTA is known to cause lycopene accumulation in a wide range of plant tissues 197 

(Coggins et al., 1970), including in yellow lutescent tomatoes, which are devoid of lycopene 198 

(Jen and Thomas, 1977). It is believed that during tomato fruit ripening, chloroplastic 199 

carotenogenesis is silenced and superseded by chromoplast-specific carotenogenesis. Using 200 

CPTA as a tool, we investigated whether the first step of chloroplastic carotenogenesis 201 

mediated by PSY2 is operational in tomato fruit or not. 202 

Effect of CPTA on leaf tissue 203 

We first examined the efficacy of CPTA on lycopene accumulation by irrigating tomato 204 

seedlings with different amounts of CPTA. The retardation of plant growth, and bleaching of 205 

leaves at margins, due to reduction of photoprotective carotenoids level indicated efficient 206 

translocation of CPTA to leaves (Figure 1A). CPTA has a high solubility in the lipids, thus 207 

can cross cell membranes (Poling et al., 1975) and thereby can enter the xylem stream. The 208 

lycopene accumulation was observed in >100 μM CPTA-treated leaves. The bleached portion 209 

harvested from 500 μM CPTA-treated leaves showed a massive accumulation of lycopene (35 210 

μg/gm FW) (Figure 1B). Conversely, the level of β-carotene declined with increasing 211 

concentrations of CPTA. Interestingly, CPTA induced the accumulation of γ-carotene and δ-212 

carotene, which were absent in control leaves. Notably, the α-carotene level rose in 100 μM 213 

CPTA-treated leaves and then declined. 214 

Chronological study of CPTA effect 215 

We next examined the effect of CPTA on fruits. To find an optimal amount for 216 

experimentation, we injected CPTA solutions of varying molarity (1, 10, 50, 100, 200 mM) 217 

into fruits. The fruits ranged from different immature-green (IG) to mature-green (MG) stages 218 

of development. Post-injection fruits were visually monitored for 15 days. The IG-fruits 219 

developed pinkish color, whereas MG-fruits developed deeper-red color than controls. 220 

However, 200 mM CPTA triggered fruit deterioration, partially in MG but wholly in IG 221 

(Figure S1). Considering this, we selected 100 mM CPTA for further experiments. 222 

To investigate the CPTA effect in detail, we injected CPTA into four fruits of the same 223 

age, while controls were injected with water. Treated fruits were individually profiled for 224 

carotenoids. We used three fruit developmental stages, which consisted of two IG stages based 225 

on the fruit size, IG1 being the smallest, IG2, and the MG stage. Post-injection visual 226 

monitoring of detached control fruits revealed that IG1 remained green, IG2 turned orangish, 227 
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and MG attained red color. However, in CPTA-treated fruits, IG1 attained pink, IG2 red, and 228 

MG developed deep red coloration (Figure S2, S3). The carotenoid profile correlated with the 229 

fruit color; CPTA-treated fruits had a higher accumulation of all-trans lycopene than the 230 

control. CPTA also induced phytoene and phytofluene accumulation in parallel to lycopene. 231 

The orangish color of IG2 control fruits resulted from the accumulation of β-carotene during 232 

incubation. Conversely, in CPTA-injected fruits, β-carotene and lutein declined in a pattern 233 

opposite to lycopene (Figure S2). 234 

CPTA-treatment also altered the ultrastructure of plastids. Control MG and green-235 

colored IG1 and IG2 fruits had a chloroplast-like structure with stacks of the thylakoid 236 

membrane. In control orange-colored IG2 fruit, most grana stacks were dissolved, and the 237 

plastoglobule number increased. In CPTA-treated fruits, crystalline thread-like structures, 238 

characteristically associated with lycopene accumulation, appeared along with fewer 239 

plastoglobules. Though lycopene threads were also visible in water-treated ripened MG fruit, 240 

these were fewer than in CPTA-treated fruits (Figure S3). 241 

To decipher the time course of CPTA-induced carotenoid accumulation, fruits injected 242 

at the MG stage were harvested daily and transversely cut to visually monitor the color. The 243 

red coloration appeared on the fourth day and became intense from the fifth day onwards. 244 

Remarkably, the columella turned red in treated fruits compared to untreated tomato fruits 245 

(Figure S4). Carotenoid profiling of the same CPTA-treated fruits revealed a sustained 246 

increase in phytoene and phytofluene from day four onwards, higher lycopene level from day 247 

five onwards, and a block in the accumulation of β-carotene (Figure S5).  248 

CPTA induces lycopene accumulation in mutants impaired in carotenoid accumulation 249 

We next examined whether CPTA can induce lycopene in tomato mutants/cultivars 250 

compromised in carotenoid accumulation or fruit ripening. These mutants accumulate no or 251 

little lycopene, and ripened fruits remain green or orange in color. CPTA was injected in MG 252 

fruits of r and V7 (psy1-mutants) (Mickey, 2013), yellow oxheart (crtiso-mutant) 253 

(https://www.heritagefoodcrops.org.nz/table-of-tomatoes-containing-tetra-cis-lycopene/), 254 

IIHR 2866 (high β-carotene line) (Kavitha et al., 2014), rin (MADS-box transcription factor-255 

mutant), nor (NAC-domain transcription factor- mutant) (Barry, 2014), and green-flesh (gf, 256 

SGR gene-mutant) (Barry et al., 2008). Alike Arka Vikas (control variety), CPTA-injected 257 

mutant fruits accumulated lycopene, while the amount of β-carotene and xanthophylls declined 258 

(Figure 2). CPTA-treated fruits of V7, r, nor, and rin mutants did not show accumulation of 259 
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phytoene and phytofluene; however, the levels of both compounds increased in the treated gf 260 

mutant and the IIHR 2866 line. The yellow oxheart mutant showed no perceptible CPTA 261 

induction of lycopene, probably due to the loss of the CRITSO function. The absence of 262 

lycopene accumulation could also be due to the lack of light penetration beyond the outer 263 

pericarp, which is needed for cis/trans isomerization of prolycopene to lycopene in fruits 264 

(Issacson et al., 2002). 265 

Interestingly, CPTA-injected cut fruits of V7, r, rin, nor, gf, and IIHR 2866 showed 266 

varying shades of muddy-red color distributed across the fruit, including columella (Figure 3). 267 

Consistent with loss of CRTISO function and absence of light penetration in deeper fruit tissues 268 

(Issacson et al., 2002), CPTA-treated yellow oxheart fruits exhibited no color change in the 269 

placenta. The yellow oxheart fruits showed a tinge of red color in the outer pericarp, indicating 270 

that the CPTA action was localized to the light penetration region. We then examined whether 271 

CPTA-induced decrease in xanthophylls also causes a reduction in abscisic acid (ABA), a 272 

downstream product derived from xanthophylls. Hormonal profiling of CPTA-treated fruits 273 

showed a massive ABA decline compared to respective controls (Figure 2). 274 

Volatile analysis of mutants impaired in carotenoid accumulation 275 

Many volatiles of tomato are derived from the breakdown of carotenoids. Thus, a shift 276 

in carotenoid composition also alters the volatile profiles. Considering the CPTA-altered 277 

carotenoid composition, we monitored the volatile profiles of control and treated fruits. The 278 

major volatiles released from the breakdown of lycopene and other noncyclic tetraterpenoids 279 

are geranial, neral, 6-methyl-5-hepten-2-one, and (E,E)-pseudoionone. In contrast, β-Ionone is 280 

prominent in fruits containing β-carotene (Lewinsohn et al., 2005). Consistent with lycopene 281 

accumulation, CPTA-treated fruits had higher amounts of volatiles derived from noncyclic 282 

carotenoids. Conversely, β-Ionone derived from the β-carotene massively declined in CPTA-283 

treated fruits of IIHR2866 (Figure 4). Broadly, the volatile profiles reflected the carotenoid 284 

composition of the respective treated and untreated fruits. 285 

CPTA-triggered accumulation of lycopene-crystalloids in plastids 286 

To check whether CPTA-triggered chromoplast formation, the pericarps of control and 287 

CPTA-treated fruits were examined for autofluorescence. On light excitation, chlorophyll-rich 288 

plastids emit red, carotenoids-rich plastids emit green, and intermediate plastids emit 289 

orangish/yellow fluorescence due to the merging of green and red fluorescence. The rin, r, and 290 

nor plastids emitted both green and red fluorescence at 500-550 nm and 650-700 nm, 291 
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respectively. The merged images displayed yellowish-orange color, confirming the presence 292 

of both chlorophylls and carotenoids. In contrast, V7 plastids emitted only green fluorescence 293 

indicating the exclusive accumulation of carotenoids (Figure S6). Consistent with the emission 294 

of carotenoids-specific autofluorescence, the ultrastructure of V7, r, rin, nor, gf, and IIHR 2866 295 

plastids showed varying degrees of chloroplast to chromoplast conversion. Importantly, 296 

plastids of CPTA-treated fruits showed characteristic thread-like structures of lycopene 297 

crystalloids (Figure 5). Taken together, CPTA-triggered the ectopic accumulation of lycopene 298 

and chromoplast transformation in the above mutants. 299 

CPTA does not influence gene expression levels of carotenoid pathway genes 300 

To ascertain whether CPTA treatment also altered carotenoid pathway genes' 301 

expression, we examined transcript levels of genes belonging to methylerythritol 4-phosphate 302 

and carotenoid biosynthesis pathways (Figure S7). The genes belonging to the methylerythritol 303 

4-phosphate pathway, 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-Deoxy-D-xylulose 304 

5-phosphate reductoisomerase (DXR), and geranylgeranyl pyrophosphate synthase (GGPPS2) 305 

showed variation in expression level across the mutants. However, these genes were not 306 

affected by the CPTA treatment. Similarly, genes belonging to chromoplast specific (fruit)-307 

viz., PSY1, CYCB, and chloroplast-specific (leaf) carotenoid pathways PSY2, LCYB1, LCYB2, 308 

LCYE were not altered in the treated fruits.  The same was observed for common genes of the 309 

carotenoid biosynthesis pathway ZDS, ZISO, CRTISO, and carotenoid cleavage  310 

dioxygenase (CCD) genes, CCD1A, CCD1B, CCD4A, CCD4B, CCD7, and CCD8.  311 

Effect of CPTA on carotenoid producing E. coli strains 312 

To check whether CPTA indeed blocks the activity of lycopene cyclases, we studied 313 

the effect of CPTA (1 mM) on E. coli expressing different carotenoid pathway genes viz., ζ-314 

carotene (pAC-ZETA), lycopene (pAC-LYC), ε-carotene (pAC-EPSILON), β-carotene (pAC-315 

Beta-At) and pAC-85b (produces β-carotene when complemented with functional phytoene 316 

synthase). The addition of CPTA to pAC-EPSILON, pAC-ZETA, and pAC-Beta-At cultures 317 

produced lycopene as the main carotenoid evidently by inhibiting LCYE and LCYB, 318 

respectively. In contrast, CPTA addition to the pAC-85b, pAC-ZETA, and pAC-LYC did not 319 

affect the carotenoid content (Figure S8). These experiments reiterated that CPTA specifically 320 

acts on lycopene cyclases. Thus, the accumulation of lycopene in CPTA-treated V7 and r 321 

mutants ensues from inhibition of lycopene cyclases. Considering that V7 and r mutants are 322 

defective in PSY1, it indicates an alternate route of lycopene synthesis in these mutants. 323 
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CPTA induces lycopene accumulation in yellow flesh mutant fruits in dark 324 

The conversion of phytoene to lycopene requires a set of enzymes that carry out 325 

isomerization and desaturation. The isomerization step carried out by ZISO and CRTISO can 326 

also be performed by light. Between ZISO and CRTISO mutants, light can efficiently restore 327 

carotenoid biosynthesis in ZISO-silenced fruits, compared to CRTISO-silenced fruits (Fantini 328 

et al., 2013). Taking advantage of this, we treated fruits of r, r3756 (mutant line with yellow-329 

flesh phenotype having an early stop codon in the PSY1 gene) (Kachanovsky et al., 2012), 330 

and ZISO mutant at MG stage with CPTA. The fruits were kept either in total darkness or in 331 

dark/light cycle conditions. In light, CPTA-treated fruits of the above mutants accumulated 332 

lycopene. However, phytoene and phytofluene formation was restricted to ZISO.  333 

In contrast, while CPTA-treated dark-incubated r, and r3756 fruits accumulated 334 

lycopene, albeit, at the reduced magnitude, ZISO mutant completely lacked lycopene (Figure 335 

6). In the darkness, too, only ZISO mutant accumulated phytoene and phytofluene, but not in 336 

r, and r3756 fruits.  The above results are in broad conformity with the view that an alternative 337 

pathway to lycopene synthesis operates in tomato fruits in the absence of PSY1, which 338 

nonetheless needs ZISO to be manifested. 339 

  340 
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Discussion 341 

The biosynthesis of carotenoids, including its precursor geranylgeranyl pyrophosphate 342 

derived from the methylerythritol 4-phosphate pathway, is exclusively localized in plastids. In 343 

consonance with its role in the photoprotection of photosynthetic centers, carotenoid 344 

biosynthesis in chloroplasts is coupled with chlorophylls to maintain the 345 

chlorophyll/carotenoids stoichiometry (Sun et al., 2018). In tomato fruits, the transition to 346 

ripening uncouples carotenoids biosynthesis from chlorophylls leading to the transformation 347 

of chloroplasts into carotenoid-rich chromoplasts. The above transition in tomato fruits also 348 

involves a shift in the first committed step for carotenoid biosynthesis mediated by phytoene 349 

synthase (PSY). The onset of ripening upregulates the expression of chromoplast-specific 350 

PSY1, while chloroplast-specific PSY2 continues to express at subdued levels (Fraser et al., 351 

1994; Fraser et al., 1999; Kilambi et al. 2013). We show that PSY2 is not redundant in 352 

chromoplasts; it contributes to carotenoids formation downstream of lycopene and ABA 353 

synthesis. 354 

CPTA-treated leaves accumulate lycopene but not phytoene and phytofluene 355 

To ascertain that CPTA-treatment did not influence the PSY2 activity and intermediary 356 

enzymes leading to lycopene formation, tomato seedlings were irrigated with CPTA. 357 

Consistent with CPTA being a specific inhibitor of lycopene cyclases, CPTA-treated leaves 358 

accumulated lycopene. The marginal bleaching of leaves is consistent with the release of CTPA 359 

from the xylem stream at leaf margins (Shapira et al., 2009). The growing leaves expand at 360 

margins, where newly formed cells synthesize chlorophylls, and CPTA-blockage of 361 

xanthophylls accumulation causes bleaching. The accumulation of lycopene in leaves indicated 362 

that PSY2 mediated carotenoid synthesis in leaves was terminated by CPTA at lycopene due 363 

to inhibition of lycopene cyclases.  364 

Notably, CPTA-treated leaves accumulated none of the intermediate carotenes 365 

upstream to the lycopene, such as phytoene and phytofluene, while showed an increase in levels 366 

of γ-carotene and δ-carotene. The accumulation of γ-carotene and δ-carotene, along with 367 

lycopene, is consistent with the notion that CPTA is less effective in blocking the first lycopene 368 

cyclization reaction than the second reaction (Young et al., 1989; La Rocca et al., 2007). In 369 

leaves, CPTA more effectively blocked the β-carotene branch than the α-carotene branch, as 370 

evidenced by the increase in lutein and α-carotene in treated leaves. The reduced growth of 371 
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plants may come from a multifold effect of CPTA, as in addition to photobleaching, CPTA 372 

may have influenced the levels of growth regulatory apocarotenoids (Hou et al., 2016). 373 

Lycopene accumulation induces precocious chromoplasts-like plastids in immature green 374 

fruits 375 

An ideal way to decipher the role of PSY2 in tomato fruits would be to use a PSY2 376 

mutant. Lamentably, there are no reported PSY2 mutants, as the absence of PSY2 is lethal for 377 

plants. The sole reported phytoene synthase mutant in Chlamydomonas, namely light-sensitive 378 

1, lacks plastid ultrastructure and can be only heterotrophically maintained (Inwood et al., 379 

2008). Though phytoene desaturase, the next enzyme in the pathway, can be specifically 380 

blocked by Norflurazon (Römer et al., 2000), its potential is limited, as phytoene accumulation 381 

may inhibit PSY activity (Simkin et al., 2003; Campisi et al. 2006). The CPTA that blocks 382 

lycopene cyclases proffers a better alternative, as it allows carotenoid biosynthesis to proceed 383 

up to lycopene, allowing the normal functioning of upstream enzymes.  384 

The precocious formation of lycopene in CTPA-treated immature green fruits is in 385 

conformity with the blockage of lycopene cyclases, irrespective of the fruit's developmental 386 

stage. Post-MG stage, the carotenogenesis pathway in tomato fruits is modified to stimulate 387 

lycopene and β-carotene accumulation. The reduction in β-carotene levels by the CPTA 388 

treatment is consistent with the termination of carotenogenesis at the lycopene step. Likewise, 389 

the increase in phytoene and phytofluene in treated fruits seems to ensue from the blockage of 390 

carotenogenesis. The increase in phytoene and phytofluene is also consistent with the notion 391 

that CPTA does not inhibit enzymes upstream to the lycopene, at least PSY and PDS activity 392 

(Al-Babili et al., 1999). The precocious formation of chromoplasts-like plastids in CPTA-393 

treated immature-green fruits indicated a linkage between lycopene accumulation and 394 

chromoplast formation. Alternatively, the appearance of chromoplasts-like plastids may ensue 395 

from photooxidative loss of thylakoids accompanied by accumulation of lycopene in plastid 396 

stroma (La Rocca et al., 2007). 397 

PSY1 and PDS activity seems to be not affected by CPTA 398 

Considering that yellow oxheart, mutated in CRITSO, hyperaccumulates phytoene and 399 

phytofluene, and CPTA does not affect these intermediates supports the view that CPTA does 400 

not block PSY and PDS enzymes. Consistent with this, the green flesh mutant with no 401 

mutations in any carotenoid biosynthesis genes accumulates high phytoene and phytofluene 402 

levels, along with lycopene and β-carotene. Conversely, a high β-carotene tomato cultivar 403 
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IIHR2866 accumulates only traces of lycopene, most likely due to the efficient conversion of 404 

lycopene to β-carotene. CPTA-stimulated lycopene accumulation and reduction in β-carotene 405 

in green flesh and IIHR2866 are in conformity with the view that the CPTA effect is restricted 406 

to lycopene cyclases. This view is also consistent with the effect of CPTA on bacteria 407 

expressing carotenoids biosynthesis genes, wherein lycopene accumulation and β-carotene loss 408 

are observed due to inhibition of lycopene cyclases. 409 

CPTA treatment unmasks carotenoids biosynthesis in fruits that is independent of PSY1 410 

The onset of ripening in tomato leads to overexpression of fruit-specific PSY1, 411 

relegating leaf-specific PSY2 to presumably ineffectual function. Considering that PSY1 412 

mutants such as V7, r (Fray and Grierson 1993), and r3756 (Kachanovsky et al., 2012) fail to 413 

accumulate lycopene in ripe fruits, the lycopene biosynthesis seems to be blocked in these fruits 414 

due to nonfunctional PSY1. An alternative blockage is seen in non-ripening mutants of tomato 415 

viz. rin and nor, encoding transcription factors, where lycopene does not accumulate due to the 416 

absence of PSY1 expression (Ito et al., 2017; Thompson et al. 1999). In all these mutants, the 417 

entire pathway leading to lycopene seems blocked, as these mutants do not accumulate 418 

phytoene or phytofluene.  419 

Interestingly, though V7, r, rin, and nor do not accumulate lycopene, they have β-420 

carotene. It can be construed that β-carotene is a remnant of photosynthetic carotenoids that is 421 

retained in these mutants. This view is consistent with the analysis of leaf and mature green 422 

fruits carotenoids where phytoene and phytofluene do not accumulate but have β-carotene and 423 

other xanthophylls. Notwithstanding the above considerations, it is equally plausible that post-424 

MG phase, β-carotene present in fruits is synthesized by a pathway that does not involve PSY1. 425 

In that situation, it could be that PSY2 may still be operational in chromoplasts, albeit at a 426 

subdued level. The accumulation of lycopene in CPTA-treated fruits of V7, r, rin, and nor, but 427 

not phytoene and phytofluene, similar to CPTA-treated leaves, is seemingly consistent with 428 

this view. Ostensibly, CPTA treatment unmasks a PSY2-mediated pathway, which operates 429 

independently of fruit-specific carotenogenesis. It probably contributes to the formation of 430 

carotenoids downstream of lycopene, such as β-carotene, lutein, and violaxanthin.  431 

Among the downstream carotenoids β-carotene, lutein and violaxanthin, the above 432 

pathway is more biased towards the β-carotene branch. Consistent with this, CPTA-treated 433 

fruits of V7, r, rin, and nor mutants show a higher reduction in β-carotene and violaxanthin, 434 

while a decline in lutein level is seen only in the rin mutant. It is equally plausible that the 435 
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higher reduction of β-carotene and violaxanthin is due to more effective blockage of the β-436 

carotene branch by CPTA than the α-carotene branch (La Rocca et al., 2007), which is also 437 

seen in leaves. Such a bias is also apparent by the drastic reduction of β-carotene level in CPTA-438 

treated IIHR2866 fruits, while CPTA did not affect the lutein level.  439 

The sustenance of a likely PSY2 mediated β-carotene synthesis in fruits may be an 440 

adaptive means to ensure the accumulation of ABA and other essential apocarotenoids in the 441 

developing seeds of fruits. In the above context, the operation of the β-carotene pathway in V7, 442 

r, rin, and nor mutants seem to be essential for sustaining a threshold level of the plant hormone 443 

ABA, which is derived from the β-carotene branch (Xiong and Zhu, 2003). The reduction in 444 

ABA levels in V7, r, rin, and nor mutants after CPTA treatments is in conformity with this 445 

view. 446 

Accumulation of lycopene in PSY1 knockout mutant is in conformity with operation of 447 

independent pathway 448 

It is plausible that in rin and nor mutants, which have a normal complement of 449 

carotenoid biosynthesis genes, in CPTA-treated fruits, the basal expression of PSY1 may 450 

contribute to lycopene accumulation. Likewise, it can also be argued that even in V7 and r 451 

mutants, there may be a leaky expression of PSY1, which may be responsible for lycopene 452 

accumulation. To discount the above possibilities, we used yellow flesh locus r3756 mutant that 453 

has a premature stop codon in PSY1, terminating the protein at 150 amino acids compared to 454 

the wild-type protein of 413 amino acids. The r3756 mutant does not complement the tangerine 455 

mutant of tomato, retaining the yellow fruit phenotype in r3756/tangerine double mutant, 456 

indicating that r3756 is a total PSY1 knockout mutant (Kachanovsky et al., 2012). The 457 

appearance of lycopene in CPTA-treated r3756 fruits is consistent with the view that either PSY2 458 

or PSY3 contributes to the above response. Our results are also consistent with Karniel et al. 459 

(accompanying paper), wherein r2997/tangerine double mutant accumulates prolycopene from 460 

the residual activity of PSY2. 461 

The gene expression profiles of PSY2 or PSY3 in tomato fruits favor PSY2 as the likely 462 

contributor. During tomato-fruit ripening, the PSY1 expression is induced post-MG phase, 463 

whereas PSY2 has a low level of consistent constitutive expression right from anthesis till full 464 

ripening. Contrarily, the expression of PSY3 is either too low or below the limit of detection 465 

during fruit development and ripening (Fantini et al., 2013, Figure S9). Our qRT-PCR results 466 

are consistent with the above analysis; the ripe tomato fruits express the PSY2 gene, albeit at a 467 
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much lower level than PSY1. The expression of both PSY1 and PSY2 is largely unaffected by 468 

CPTA-treatment. However, this lower expression of PSY2 seems to be sufficient to sustain a 469 

leaf-specific carotenoid biosynthesis pathway, which is unmasked on CPTA-treatment. 470 

Essentially, the PSY2 transcript level in ripening fruits is nearly similar to the leaf (Fantini et 471 

al., 2013).  472 

Compartmentalization of PSY1 and PSY2 may be different in chromoplasts 473 

Considering that both PSY2 and PSY1 coexist in the fruit, it is difficult to ascribe their 474 

relative contribution to phytoene formation in wild-type plants.  It is plausible that higher in 475 

vitro enzymatic formation of phytoene from GGPP in chromoplasts of r mutant fruits observed 476 

by Fraser et al. (1999) arose from residual PSY2 activity. The PSY2 and PSY1 have different 477 

Km, pH optima, and cofactor requirements (Fraser et al., 2000), thus likely spatially located 478 

at different sites in the plastid. Consistent with this, the recent comparisons of tomato PSY2 479 

and PSY1 revealed that compared to PSY1, which has weak enzyme activity, PSY2 is 480 

enzymatically more efficient (Cao et al., 2019). A more efficient PSY2 can thus sustain 481 

carotenogenesis in PSY1 mutant fruits.  Taken together, CPTA-induced lycopene formation in 482 

r and other carotenogenesis mutants seems to arise from remnant PSY2 activity in ripening 483 

fruits. Akin to our results in tomato, in PSY1-knockout fruits of Capsicum, a Solanaceae 484 

member, PSY2, seems to sustain the basal carotenoid synthesis (Jang et al., 2020).  485 

Contrary to the reports that CPTA may enhance the expression of upstream carotenoid 486 

biosynthesis genes (Al-Babili et al., 1999), our study did not show any CPTA-specific effect 487 

on the expression of both methylerythritol 4-phosphate pathway and carotenoid biosynthesis 488 

pathway genes. Ostensibly, CPTA-influence is limited to the inhibition of the enzyme activities 489 

of CYC, LCYB1, and LCYB2. The accumulation of lycopene does not lead to a feed-forward 490 

stimulation of upstream precursors, as indicated by the absence of phytoene and phytofluene 491 

in CPTA-treated fruits of V7, r, rin, and nor mutants, as well as in CPTA-treated leaves. 492 

Conversely, the accumulation of phytoene and phytofluene in greeenflesh and IIHR2866 fruits 493 

indicates that PSY1- and PSY2-mediated pathways may be localized in different 494 

compartments. However, both pathways converge at the level of lycopene cyclases. Such 495 

distinct compartmentalization, not yet reported in tomato, was observed for maize phytoene 496 

synthases.  In maize plastids, fluorescent protein-tagging revealed that Zm-PSY1 is localized 497 

in the stroma, while Zm-PSY2 and Zm-PSY3 were associated with plastoglobule and 498 

thylakoids (Shumskaya et al., 2012). Moreover, compartmentalization of PSY may differ in a 499 

developmental-specific fashion, as potato PSY2 was located in concentrated foci in mesophyll 500 
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chloroplasts. However, in tuber amyloplasts, it had uniform distribution in the stroma (Pasare 501 

et al., 2013). 502 

Dark-incubation of isomerization mutants abolishes CPTA effect 503 

An alternative way to show functional PSY2 or PSY3 in tomato fruits is to use a 504 

knockout mutant of the carotenogenesis pathway downstream of phytoene synthase. The 505 

mutations in carotenogenesis genes are lethal, as blockage of carotenogenesis leads to 506 

photooxidation of chloroplasts, barring mutations in CRTISO and ZISO. It is believed that in 507 

CRTISO and ZISO mutants, cis-carotenoids intermediates are photoisomerized in the light, thus 508 

obviating the need for these enzymes for mutant plants' survival. However, these enzymes are 509 

needed in darkness for carotenoid isomerizations (Isaacson et al., 2002; Park et al., 510 

2002; Chen et al., 2010).  511 

Consistent with the above-mentioned light-mediated isomerization, the CPTA-treated 512 

ZISO mutant fruits incubated in light displayed lycopene accumulation. The reduction of 513 

lycopene accumulation in dark-incubated controls (r and r3756) and total loss in CPTA-treated 514 

ZISO mutant fruits is supportive of the notion that lycopene in CPTA-treated fruit is derived 515 

from the operation of PDS, CRTISO, ZISO, and ZDS in tomato fruits. The fruits of yellow 516 

oxheart mutant defective in CRTISO showed very little lycopene accumulation without CPTA 517 

treatment, though they accumulate phytoene and phytofluene. Considering that unlike in 518 

leaves/seedlings, the light cannot penetrate deep into the fruit tissues, light incubated CRTISO 519 

mutant seedlings accumulate the lycopene, but not in the fruits (Isaacson et al., 2002). 520 

Nonetheless, the CPTA-treated yellow oxheart fruits accumulated lycopene, visible as red tinge 521 

in the pericarp periphery of cut sections of fruits, where light likely penetrated.  522 

Accumulation of lycopene lowers ABA and volatiles derived from downstream 523 

carotenoids 524 

The carotenoids profiles of CPTA-treated fruits indicated a block in the β-carotene 525 

branch of carotenoids, as signified by the reduction in ABA levels of fruits. Since the 526 

carotenoids are also subjected to cleavage by CCDs, leading to volatiles and apocarotenoids 527 

(Hou et al., 2016), it is logical to expect a shift in the volatile profiles, specifically those derived 528 

from lycopene. The volatile analysis is consistent with this view as CPTA-treated fruits show 529 

a higher abundance of lycopene-derived volatiles and a reduction in β-carotene derived β-530 

ionone. Considering that CCDs expression is not altered in CPTA-treated fruits, the shift in 531 

volatile levels reflects the increase or decrease in respective substrates. 532 
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 533 

Accumulation of lycopene triggers chromoplasts-like plastids in rin and nor mutants 534 

A characteristic marker of fruit ripening in tomato is the conversion of the chloroplasts 535 

to chromoplasts, which is triggered in the post-MG phase. The fruits of V7 and r mutants are 536 

not blocked in the above transition but lack typical features of tomato chromoplasts such as 537 

lycopene threads. Conversely, chromoplast formation is stalled in rin and nor mutants, as 538 

characteristic loss of thylakoids in these mutants is compromised. It is believed that ectopic 539 

accumulation of carotenoids in photosynthetic tissues can initiate the differentiation of 540 

chromoplast-like plastids. Thus, CPTA-treated leaves show chloroplasts trans-mutating to 541 

chromoplasts. Consistent with this, CPTA-treated rin and nor mutant fruits show loss of 542 

thylakoids and the appearance of lycopene threads. Likewise, V7 and r, mutants, where 543 

thylakoids dissociate in ripened fruits, after CPTA-treatment, show the appearance of lycopene 544 

threads. These results are consistent with the view that the ectopic accumulation of lycopene 545 

triggers chromoplast-like plastid differentiation.  546 

Conclusion 547 

In conclusion, our results reveal that while PSY1 is the key enzyme for fruit-specific 548 

lycopene and β-carotene accumulation, the ripening fruits in parallel operate another 549 

carotenogenesis pathway mediated by PSY2. A characteristic feature that distinguishes the two 550 

pathways is the accumulation of phytoene and phytofluene, which is seen in CPTA-treated 551 

fruits where PSY1 remains functional, such as in green flesh, IIHR2866, ZISO, and yellow 552 

oxheart. In contrast, in V7, r, r3756, rin, and nor mutant, PSY1 activity is compromised due to 553 

the mutations (V7, r, r3756) or the lack of expression (rin, nor), and CPTA-treated fruits do not 554 

accumulate phytoene and phytofluene. This signifies the operation of a pathway independent 555 

of PSY1, which is most likely carried out by PSY2, as CPTA-treated leaves also do not show 556 

accumulation of phytoene and phytofluene. This diversity may ensue from the respective 557 

localization of two pathways, where PSY1 and PSY2 in plastids may be localized in different 558 

compartments, working in tandem but independently. Emerging evidences indicate that 559 

enzyme association improves metabolic flux (Zhang and Fernie, 2020), as signified by 560 

GGPPS and PSY fusion divert flux towards carotenogenesis (Camagna et al., 2019). It 561 

remains to be determined how downstream enzymes interact with PSY1 and PSY2 and form 562 

two distinct metabolons. In the future, uncovering such metabolons may bring a better 563 

understanding of carotenogenesis in tomato.   564 
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Figure legends: 

Figure 1. Effect of different concentrations of CPTA on the growth of Arka Vikas plants. (A) 

The side and top view of the plant phenotype (B) Carotenoid profiling from leaves of the same 

plants. The bleached portion was collected only from 500 μM CPTA-treated leaves. Seedlings 

for two weeks were raised using water irrigation.  After that, seedlings were irrigated with 50 

ml of desired CPTA concentration, and the same repeated after a one-week interval. Leaves 

were collected after two-week of CPTA treatment.  The CPTA effect was more intense towards 

plants' apex, as it blocks the formation/accumulation of carotenoids in younger leaves. Note 

bleaching of margins and reduction of growth due to loss of photosynthetic competence. (n=3, 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated with respect to control). 

Figure 2: Carotenoid and ABA profiling in fruits of different tomato lines injected with CPTA.  

The fruits were injected with CPTA/water at the mature green stage, and the carotenoids and 

ABA levels were measured after 12 days from injections. The following tomato lines were 

used: greenflesh- gf, nor, rin, IIHR2866, r, V7, and Yellow oxheart (Y.ox). (n>=4, * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated for the treated samples with respect to 

respective control). 

Figure 3: The appearance of red coloration in tomato fruits injected with or without CPTA 

post-12 days of injection. The following tomato lines were used: greenflesh- gf, nor, rin, 

IIHR2866, r, V7, and Yellow oxheart (Y.ox). Note in IIHR 2866, the lycopene accumulation 

results due to inhibition of β-carotene formation in CPTA-treated fruits 

Figure 4: Carotenoid-derived volatiles in CPTA-injected V7, r, IIHR 2866, rin, nor, and gf 

fruits. Fruits were injected with CPTA at the mature green stage, and profiling was done after 

12 days of treatment. (n>=4, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated for 

the treated samples with respect to respective control). 

Figure 5: Ultrastructure of plastids of fruits treated with or without CPTA (A) V7, (B) rin, (C) 

gf, (D) r, (E) nor and (F) IIHR 2866. Note formation of distinct lycopene threads (marked by 

red arrow) in plastids of CPTA-treated fruits, signifying partial conversion of plastids into 

chromoplast. The bar in the figure is equal to 0.5 µm. 

Figure 6: Influence of light and dark treatments on the accumulation of lycopene in ZISO 

fruits. The detached fruits after water- (C) or CPTA-injection (T) were incubated in light (16h-

light/8h-dark cycle) A) or in total darkness (B). Note the absence of lycopene formation in 
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CPTA treated dark-grown ZISO fruits (n>=3, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values 

are calculated for the treated samples with respect to respective control). 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2021.07.19.452896doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.19.452896
http://creativecommons.org/licenses/by-nc-nd/4.0/


(A)

(B)

Side view

Top view

Figure 1. Effect of different concentrations of CPTA on the growth of Arka Vikas plants.

(A) The side and top view of the plant phenotype (B) Carotenoid profiling from leaves of

the same plants. The bleached portion was collected only from 500 μM CPTA-treated

leaves. Seedlings for two weeks were raised using water irrigation. After that, seedlings

were irrigated with 50 ml of desired CPTA concentration, and the same repeated after a

one-week interval. Leaves were collected after two-week of CPTA treatment. The CPTA

effect was more intense towards plants' apex, as it blocks the formation/accumulation of

carotenoids in younger leaves. Note bleaching of margins and reduction of growth due to

loss of photosynthetic competence. (n=3, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values

are calculated with respect to control).
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Figure 2: Carotenoid and ABA profiling in fruits of different tomato lines injected with CPTA. The fruits

were injected with CPTA/water at the mature green stage, and the carotenoids and ABA levels were measured

after 12 days from injections. The following tomato lines were used: greenflesh- gf, nor, rin, IIHR2866, r, V7,

and Yellow oxheart (Y.ox). (n>=4, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated for the

treated samples with respect to respective control).
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Figure 3: The appearance of red coloration in tomato fruits injected with or without CPTA post-12 days of

injection. The following tomato lines were used: greenflesh- gf, nor, rin, IIHR2866, r, V7, and Yellow oxheart

(Y.ox). Note in IIHR 2866, the lycopene accumulation results due to inhibition of β-carotene formation in

CPTA-treated fruits
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Figure 4: Carotenoid-derived volatiles in CPTA-injected V7, r, IIHR 2866, rin, nor, and gf fruits. Fruits were

injected with CPTA at the mature green stage, and profiling was done after 12 days of treatment. (n>=4, * p ≤

0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated for the treated samples with respect to respective

control).

R
el

at
iv

e 
co

n
te

n
t

R
e

la
ti

ve
 c

o
n

te
n

t

R
el

at
iv

e 
co

n
te

n
t

R
e

la
ti

ve
 c

o
n

te
n

t

R
e

la
ti

ve
 c

o
n

te
n

t

5-Hepten-2-one, 6-Methyl- Neral

Pseudoionone

-ionone

Geranial

***

***
***

***
***

**

***

***

***

***

*

***

***
***

***

***

***

***

**

***

***

*

**
**** **

***

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2021.07.19.452896doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.19.452896
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 5: Ultrastructure of plastids of fruits treated with or without CPTA (A) V7, (B) rin, (C) gf, (D)

r, (E) nor and (F) IIHR 2866. Note formation of distinct lycopene threads (marked by red arrow) in

plastids of CPTA-treated fruits, signifying partial conversion of plastids into chromoplast. The bar in

the figure is equal to 0.5 µm.

.
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Figure 6: Influence of light and dark treatments on the accumulation of lycopene in ZISO fruits. The 

detached fruits after water- (C) or CPTA-injection (T) were incubated in light (16h-light/8h-dark cycle) A) 

or in total darkness (B). Note the absence of lycopene formation in CPTA treated dark-grown ZISO fruits 

(n>=3, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, p-values are calculated for the treated samples with respect to 

respective control).
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Figure S1: Optimization of CPTA concentration for injection. Tomato fruits of different maturity stages

from anthesis were used to study the effect of CPTA. Five different concentrations of CPTA (1, 10, 50,

100, and 200 mM) were injected into the detached fruits. The control fruits were injected with water. The

fruits were incubated at 25°C under 16h day and 8h dark cycle. The fruits were photographed after three

days (A) (Side view) and 15 days of injection (B) (Side view) and C (Front view). Fruits collected from

the farmer's field were used for data in Figure S1 to S5.
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CPTA site of action

Figure S2: CPTA-induced pigmentation in tomato fruits of different maturity. The fruits at different post-

anthesis ages (Immature green (IG)- IG1- (green color fruit), IG2- (orange color fruit), mature green (MG)

were injected with CPTA/water. After 13 days of CPTA/water-injection, the carotenoid profile was examined

from a single fruit. The fruits post-CPTA injection were incubated under 16h light/8h dark cycles (C-Control,

T-Treated)
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Figure S3: CPTA-induced lycopene thread-like structure in plastids. After 13 days of CPTA-treatment,

the fruits were photographed, and the ultrastructure of plastids was visualized by TEM. (a) IG1 (Control),

(b) IG1 (Treated), (c) IG2 (Control) and (d) IG2 (Treated), (e) Mature green fruit (Control), (f) Mature

green fruit (Treated). Note the appearance of precocious lycopene threads in the plastids of IG1 and IG2

fruits. Note the control fruits are shown after 13 days of incubation, during which IG2 fruits accumulate

β-carotene precociously.
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Figure S4: Progressive color development in CPTA-treated and control fruits. Note appearance 

of lycopene in the placenta of CPTA-treated fruits at 4th-day post-injection and persistence after 

that. Mature green fruits were injected with 500 µl of 100 mM CPTA, and control fruits were 

injected with an equal amount of water.
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Figure S5: Carotenoid profiling of CPTA- and water-treated fruits at different days post-

injection. The fruits depicted in Figure S3 were used for the carotenoids profiling (data from

single fruit). The dotted line shows the best fit of data using polynomial equation (Order 2) to

overcome the variation due to the use of a single fruit. The curve fitting supports increased

phytoene, phytofluene, lycopene levels, and the decline of β-carotene level in the treated fruits.
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Figure S6: Precocious appearance of carotenoids in plastids of CPTA-injected mutant

fruits. The freehand sections of the fruit pericarp were examined under a Zeiss confocal

microscope after 12-days of CPTA treatment. The sections were observed under the 60X

water-immersion objective. The pictures show original and overlaid images of

autofluorescence emitted at 650–700 nm (chlorophylls, CHL) or 500–550 nm

(carotenoids, CRT) after excitation with the 488 nm argon laser.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2021.07.19.452896doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.19.452896
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cont…..

**

***
* *

**

**

*

**

***

*

**

*

***

**

R
el

at
iv

e 
ex

p
re

ss
io

n
R

el
at

iv
e 

ex
p

re
ss

io
n

R
el

at
iv

e 
ex

p
re

ss
io

n
R

el
at

iv
e 

ex
p

re
ss

io
n

R
el

at
iv

e 
ex

p
re

ss
io

n

R
el

at
iv

e 
ex

p
re

ss
io

n

R
el

at
iv

e 
ex

p
re

ss
io

n

R
el

at
iv

e 
ex

p
re

ss
io

n

R
el

at
iv

e 
ex

p
re

ss
io

n

R
el

at
iv

e 
ex

p
re

ss
io

n

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 19, 2021. ; https://doi.org/10.1101/2021.07.19.452896doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.19.452896
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S7: Transcript levels of carotenoid pathway genes in V7, r, IIHR 2866, rin, nor, and gf fruits

injected with CPTA at the mature green stage after 12 days of treatment (n>=3, * p ≤ 0.05, ** p ≤ 0.01,

*** p ≤ 0.001, p-values are calculated for the treated samples with respect to respective control).
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Figure S8: Inhibitory effect of CPTA on the accumulation of lycopene in carotenoid-producing E. coli strains.

The addition of CPTA (1 mM) to pAC-EPSILON, pAC-ZEAX, and pAC-Beta-At produces lycopene as the major

carotenoid by inhibiting LCYE and LCYB, respectively. The addition of CPTA to the pAC-ZETA, pAC-85b, and

pAC-LYC does not affect the carotenoid content. The inset picture in the respective graph shows carotenoid

accumulation in the bacterial pellet (left-Control, right-Treated).
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Figure S9: Normalized expression (FPKM) of phytoene synthase genes in different organs of tomato.

MG: Mature Green fruit; B: Breaker fruit; B+10: ripe fruit 10 days after breaker stage. (Data Source:

Fantini et al., (2013) Plant Physiology 163, 986-998).
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Table S1. List of genes and the primers used for qRT-PCR analysis.  

Gene   Forward primer (5′ to 3′)   Reverse primer (5′ to 3′)   Product 

size 

(bp) 

DXS 

(Solyc01g067890)  

AAATGGGATCGGTGTAGAGC TGCTGAGCCATATCCCAATA 115 

DXR  

(Solyc03g114340)  

AGCAGGGTGTGATTGAGGTT GTCTTTTCCTGCTTCGATGG 113 

GGPPS2  

(Solyc04g079960)  

ATCAATGGAGCAGCTTTGTG GCGGTTGATAAAACGACGTA 128 

PSY1  

(Solyc03g031860)  

TGAATTAGCACAGGCAGGTC TCAATTCTGTCACGCCTTTC 140 

PSY2  

(Solyc02g081330)  

AATTCCGAGGTCTCATACGG CCTTTCCACATCGAATTCCT 110 

PDS  

(Solyc03g123760)  

TATCATCAACGTTCCGTGCT TATCGGTTTGTGACCAGCAT 122 

ZDS  

(Solyc01g097810) 

TCCAAAAGGGCTATTTCCAC TTGATCCAAGAGCTCCACAG 115 

ZISO 

(Solyc12g098710)  

AGAGCGTGCTTTTCGTGTATTG ATTGCCATAACTGCACTCCATC 107 

CRTISO 

(Solyc10g081650) 

GAGATCGCCAAATCCTTAGC CAGAAAGCTTCACTCCCACA 118 

CYCB 

(Solyc06g074240) 

TCTTCTCAAGCCTTTTCCATC TGGTGGGACTTAGAAAAGAAGG 92 

LCYB1  

(Solyc04g040190) 

CGATGCAACTGGCTTCTCTA AATGAGAATCTCGCCAATCC 149 

LCYB2  

(Solyc10g079480)  

ATTTGTGGCCCATAGAAAGG TGACAAGAAACCATGCCAAT 146 

LCYE  

(Solyc12g008980) 

TTAGTCGCCATTTTCTGCAC TCACCCTCGCACTCTACAAG 130 

NCED1  

(Solyc07g056570) 

TGACACCACCAGACTCCATT ACTTGTTCATCCGGGTTTTC 130 

CCD1A 

(Solyc01g087250) 
TTGACGCATTCCTTCACTGC GTAAGGTGGGGTGTGAGCAT 87 

CCD1B 

(Solyc01g087260) 
AGCTAGGAAAATCAAAGGAATAGATGG TTCAGAAAGAGTGACGTGTTGATC 107 

CCD4A 

(Solyc08g075480) 
TTCATACTCGCCGGTGGTTC CACCCTTGGCATAACGTGGA 85 

CCD4B 

(Solyc08g075490) 
AGACGATGGCTACGTAATGTTG GGCAATTTAACATTAGCCACAA 114 

CCD7 

(Solyc01g090660) 
TCTTGCCACCGGCTAAACTG TTCATGAGTTGGGGACGTGG 110 

CCD8 

(Solyc08g066650) 
TGTGGTGCTAAGAGGCCTTG GAATGGTTCAGAAGGCACAGC 111 

β-actin  

(FJ532351.1) 

TGTCCCTATTTACGAGGGTTATGC CAGTTAAATCACGACCAGCAAGAT 108 

UBIQUITIN3  

(X58253.1)    

GCCGACTACAACATCCAGAAGG TGCAACACAGCGAGCTTAACC 110 
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