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Abstract
Key message  The presence of plastid-like structures in the latex of the Russian dandelion Taraxacum koksaghyz and 
interactions involving plastid-associated TkGGR1 with TkSRPP3, TkGGPS6 and TkLIL3 may confer TkSRPP-
mediated stress tolerance.
Abstract  The latex of the Russian dandelion Taraxacum koksaghyz is a rich source of natural rubber (NR) but other facets of 
its metabolism and physiology have been largely neglected. Small rubber particle proteins (SRPPs) contribute to NR biosyn-
thesis by stabilizing rubber particles and are also linked to stress responses. The identification of geranylgeranyl reductase 
(GGR1) as potential interactor of TkSRPP3 in our previous study prompted its detailed investigation because GGRs normally 
reduce geranylgeranyl groups to phytol or phytyl diphosphate for chlorophyll synthesis in chloroplasts. Here we determined 
the latex-specific expression and phytol-producing activity of GGR1, and confirmed its interaction with TkSRPP3. Metabolic 
analysis of plants with altered TkGGR1 expression levels in latex revealed its involvement in tocopherol but not NR synthesis 
in roots, whereas a second, leaf-specific GGR was responsible for chlorophyll synthesis. We found that a geranylgeranyl 
diphosphate synthase (GGPS) and light-harvesting-like 3 protein (LIL3) were co-expressed in latex and translocated into 
Nicotiana benthamiana chloroplasts, as we also observed for TkGGR1. We confirmed that TkGGR1 interacted with TkG-
GPS6 and TkLIL3 inside chloroplasts and detected an extraplastidial interaction between TkLIL3 and TkSRPP4. In situ 
analysis of mVenus-tagged TkGGR1 indicated its localization in plastid-like structures in T. koksaghyz latex, which lacks 
conventional chloroplasts. We therefore hypothesized the presence of a TkGGR1-containing multiprotein complex within 
Frey–Wyssling-like particles in latex that may confer oxidative stress tolerance. This study provides insight into a previously 
undescribed branch of isoprenoid metabolism and cellular biology of NR-producing laticifers in T. koksaghyz.

Keywords  Small rubber particle proteins · Geranylgeranyl reductase · LIL3 · Latex · Frey–Wyssling particles · 
Geranylgeranyl diphosphate synthase

Introduction

The latex of the Russian dandelion Taraxacum koksaghyz 
provides an abundant source of high-quality natural rub-
ber (NR). The biosynthesis of this valuable biopolymer 
has been studied in detail, whereas other aspects of latex 
metabolism and physiology have received much less atten-
tion. Small rubber particle proteins (SRPPs) 3, 4 and 5 
are highly abundant in latex, particularly on the surface of 
organelles known as rubber particles, where they facilitate 
NR biosynthesis (Collins-Silva et al. 2012; Hillebrand et al. 
2012). Taraxacum SRPPs 3/4/5 are also involved in stress 
responses, which was demonstrated by enhanced drought 
stress tolerance upon overexpression in transgenic plants 
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and their stress-responsive transcription (H. He et al. 2024; 
Laibach et al. 2018; Wu et al. 2024). This is in line with the 
physiological role of latex in defense and stress responses 
(Böttner et al. 2023; Huber et al. 2016; Konno 2011; Salomé 
Abarca et al. 2019) and is an rare example of research target-
ing the molecular biology of latex aside from NR synthesis.

It is currently unclear how exactly SRPPs promote NR 
biosynthesis. Knockdown experiments indicated a role in 
rubber particle stability and dispersity (Collins-Silva et al. 
2012; Hillebrand et al. 2012), and a recent protein inter-
action screen for TkSRPPs 3/4/5 suggested that TkSRPPs 
engage with other rubber particle proteins, including the 
cis-prenyltransferase (cisPT) complex that catalyzes NR 
(poly(cis−1,4-isoprene)) polymerization (Wolters et  al. 
2024). The TkSRPP3/4/5 interactomes also revealed that 
TkSRPPs are connected to other branches of the rich iso-
prenoid network in latex (for an overview of the isoprenoid 
metabolic network see Supplementary Fig. 9). Understand-
ing the interplay between these branches and how they are 
regulated will provide insight into NR biosynthesis as a 
component of wider latex physiology.

One candidate TkSRPP3 interactor caught our particu-
lar attention because it was homologous to geranylgeranyl 
reductases (GGRs), which are mostly known to facilitate 
chlorophyll and tocopherol synthesis in chloroplasts. How-
ever, latex lacks chlorophyll and does not contain genuine 
chloroplasts (Liu et al. 2015; Tanaka et al. 1999). GGR cata-
lyzes the reduction of geranylgeranyl diphosphate (GGPP) 
to phytyl diphosphate (PhyPP), both of which are found 
as chlorophyll side chains, and PhyPP is also required for 
the synthesis of antioxidant tocopherols. The reduction 
of GGPP via dihydro- (DHGG) and tetrahydro- (THGG) 
derivatives consumes three NADPH molecules. It is not yet 
clear whether GGR can use both esterified and free gera-
nylgeraniol (GGOH) or GGPP as substrates (Hirose et al. 
2022; Keller et al. 1998; Soll & Schultz 1981; Tanaka et al. 
2010). GGPP is an unsaturated prenyl chain assembled 
from four C5 isoprene units. This monomeric isopentenyl 
diphosphate (IPP) unit and its allylic isomer dimethylallyl 
diphosphate (DMAPP) are produced by the cytoplasmic 
mevalonate (MVA) and plastidial methylerythritol (MEP) 
pathways. A geranyl diphosphate synthase (GPS) transfers 
one DMAPP to IPP forming geranyl diphosphate (GPP), 
and this can be further elongated by one or two IPP units to 
produce farnesyl diphosphate (FPP) and GGPP, catalyzed 
by the trans-prenyltransferases (TPTs) farnesyl diphosphate 
synthase (FPS) and geranylgeranyl diphosphate synthase 
(GGPS), respectively (Tholl 2015). However, TPT substrate 
and product specificities are not strict and can be modu-
lated by heterodimerization (Conart et al. 2023; Orlova et al. 
2009; Takaya et al. 2003; Wang and Dixon 2009). GGPS can 
be found in the cytosol, mitochondria and plastids (Beck 
et al. 2013; Ruiz-Sola et al. 2016a, b), and in the latter they 

provide GGPP for the synthesis of photosynthesis-related 
isoprenoids including photosynthetic pigments and electron 
carriers (Ruiz-Sola et al. 2016a, b). For chlorophyll, tocoph-
erol and phylloquinone synthesis, GGPP must be reduced to 
PhyPP by GGR. Accordingly, the reduction of GGR activity 
results in the accumulation of geranylgeranylated chloro-
phyll (chlGG) rather than the predominant phytylated form 
(chlPhy), lower overall chlorophyll and tocopherol levels, 
and greater sensitivity to light stress (Kimura et al. 2018; 
Liu et al. 2015; Tanaka et al. 1999; Wang et al. 2014; Zhou 
et al. 2013). The loss of GGR may also be associated with 
slower growth, a pale variegated phenotype, and restricted 
chloroplast development, which could reflect the differential 
expression of plastid-encoded genes (He et al. 2022; Liu 
et al. 2021; Tanaka et al. 1999). Consistent with their role in 
the formation of photosynthesis-related isoprenoids, GGRs 
are located in chloroplasts (Suire et al. 2000; Tanaka et al. 
2010; Zhou et al. 2017) and transcript levels are highest in 
photosynthetically active tissues, but GGR​ genes are also 
expressed in fruits, roots, flowers and rice (Oryza sativa) 
bran (Bruno et al. 2009; Giannino et al. 2004; He et al. 2022; 
Kimura et al. 2018; Liu et al. 2012; Park et al. 2010; Zhou 
et al. 2013). Transcriptional regulation by phytohormones 
as well as temperature, light, drought, salt and biotic stress 
suggests a dependence on photosynthetic activity, ensuring a 
sufficient supply of chlorophyll and tocopherol (Bruno et al. 
2009; Giannino et al. 2004; Liu et al. 2015; Park et al. 2010; 
Riva-Roveda et al. 2016; Zhou et al. 2013). GGR enzymes 
have not been studied in Taraxacum thus far, but one GGR​ 
gene was shown to be significantly downregulated in pale 
green leaves of T. koksaghyz plants overexpressing pseudo-
etiolated-in-light (PEL)-like compared with near-isogenic 
control lines (Wolters et al. 2023).

The unexpected finding that a GGR may interact with 
TkSRPP3 in T. koksaghyz latex prompted the further char-
acterization of this protein to shed light on its role in latex 
and its connection to NR biosynthesis and stress-related 
TkSRPP3. Therefore, we confirmed the enzymatic activity 
of the protein (designated TkGGR1), compared its molecu-
lar characteristics to a second TkGGR (TkGGR2), and inves-
tigated its interactions with associated proteins identified in 
other species. Based on our results, we propose the pres-
ence of a TkGGR1-containing heteromeric protein assembly 
within Frey–Wyssling (F.W.)-like complexes in the latex of 
T. koksaghyz, with a potential role in stress tolerance.

Materials and methods

Plant material and cultivation

We cultivated T. koksaghyz, T. brevicorniculatum and 
Nicotiana benthamiana plants under controlled greenhouse 
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conditions (18 °C, 16-h photoperiod, 260 PPFD high-pres-
sure sodium lamp with enhanced yellow and red spectrum) 
as previously described (Unland et al. 2018). To induce ver-
nalization-dependent flowering, T. koksaghyz plants were 
transferred to a growth chamber at 6 °C for 2–3 weeks. For 
quantitative PCR (qPCR) analysis, leaf and root tissues were 
harvested separately and immediately flash-frozen in liq-
uid nitrogen. Leaf tissues were ground using a pestle and 
mortar, with constant cooling. Root tissues were lyophilized 
and then pulverized using a ZM 200 Ultra Centrifugal Mill 
(Retsch, Germany). Latex was transferred from cut root 
surfaces to rubber extraction buffer (100 mM Tris–HCl pH 
7.8, 350 mM sorbitol, 10 mM NaCl, 5 mM MgCl2, 5 mM 
dithiothreitol (DTT)) and immediately flash-frozen in liquid 
nitrogen.

Generation of transgenic T. koksaghyz 
and T. brevicorniculatum plants and transgene 
verification

Transgenic T. koksaghyz and T. brevicorniculatum plants 
were generated as previously described with slight modifi-
cations (Niephaus et al. 2019; Post et al. 2012). For trans-
formation, whole leaves were abaxially scratched and incu-
bated with Agrobacterium tumefaciens strain EHA105, then 
placed on callus induction medium lacking antibiotics under 
constant light at 26 °C for 48 h, before transfer to medium 
supplemented with antibiotics. During regeneration, plants 
were incubated at 22 °C with a 16-h photoperiod. Transgene 
integration was confirmed by PCR using construct-specific 
primers.

Cloning

Target genes were amplified from a mixture of wild-type 
T. koksaghyz cDNA (obtained from different tissues) using 
primers containing NcoI and NotI (TkGGR1, TkGGPS6 
and TkLIL3) or NcoI and XhoI (TkGGR2, TkSRPP3 and 
TkSRPP4) restriction site overhangs (Supplementary 
Table 1) and transferred to the Gateway pENTR4 entry 
vector (Thermo Fisher Scientific, USA). The TkGGR1 
and TkGGPS6 clones were also amplified without their 
predicted transit peptide (TP) sequences. TkSRPP con-
structs, and monomeric fluorophore mEmerald used as a 
negative control in protein interaction studies, were avail-
able from previous studies (Jekat et al. 2013; Wolters et al. 
2024). For protein interaction studies and to assess the 
intracellular localization of the proteins, target genes were 
introduced into different Gateway destination vectors using 
Gateway LR clonase II mix (Thermo Fisher Scientific). For 
the split-ubiquitin membrane yeast two-hybrid (SUY2H) 
assays, target genes were introduced into pRS314-Nua-
ccdB or pRS313-ccdb-CRU​ (Wolters et  al. 2024). For 

bimolecular fluorescence complementation (BiFC) analy-
sis, target genes were introduced into Gateway destination 
vectors containing the N-terminal or C-terminal part of 
monomeric red fluorescent protein (NmRFP or CmRFP): 
pBatTL-ccdB-CmRFP, pBatTL-ccdB-NmRFP, pBatTL-
NmRFP-ccdB, or pBatTL-CmRFP-ccdB (Jach et al. 2006). 
To investigate intracellular localization in N. benthamiana, 
genes were introduced into the Gateway destination vec-
tor pBatTL-ccdB-Cerulean (Müller et al. 2010). To assess 
intracellular localization in Saccharomyces cerevisiae, the 
TkGGR1 gene was introduced into pAGD425GDP-ccdB-
eCFP from Addgene (Alberti et al. 2007). For transient 
expression in N. benthamiana and subsequent metabolic 
analysis, TkGGR1∆TP and TkGGPS6(∆TP) were intro-
duced into pBatTL-ccdb destination vectors (Jach et al. 
2006).

For TkGGR1 overexpression in latex, the T. brevicornicu-
latum rubber elongation factor (TbREF) promoter (Laibach 
et al. 2015a, b) was inserted into pLab12.1 (Post et al. 2012) 
using the restriction sites HindIII and XhoI. The cauliflower 
mosaic virus 35S terminator was isolated from vector pAM 
(Fricke et al. 2013) using SacI and BamHI and inserted into 
the newly generated pLab12.1-PREF (digested with the same 
enzymes). Finally, TkGGR1 was amplified using primers 
with XhoI and XbaI restriction sites and inserted into the 
intermediate vector (digested with the same enzymes) result-
ing in the final plant transformation vector pLab12.1-PREF-
TkGGR1-T35S. The TkGGR1–RNAi construct was prepared 
by annealing the oligonucleotides TkGGR1-RNAi-NcoI 
and TkGGR1-RNAi-XhoI, and the double-stranded product 
with NcoI and XhoI sites was ligated into the correspond-
ing sites of the Gateway entry vector pBluescript II KS (+) 
(Addgene). The resulting pBluescript-TkGGR1-RNAi vector 
was used for Gateway cloning into the destination vector 
pLab12.5 (Epping et al. 2015). The resulting pLab12.5-
pREF-TkGGR1-RNAi-TOCS vector was used for dandelion 
transformation.

For the TbGGR2–RNAi construct, the oligonucleo-
tides GGR2 RNAi NcoI fw and GGR2 RNAi XhoI rv were 
annealed, and the double stranded product with NcoI an 
XhoI sites was ligated into corresponding sites in the vector 
pENTR4 to yield pENTR4-TbGGR2-RNAi. This was used 
as the entry clone in a Gateway reaction with pFGC5941 
(ChromDB, USA) yielding the final plant transforma-
tion vector pFGC-TbGGR2-RNAi. For mVenus-tagged 
TkGGR1 expression in latex, TkGGR1 was amplified with-
out the stop codon using primers containing NcoI and XbaI 
sites. The pLab12.1-PREF-T35S vector was digested with 
the same restriction enzymes and TkGGR1 was inserted. 
In a second step, mVenus was amplified from pFRETtv-
2in1 (Hecker et al. 2015) using primers containing XbaI 
and XmaI sites and inserted at the corresponding sites of 
pLab12.1-PREF-TkGGR1-T35S.
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In silico analysis

Phylogenetic analysis was carried out using MEGA11 
(Tamura et al. 2021). The multiple sequence alignment was 
created using MUSCLE and the phylogenetic tree was con-
structed using the neighbor-joining algorithm with a boot-
strap of 462. Protein domains were predicted using InterPro 
(Paysan-Lafosse et al. 2023). Sequences were aligned using 
Clustal Omega (Madeira et al. 2024). TPs were predicted 
using TargetP-2.0 (https://​servi​ces.​healt​htech.​dtu.​dk/​servi​
ces/​Targe​tP-2.​0/).

RNA extraction, cDNA synthesis and qPCR

RNA extraction, cDNA synthesis and qPCR were carried out 
as previously described (Wolters et al. 2024).

Chlorophyll quantification

Chlorophyll was extracted as previously described with 
slight modifications (Shpilyov et al. 2005). Briefly, a leaf 
disc was placed in a microfuge tube and homogenized with 
1 mL 90% methanol in water using an MM400 bead mill 
(Retsch) for 5 min at 30 Hz, followed by centrifugation at 
14,000 g for 1 min. The supernatant was transferred to a 
new tube and the extraction step was repeated. The extracts 
were separated by high performance liquid chromatography 
(HPLC) using a Shimadzu LC20A UFLC prominence sys-
tem (Shimadzu, Germany) fitted with a Reprosil Pur Basic 
C18 column (Analytik Altmann, Germany; 5 µm particle 
size, 4 × 250 mm) coupled to an SPD-M20A photodiode 
array (PDA) detector. Samples were eluted in a gradient of 
solvent A (900:99:1 v/v acetonitrile: water: triethylamine) 
and solvent B (ethyl acetate): 100% A for 16 min, 66.7% A 
for 8 min, 59.7% A for 16 min, 33.3% A for 0.2 min, 0% A 
for 2.5 min, 100% A for 3.25 min. The flow rate was 1 mL/
min, the column oven temperature was 40 °C. Pigments 
were identified based on their absorption spectra (430 nm 
for chlorophyll a and 458 nm for chlorophyll b) and relative 
retention times.

Heterologous expression in N. benthamiana

For transient expression in N. benthamiana leaf epidermal 
cells, we used pBatTL constructs carrying either the tar-
get gene fused to the full-length fluorophores Cerulean or 
Venus, or the target gene fused to the N-terminal or C-ter-
minal part of monomeric red fluorescent protein, NmRFP 
or CmRFP (Jach et al. 2006; Müller et al. 2010). Transient 
expression was achieved as previously described (Müller 
et al. 2010). Different constructs were co-expressed with 
the Cerulean-fused genes. We used Arabidopsis (Arabi-
dopsis thaliana) LEAFY COTYLEDON 2 (AtLEC2) for the 

induction of lipid droplet (LD) formation (Wolters et al. 
2024), and the chloroplast TP of tobacco (Nicotiana taba-
cum) d-ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBisCO) C-terminally fused to Venus as a stromal marker. 
The sequence of the tobacco RuBisCO TP was amplified 
from N. tabacum SR1 cDNA (Schmidt et al. 2020). Primers 
introducing NcoI and NotI restriction sites were used and the 
product was inserted into pENTR4. The resulting vector was 
used for Gateway cloning into the pBatTL-ccdB-Venus des-
tination vector. For bimolecular fluorescence complemen-
tation (BiFC), all eight combinations of NmRFP/CmRFP 
fusions of two target proteins were co-expressed followed 
by fluorescence microscopy.

Heterologous expression in S. cerevisiae

Protein interaction studies based on SUY2H were carried out 
as previously described (Wolters et al. 2024). For localiza-
tion studies, S. cerevisiae strain CEN.PK2-1C (Westfall et al. 
2012) (EUROSCARF, Germany) was transformed using 
the lithium acetate method (Agatep et al. 1998). Positive 
clones were identified by colony PCR using gene-specific 
and vector primers. They were grown at 30 °C on selective 
synthetic defined media, transferred to a microscope slide 
and suspended in water. To stain LDs, the suspension was 
supplemented with 1 µg Nile red in DMSO.

Microscopy

Confocal laser scanning microscopy was carried out using 
a Stellaris 8 or TCS SP5 X microscope (Leica Microsys-
tems, Germany). Cerulean fluorescence was detected at 
470–518 nm (excitation at 405, 448 or 458 nm), mRFP 
fluorescence at 570–648 nm (excitation at 515 or 555 nm), 
Venus fluorescence at 556–615 nm (excitation at 488 or 
514 nm), mVenus fluorescence at 520–650 nm (excitation 
at 515 nm), eCFP fluorescence at 469–502 nm (excitation at 
405 nm), Nile red fluorescence at 556–615 nm (N. benthami-
ana) or 570–603 nm (S. cerevisiae) (excitation at 488 nm), 
and mEmerald fluorescence at 501–550 nm (excitation at 
481 nm). Chlorophyll autofluorescence was detected at 
655–752 nm (excitation at 448–458 nm).

Immunodetection of fluorophore fusion proteins 
from latex

Latex phase separation was carried out as previously 
described (Niephaus et al. 2019). Latex phases were mixed 
with 5 × SDS loading buffer containing 100  mM DTT, 
heated at 95 °C for 10 min and separated by SDS-PAGE 
(Wolters et  al. 2024). For immunodetection, we used a 
primary anti-GFP antibody (Clontech Laboratories, USA; 
#632,380) and a secondary goat antimouse IgG antibody 

https://services.healthtech.dtu.dk/services/TargetP-2.0/
https://services.healthtech.dtu.dk/services/TargetP-2.0/
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coupled to horseradish peroxidase (Thermo Fisher Scien-
tific; #32430).

Quantification of phytol and geranylgeraniol in N. 
benthamiana

Infiltrated leaves were harvested, immediately flash-fro-
zen and pulverized under liquid nitrogen with a pestle and 
mortar. We then extracted 100 mg freeze-dried, pulverized 
leaf material supplemented with 250 µg betulin (internal 
standard) with 1 mL ethyl acetate by vortexing for 10 min. 
After centrifugation at 11,000 g for 5 min, the extracts were 
evaporated and the residue redissolved in 500 µL hexane. 
The samples were analyzed by gas chromatography–mass 
spectrometry (GC–MS) using a GC–MS-QP 2010 Ultra 
High-End device (Shimadzu Corporation, Japan) fitted with 
an Rtx-5 ms column (Restek, Germany; 30 m × 0.23 mm, 
film thickness 0.25 µm) and helium as the mobile phase. 
Electron ionization and a quadrupole mass filter system were 
used. The injection volume was 0.5–1 µL at a temperature 
of 260 °C in split mode (1:10). The ion source temperature 
was 230 °C and the interface temperature 260 °C. The GC 
program included 1 min at 120 °C followed by a steep ramp 
to 330 °C at 15 °C/min and a final step at 330 °C for 10 min. 
Mass spectra were evaluated based on authentic standards 
and the National Institute of Standards and Technology 
(NIST) libraries using LabSolution software (Shimadzu). 
Quantification was performed relative to the internal stand-
ard betulin.

Quantification of triterpenoids, precursors, 
tocopherols, GGOH and NR in dandelion

For triterpenoids, precursors and tocopherol, 100 mg freeze-
dried, pulverized root material was supplemented with 
250 µg betulin (internal standard) and extracted and saponi-
fied with 20 mL methanol containing 6% potassium hydrox-
ide at 80 °C for 2 h. Evaporated methanol was replaced 
with water up to a volume of 15 mL, and metabolites were 
extracted with 15 mL hexane by vigorous vortexing and 
subsequent phase separation by centrifugation at 4000 g for 
5 min. The hexane phase was transferred to another tube and 
the extraction step was repeated twice. The hexane phase 
was evaporated in a Rocket Evaporator System (Thermo 
Fisher Scientific) and dissolved in 1.2 mL acetone over-
night at 40 °C. After brief centrifugation (11,000 g, 2 min), 
500 µL of the supernatant was removed for GC–MS analysis. 
The GC–MS protocol was the same as described for phytol 
and geranylgeraniol analysis. Mass spectra were evaluated 
based on NIST libraries or authentic standards, and analytes 
were quantified relative to the internal standard. NR was 
quantified as previously described (Stolze et al. 2017).

Accession numbers

T k G G P S 6 ,  G W H TA A A A 0 3 8 2 0 9 ;  T k L I L 3 , 
GWHTAAAA016040; TkSRPP3, GWHTAAAA015362; 
TkSRPP4, GWHTAAAA015361 (Lin et  al. 2018). For 
TkGGR​ accession numbers, refer to Supplementary Table 2.

Results

Confirmation of TkGGR1/TkSRPP3 protein 
interaction

First, we attempted to confirm the interaction between 
TkSRPP3 and TkGGR1 initially indicated by affinity enrich-
ment-mass spectrometry (AE–MS) using the split-ubiquitin 
membrane yeast two-hybrid system (SUY2H), which is 
ideal for detecting interactions between non-nuclear hydro-
phobic or membrane-associated proteins. The C-terminus 
of TkSRPP3 was fused to the C-terminal part of ubiquitin 
(CUb) and the URA3 reporter, and was co-expressed with 
TkGGR1 N-terminally fused to a modified ubiquitin N-ter-
minus (NUbA) with lower affinity for CUb (Johnsson and Var-
shavsky 1994). Protein interaction leads to the degradation 
of URA3 in the cytosol, resulting in uracil auxotrophy and 
5-fluoroorotic acid (5-FOA) tolerance (Johnsson and Var-
shavsky 1994; Reichel and Johnsson 2005). This confirmed 
a specific reaction between TkGGR1 and TkSRPP3, but not 
TkSRPP4 and mEmerald, which were used as negative con-
trols (Fig. 1a).

Identification of the GGR​ gene family in T. koksaghyz

Given the presence of multiple GGR​ genes in other plants 
such as rice and poplar (He et al. 2022; Kimura et al. 2018), 
we searched the T. koksaghyz genome for additional GGR​ 
genes, which could be compared with TkGGR1. Using 
our AE–MS data, we identified the TkGGR1 sequence in 
the genome assembly published in 2018 (Lin et al. 2018; 
Wolters et al. 2024). The sequence was used as a BLAST 
query against the most recently published genome assembly 
comprising pseudo-chromosomes (Lin et al. 2022), revealing 
the presence of two GGR1 gene copies with high sequence 
identity (95.85%) on pseudo-chromosomes 4 and 6. How-
ever, the TkGGR1 copy on pseudo-chromosome 6 contained 
a premature stop codon after 228 bp. The genome assem-
bly published in 2018 also contained two GGR​ sequences 
with 96.67% nucleotide sequence identity, both encoding 
full-length proteins (97% protein sequence identity). One 
most likely corresponds to the gene copy on pseudo-chro-
mosome 4 (99.71% identity) and the other to the copy on 
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pseudo-chromosome 6 (98.56%) that may have undergone 
mutation in the sequenced plant, probably resulting in a loss 
of function. The two variants identified in the 2018 genome 
assembly were designated TkGGR1a and TkGGR1b, and 
the TkGGR1a sequence was used in all subsequent experi-
ments. A recent transcriptomic comparison of T. koksaghyz 
plants overexpressing TkPEL-like with wild-type controls 

identified another GGR​ sequence, designated TkGGR3, 
which was significantly downregulated in the leaves of the 
transgenic plants (Wolters et al. 2023). BLAST searches 
against both available T. koksaghyz genomes with CHLP, 
a well-characterized tobacco GGR​ (Tanaka et al. 1999), 
led to the identification of five additional putative GGR​ 
genes, some of which were partial sequences of others 

Fig. 1   Characterization of TkGGR1, which interacts with TkSRPP3. 
a Split-ubiquitin membrane yeast-two hybrid (SUY2H) assay con-
firming a specific interaction between TkGGR1 and TkSRPP3. 
Yeast expressing TkGGR1 N-terminally fused to the N-terminal 
part of ubiquitin (NUbA) and TkSRPP3 C-terminally fused to the 
ubiquitin C-terminus and the URA3 reporter (CRU) were dropped 
in three different dilutions onto selective media and grown for 
2–3  days. Medium without histidine and tryptophan (–H–T) was 
used as a control only selecting for the plasmids encoding both 
fusion proteins. Medium also lacking uracil and containing 50  µM 
CuSO4 and 300  µM methionine (–H–T–U + CuSO4 + M) was used 
to select for URA3 activity. Medium containing uracil and 1  g/L 
5-FOA (–H–T + CuSO4 + M + 5-FOA) was used to select for URA3 
inactivity, reflecting protein interactions. TkSRPP4 and the fluo-
rophore mEmerald were used as negative controls. b Phyloge-
netic analysis showing separate clustering of TkGGR1a/b with 
OsGGR2 and uncharacterized proteins (yellow box) separated from 
well-described homologs (red box). TkGGRs 2, 4 and 6 were most 
closely related to the characterized GGRs (red box). Bootstrap 
values are indicated next to the branches. The phylogenetic dis-
tance is indicated by the scale bar. Accession numbers: AtCHLP, 
Arabidopsis thaliana CHLP (Q9CA67); GmGGR1/2, Glycine 
max GGR1/2 (A0A445G4S7; K7KB36); HaGGR1/2/3/4, Heli-
anthus annuus GGR1, 2, 3 & 4 (A0A251V8X1; A0A251TZT8; 

KAJ0766007.1; A0A251US85); HbGGR, Hevea brasiliensis 
GGR (B7X936); LsGGR1/2/3/4/5/6, Lactuca sativa GGR1, 2, 3, 
4, 5 & 6 (XP_023747237.1; XP_023761285.1; XP_023730011.1; 
XP_023730009.1; XP_023730008.1; XP_023730032.1); MpGGR, 
Marchantia polymorpha GGR (BFI34017.1); NtCHLP, Nico-
tiana tabacum CHLP (Q9ZS34); OeGGR, Olea europaea GGR 
(A0A8S0TCV4); OsGGR1/2, Oryza sativa GGR1/2 (Q6Z2T6; 
A0A0P0V137); PpCHLP, Prunus persica CHLP (AAP55675.1); 
PtCHLP3, Populus trichocarpa GGR3 (B9I2Y8); ShGGR, Sola-
num habrochaites GGR (AIU39220.1); SiGGR, Sesamum indi-
cum GGR (E2D5V0); SoGGR1/2, Spinacia oleracea GGR1/2 
(XP_021860416.1; XP_021859495.1); SynCHLP, Synechocys-
tis sp. (Q55087); TkGGR1/2/3/4/5/6/7, T.  koksaghyz GGR1, 2, 3, 
4, 5, 6 & 7 (for accession numbers, see Supplementary Table  2); 
ToGGR1/2/3/4, T. officinale GGR1, 2, 3 & 4 (sequences from internal 
data); ZmGGR1/2, Zea mays GGR1/2 (B6TDR5; A0A8J8XXZ5). c 
TkGGR1 expression is latex-specific and TkGGR2 expression is leaf-
specific. Normalized gene expression in different tissues of 12-week-
old wild-type T.  koksaghyz plants obtained by qPCR. No TkGGR3 
transcripts could be detected by qPCR. Box plots represent data from 
three pools consisting of cDNA from four individual plants. TkGGR1 
expression is the sum of transcripts from both gene copies. Expres-
sion levels were normalized against elongation factor-1 α (TkEF1α) 
and ribosomal protein L27 (TkRP)
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(Supplementary Table  2). Phylogenetic analysis of the 
seven putative TkGGR proteins and sequences from other 
species revealed distinct clustering of the paralogs (Fig. 1b). 
TkGGR1a/b clustered together with other putative enzymes 
and rice GGR2, which is expressed in leaves and bran and 
is required for tocopherol synthesis (Kimura et al. 2018), 
but other well-characterized GGRs formed a separate clus-
ter. Most of the well-characterized GGRs, including those 
from tobacco and Arabidopsis, clustered together along with 
TkGGRs 2, 4 and 6, whereas TkGGRs 3, 5 and 7 clustered 
separately (Fig. 1b).

TkGGR1 is predominantly expressed in latex 
whereas TkGGR2 expression is leaf‑specific

Internal RNA-Seq data indicated high-level TkGGR2 expres-
sion in leaves, which suggested this paralog is the main 
enzyme responsible for GGPP reduction during chlorophyll 
and tocopherol biosynthesis in chloroplasts. Therefore, we 
selected this paralog together with the earlier identified 
TkGGR3 for comparative analysis with TkGGR1. Initially, 
we performed qPCR using cDNA obtained from differ-
ent tissues of 12-week-old wild-type T. koksaghyz plants. 
No discriminating primers could be designed for the two 
TkGGR1 gene copies so the recorded mRNA levels reflect 
the sum of both genes. TkGGR1 was expressed most strongly 
in the latex, with very low levels in leaves, whereas TkGGR2 
was predominantly and strongly expressed in leaves, in 
agreement with the internal RNA-Seq data (Fig. 1c). For 
TkGGR3, we could not detect transcript levels above back-
ground  in any of the tested tissues. According to these 
profiles, TkGGR2 may facilitate photosynthesis-related 
isoprenoid synthesis and TkGGR1 probably has a different 
function in latex. In silico protein domain prediction indi-
cated that TkGGR1 and TkGGR2, but not TkGGR3, con-
tain a NAD- or NAD/FAD-binding domain important for the 
catalysis of redox reactions, as also found in AtCHLP and 
NtCHLP (Supplementary Fig. 10).

TkGGR2 silencing confers a pale green phenotype, 
chlGG accumulation and reduced biomass

The distinct spatial expression profiles of TkGGR1 and 
TkGGR2 and their low nucleotide sequence identity of only 
65% (Fig. 2a) suggested functional divergence. To deter-
mine whether TkGGR2 is responsible for the reduction of 
GGPP for chlPhy synthesis in chloroplasts, we used RNA 
interference (RNAi) to generate transgenic T. brevicornicu-
latum plants with reduced GGR2 expression. This dande-
lion species was used because it produces more homogenous 
progeny due to its apomictic propagation (Kirschner et al. 
2013) and has a higher transformation efficiency than T. kok-
saghyz. The T. brevicorniculatum and T. koksaghyz GGR2 

genes show > 99% nucleotide sequence identity, highlight-
ing the suitability of T. brevicorniculatum for this experi-
ment (Fig. 2a). Initial analysis of TbGGR1 and TbGGR2 
expression confirmed similar expression patterns to their 
T. koksaghyz orthologs, although tissue-specific expres-
sion was not as distinctive because relatively high levels of 
TbGGR2 mRNA were detected in latex (Fig. 2b). Two types 
of positive transformants were recovered, one with a wild-
type (dark green) leaf phenotype and one with a pale green 
leaf phenotype (Fig. 2c, Supplementary Fig. 10). Using 
qPCR, we showed that TbGGR2 mRNA levels were strongly 
reduced in the pale green leaves and moderately reduced in 
the dark green leaves of transgenic plants as compared to 
T. brevicorniculatum wild-type controls (Fig. 2d). TbGGR1 
expression levels were comparable in pale green and wild-
type leaves, but tended to be higher in the dark green leaves 
of TbGGR2-RNAi plants (Fig. 2d, Supplementary Fig. 11). 
This indicates a relationship between the leaf phenotype 
and the TbGGR1/TbGGR2 expression level. The pale green 
TbGGR2-RNAi plants also appeared to be smaller than their 
dark green counterparts, so we quantified the root and leaf 
biomass of these plants. This revealed a significant reduction 
in the dry weight of both tissues in 8-week-old pale green 
as compared to dark green TbGGR2-RNAi lines (Fig. 2e). 
We also measured chlorophyll levels in the leaves of both 
phenotypes as compared to wild-type controls. HPLC 
chromatograms of leaf extracts from pale green TbGGR2-
RNAi plants showed three additional peaks for chlorophyll 
a compared to wild-type plants, representing chl aGG and 
the intermediates chl aTHGG and chl aDHGG (Fig. 2f). For 
chlorophyll b, two additional peaks were identified for the 
pale green TbGGR2-RNAi leaves. The one at 29 min prob-
ably represents chl bTHGG whereas the one at 26.9 min prob-
ably represents both chl bDHGG and chl bGG (Fig. 3f). We 
observed significantly increased chl a and b levels in dark 
green TbGGR2-RNAi plants compared to wild-type con-
trols (Fig. 2g, h). In contrast, the pale green leaves contained 
only 25% chlorophyll a and 50% chlorophyll b esterified 
with phytol whereas wild-type chlorophyll was made up 
almost exclusively of chl aPhy and chl bPhy. The dark green 
leaves showed an intermediate pattern, with ~ 83% chl aPhy 
and ~ 91% chl bPhy (Fig. 2g, h). These findings further sub-
stantiated that the phenotype depends on the extent of tran-
scriptional downregulation and provided strong evidence 
that TbGGR2 is responsible for GGPP reduction during 
chlorophyll synthesis.

TkGGR1 has affinity for different lipids and is located 
within uncharacterized particles in the latex pellet 
phase of T. koksaghyz

Unlike TkGGR2, TkGGR1 is barely expressed in leaves. 
However, GGRs are reported to be localized within 
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chloroplasts, so the question raised is whether TkGGR1 is 
also translocated to these organelles. To address this ques-
tion, we fused the C-terminus of TkGGR1 to the fluorescent 
reporter Cerulean for transient expression in N. benthami-
ana leaves. Cerulean fluorescence partially overlapped with 
the autofluorescence of chlorophyll, which marks the abun-
dant chloroplasts (Fig. 3a). The TkGGR1-Cerulean signal 
within the chloroplasts was punctate, suggesting localiza-
tion in the thylakoid membranes or plastoglobuli, which are 

lipoprotein particles inside chloroplasts (Lundquist et al. 
2012; Vidi et al. 2006). This pattern was similar to that 
observed for the TkGGR2–Cerulean fusion (Supplemen-
tary Fig. 12). We considered the possibility that TkGGR1 
shows a general affinity for lipid droplets (LDs), which share 
structural similarities with rubber particles. Accordingly, we 
expressed a TkGGR1–eCFP fusion protein in yeast, which 
produces abundant LDs. We found that the eCFP signal 
overlapped with that of the lipophilic dye Nile red, which 
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stains LDs, indicating that TkGGR1 has an affinity for LDs 
in yeast (Supplementary Fig. 11a, b). Interestingly however, 
TkGGR1 lacking the chloroplast TP was not imported into 
chloroplasts but did not associate with cytosolic LDs in 
N. benthamiana (Supplementary Fig. 13c).

Given that TkGGR1 is expressed in T. koksaghyz latex 
but not leaves, we further sought to investigate its locali-
zation in latex-bearing laticifers. We generated transgenic 
plants expressing a TkGGR1–mVenus fusion under the 
control of the T. brevicorniculatum REF promoter (PREF), 
which confers predominant expression in latex (Ben-
ninghaus et al. 2020; Laibach et al. 2015a, b). Analysis 
of the roots by fluorescence microscopy revealed patchy 
mVenus signals within the laticifers (Fig. 3b). To deter-
mine the localization of the TkGGR1–mVenus fusion pro-
tein in more detail, latex was harvested and centrifuged 
to separate the floating rubber phase from the aqueous 
interphase and bottom pellet phase (Fig. 3c). Proteomic 

analysis confirmed that the rubber phase mainly contains 
the NR-encapsulating rubber particles, the interphase 
mainly represents the cytosolic fraction, and the pel-
let phase contains organelles and membrane fragments 
(Wolters et al. 2024). Immunodetection of the TkGGR1-
fused mVenus revealed the presence of the fusion protein 
in whole latex and the pellet phase, with a weak band also 
in the rubber phase (Fig. 3c). The proteins had an appar-
ent mass of ~70 kDa, most likely corresponding to the 
TkGGR1–mVenus fusion without the TP, given that the 
mass of the full-length fusion protein is predicted to be 
78 kDa and that of the truncated fusion protein 72 kDa. 
Microscopic analysis of the pellet phase revealed oval, 
irregularly filled particles 3.5–7 µm in length (Fig. 3c) 
and mVenus fluorescence of these particles indicated the 
presence of the TkGGR1–mVenus fusion protein (Fig. 3d).

Latex‑specific TkGGR​1 overexpression 
and knockdown affects tocopherol and specific 
triterpenoid levels in latex‑bearing roots

For functional analysis, we generated transgenic T. kok-
saghyz and T. brevicorniculatum plants expressing either 
TkGGR1 or GGR1–RNAi constructs under the control of 
PREF, resulting in GGR1 overexpression or knockdown 
in the latex. Tk/TbGGR1 and Tk/TbGGR2 mRNA levels 
in the latex of these plants were initially monitored by 
qPCR, and plants showing the strongest effect on GGR1 
but not GGR2 expression were selected for metabolic 
profiling (Fig. 4a, Supplementary Fig. 9a). To assess the 
impact of GGR1 on secondary isoprenoids, we quanti-
fied the levels of tocopherols, NR, triterpenoids and their 
precursors in the roots of transgenic plants and wild-type 
controls (Fig. 4, Supplementary Figs. 14, 15). Although 
there was some metabolic heterogeneity among the plants, 
we observed a significantly lower β-tocopherol content 
and slight reductions in the levels of α- and γ-tocopherol 
in T. koksaghyz TkGGR1-RNAi and PREF-TkGGR1 lines 
compared to wild-type controls (Fig. 4b). In T. brevicor-
niculatum, tocopherol levels were much lower and a cor-
responding effect was absent (Supplementary Fig. 14). The 
T. koksaghyz TkGGR1-RNAi plants also produced lower 
amounts of the phytosterol campesterol and the triterpe-
noids lup(19,21)-en-3-ol, α-amyrin and β-amyrin. Several 
other triterpenoids also tended to be depleted in the T. kok-
saghyz TkGGR1-RNAi and PREF-TkGGR1 lines (Fig. 4c). 
In contrast, the T. brevicorniculatum PREF-TkGGR1 lines 
were significantly enriched for two uncharacterized trit-
erpenoids compared to wild-type plants (Supplementary 
Fig. 14c). NR levels were not affected in any of the tested 
plants (Supplementary Fig. 15).

Fig. 2   Strong TbGGR2 knockdown results in a pale green leaf pheno-
type, reduced leaf and root biomass, and the accumulation of chlGG. 
a DNA sequence comparison of Tk/TbGGR1/2. Strong conservation 
between the species highlights the suitability of T.  brevicornicula-
tum as a model. b TbGGR1/2 expression in latex and leaves is simi-
lar to the orthologs in T. koksaghyz. Data are normalized expression 
levels in 14-week-old wild-type T.  brevicorniculatum plants. Box 
plots represent data from three (leaves) or five (latex) individual 
plants. Expression levels were normalized against elongation fac-
tor-1 α (TkEF1α) and ribosomal protein L27 (TbRP). c Phenotypes 
of two types of TbGGR2-RNAi lines with either pale green or nor-
mal dark green leaves in comparison to a wild-type T. brevicornicu-
latum plant. The plants were grown under controlled greenhouse 
conditions for 14 weeks. Scale bar = 10 cm. d TbGGR2 expression is 
strongly reduced in the leaves of pale green and moderately reduced 
in the leaves of dark green TbGGR2-RNAi lines. TbGGR1 expres-
sion is slightly increased in the leaves of dark green TbGGR2-RNAi 
lines compared to wild-type controls. Box plots represent normalized 
gene expression in leaves of three wild-type, eight pale green and 10 
dark green TbGGR2-RNAi plants. Expression levels were normal-
ized against TbEF1α and TbRP. e Pale green TbGGR2-RNAi plants 
have significantly reduced leaf and root biomass compared to dark 
green TbGGR2-RNAi plants. Plants were grown under controlled 
greenhouse conditions for 8 weeks before leaves and roots were har-
vested, dried and quantified. Data represent means of five individu-
als of three independent lines for both phenotypes (n = 15) ± standard 
deviations. Statistical significance was calculated using the Wilcoxon 
signed ranks test (*p < 0.05). f HPLC chromatograms of chlorophyll 
extracts from pale green TbGGR2-RNAi plants show three additional 
peaks for chlorophyll a (chl aTHGG, chl aDHGG and chl aGG) and two 
additional peaks for chlorophyll b (chl bTHGG and chl b(DH)GG) com-
pared to wild-type controls. g, h Quantification of chlorophylls a (g) 
and b (h) and their composition in wild type, pale green and dark 
green TbGGR2-RNAi plants. Dark green TbGGR2-RNAi plants have 
higher total chlorophyll a and b levels. Pale green TbGGR2-RNAi 
plants contain a high proportion of chlorophylls lacking fully reduced 
prenyl side chains that are almost completely absent in the wild-type 
leaves. Values are means of three wild type, eight pale green and 10 
dark green TbGGR2-RNAi plants ± standard deviations. Statistical 
significance was calculated using two-sample t tests (*p < 0.05) (Col-
our figure online)

◂
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Fig. 3   TkGGR1 is found in 
punctuate structures within leaf 
chloroplasts and is imported 
into plastid-like structures of the 
latex pellet phase. a Punctuate 
TkGGR1–Cerulean fluores-
cence (cyan) within chloro-
plasts marked by chlorophyll 
autofluorescence in N. bentha-
miana. Microscopic images of 
N. benthamiana leaf epidermal 
cells transiently expressing 
a TkGGR1–Cerulean fusion 
protein, with chlorophyll 
autofluorescence shown in 
red. b TkGGR1–mVenus 
fluorescence in the laticifers of 
PREF-TkGGR1-mVenus roots. 
A longitudinal root section 
is shown and laticifers are 
enclosed by white boxes. c 
Latex (L) can be separated into 
three phases by centrifugation: 
the floating rubber phase (RP), 
the cytosolic interphase (IP) and 
the bottom pellet phase (PP). 
TkGGR1-mVenus segregates 
into the PP after latex centrifu-
gation. Immunodetection of the 
TkGGR1-fused mVenus indi-
cated the presence of the fusion 
protein in whole latex and its 
concentration in the PP. A weak 
signal is also visible in the 
RP. Molar mass in kDa of the 
protein standard is indicated by 
numbers. Microscopic images 
show the presence of 6–7 µm 
long oval particles within 
the PP. d TkGGR1–mVenus 
fluorescence is located inside 
plastid-like particles in the PP. 
Scales bars = 20 µm
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TkGGR1 shows geranylgeranyl‑reducing activity 
and promotes TkGGPS6 activity in N. benthamiana 
leaves

Having observed the effects of altered TkGGR1 expres-
sion in latex on root tocopherol and triterpenoid levels, we 
sought to confirm the geranylgeranyl-reducing activity of 

TkGGR1 in leaf cells. First, we searched internal RNA-Seq 
data for a GGPS (providing the substrate for GGR) that is 
also expressed in T. koksaghyz latex and identified a gene 
we designated TkGGPS6 to be consistent with recently 
published nomenclature (Wang et al. 2024). We then co-
expressed TkGGPS6 with TkGGR1 in N.  benthamiana 
leaf epidermal cells and quantified GGOH and phytol by 

Fig. 4   Depletion of β-tocopherol, lup(19,21)-en-3-ol, α-amyrin, 
β-amyrin and campesterol in the roots of T.  koksaghyz lines with 
modified TkGGR1 expression. a TkGGR1 expression levels are 
reduced in latex of T.  koksaghyz TkGGR1-RNAi plants, whereas 
TkGGR2 expression remains unaffected. In PREF-TkGGR1 lines, 
TkGGR1 is strongly overexpressed compared to wild-type con-
trols. Normalized gene expression levels in 14-week-old T.  kok-
saghyz plants. Boxplots represent values from multiple individuals: 
wild-type TkGGR1 n = 4, TkGGR2 n = 2; TkGGR1-RNAi n = 7, Tk 
PREF-TkGGR1 n = 5. In PREF-TkGGR1 lines, only TkGGR1 expres-
sion was examined. Expression levels were normalized against elon-
gation factor-1 α (EF1α) and ribosomal protein L27 (RP). b Root 
β-tocopherol levels are reduced in 14-week-old TkGGR1-RNAi 

and PREF-TkGGR1 lines compared to wild-type T.  koksaghyz con-
trols. Statistical significance was determined using two-sample 
t  tests (*p < 0.05). c Lup(19,21)-en-3-ol, α-amyrin, β-amyrin and 
campesterol are less abundant in roots of T.  koksaghyz TkGGR1-
RNAi plants compared to wild-type controls. Quantification of trit-
erpenoids and phytosterols in roots of 14-week-old T. koksaghyz 
wild-type, TkGGR1-RNAi and PREF-TkGGR1 plants. The data are 
means ± standard deviations. Statistical significance was determined 
using two-sample t tests, or the Wilcoxon signed ranks test when data 
were not normally distributed (*p < 0.05). Metabolites were quanti-
fied in multiple individual plants from different lines: wild-type n = 4, 
TkGGR1-RNAi n = 7, Tk PREF-TkGGR1 n = 5
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GC–MS. To increase the IPP substrate pool, we expressed 
the catalytic domain of T. koksaghyz 3-hydroxy-3-methyl-
glutaryl-CoA reductase 1 (TkHMGR1c), the rate-limiting 
enzyme of the cytoplasmic MVA pathway (Pütter et al. 
2019), together with TkGGR1 and TkGGPS6. TkGGPS6/
TkHMGRc1 co-expression did not increase the content 
of GGOH, the alcohol derivative of GGPP, compared to 
TkHMGRc1 expression alone (Fig. 5a). However, the co-
expression of TkHMGRc1 and a truncated TkGGPS6 lack-
ing the TP sequence (TkGGPS6∆TP) led to a significant 
increase in GGOH, probably due to the retention of TkG-
GPS6 in the cytoplasm where MVA-derived IPP was avail-
able (Fig. 5a). This confirmed the GGPP-producing activity 
of the newly identified TkGGPS6. The additional expres-
sion of TkGGR1∆TP resulted in higher levels of phytol 
compared to control leaves expressing only TkHMGRc1, 
confirming the geranylgeranyl-reducing activity of the 
latex-specific enzyme. Further, GGOH levels increased 
when TkGGR1∆TP was co-expressed with TkGGPS6∆TP, 
suggesting that TkGGR1 promotes TkGGPS6 activity. We 
also observed decreased phytol levels in leaves expressing 
TkHMGR1c/TkGGPS6 as compared to those expressing 
TkHMGR1c.

TkGGPS6 and TkLIL3 are additional plastid‑related 
genes expressed in T. koksaghyz latex

Another enzyme that has been linked to GGRs is light-har-
vesting-like 3 protein (LIL3), which is thought to stabilize 
GGR by anchoring it to thylakoid membranes (Takahashi 
et al. 2014; Tanaka et al. 2010; Zhou et al. 2017). In rice, a 
multiprotein complex has been detected comprising GGR, 
a GGPS/GGPS recruiting protein (GRP) heterodimer, LIL3 
and two other enzymes required for chlorophyll synthesis 
(Zhou et al. 2017). This raised the question as to whether a 
LIL3 protein may also be present in T. koksaghyz latex and 
may interact with TkGGR1. Interestingly, a LIL3 homolog 
(TkLIL3) was enriched with TkSRPP4 in our initial AE–MS 
experiment (Wolters et al. 2024). Our quantitative data anal-
ysis strategy suggested it was not a significantly enriched 
protein, because missing value imputation introduced high 
variance between replicates. However, this does not exclude 
a genuine interaction and the finding is particularly interest-
ing given the information presented about TkGGR1. Protein 
domain prediction indicated one light-harvesting complex 
(LHC) motif and two transmembrane domains in TkLIL3, 
as found in AtLIL3, which further supports its identity (Sup-
plementary Fig. 10) (Tanaka et al. 2010). Analysis of TkLIL3 
and TkGGPS6 expression in different tissues of wild-type 
T. koksaghyz plants by qPCR revealed surprisingly high 
levels of TkLIL3 mRNA in latex and also confirmed TkG-
GPS6 expression in latex, supporting our internal RNA-
Seq data (Fig. 6a). TkLIL3 was also strongly expressed in 
leaves, as assumed for its chloroplast-localized homologs 
(Takahashi et al. 2014; F. Zhou et al. 2017). A time course 
experiment over 6–16 weeks, monitoring gene expression 
in latex, showed comparable TkGGR1 expression over time 
with a slight increase from 12 to 16 weeks, whereas TkLIL3 
and TkGGPS6 showed a generally increasing expression 
trend between 6 and 14 weeks (Fig. 6b). It was thus estab-
lished that two genes known to be associated with GGR are 
expressed concurrently with TkGGR1 in latex.

TkGGR1, TkGGPS6 and TkLIL3 are localized 
at distinct sites within the chloroplast

Given that TkGGPS6 and TkLIL3 are expressed in latex, 
we determined whether the corresponding proteins are 
imported into chloroplasts in N. benthamiana, as observed 
for TkGGR1. We therefore expressed C-terminal Cerulean 
fusions in N. benthamiana leaf epidermal cells. The TkG-
GPS6–Cerulean signal partially overlapped with chloro-
phyll autofluorescence and exhibited two distinct patterns. 
In some cells, the signal was evenly distributed within the 
chloroplasts and largely coincided with the signal of the 
co-expressed stromal marker, the N-terminal TP of tobacco 
RuBisCO C-terminally fused to Venus (Fig. 7a). In other 

Fig. 5   TkGGPS6/TkGGR1 co-expression in N.  benthamiana 
increases geranylgeraniol (GGOH) and phytol levels when the tran-
sit peptides (TP) are omitted and the MVA pathway is enhanced. 
Quantification of phytol and GGOH in leaves of N. benthamiana tran-
siently expressing the catalytic domain of T.  koksaghyz 3-hydroxy-
3-methylglutaryl-CoA reductase 1 (HMGR1c) (Pütter et  al. 2019), 
TkGGPS6(∆TP) and TkGGR1∆TP. Ethyl acetate extracts were quan-
tified by GC–MS. Box plots show values representing 18 leaves from 
six plants (TkHMGRc1, TkHMGRc1 + TkGGPS6∆TP) or six leaves 
from two plants (TkHMGRc1 + TkGGPS6, TkHMGRc1 + TkGGPS
6∆TP + TkGGR1∆TP). Statistical significance was calculated using 
the Wilcoxon signed ranks test (*p < 0.05)
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cells, the Cerulean signal appeared more spotted, along 
with some background fluorescence within the chloroplasts, 
which suggested localization to the thylakoids or plastoglob-
uli similar to TkGGR1 (Fig. 7b). TkLIL3–Cerulean fluores-
cence occurred as widespread points inside the chloroplasts, 
but the pattern differed from that of TkGGR1 and TkGGPS6 
in terms of the number and arrangement of the fluorescent 
spots (Fig. 7c). Furthermore, image overlays indicated that 
chlorophyll fluorescence was absent from at least some of 
these punctuate structures (arrowheads Fig. 7c) suggest-
ing they were plastoglobuli rather than thylakoids (which 
contain chlorophyll). The co-expression of TkLIL3-Venus 
with TkGGR1–Cerulean further suggested that TkLIL3 
and TkGGR1 localization inside chloroplasts partially over-
lapped at plastoglobuli and/or thylakoids but was not identi-
cal (Fig. 7d).

TkGGR1 interacts with latex‑abundant TkGGPS6 
and TkSRPP4‑interacting TkLIL3

Given that TkGGPS6 and TkLIL3, like TkGGR1, are 
imported into chloroplasts in leaf cells, and that interac-
tions between GGR, GGPS and LIL3 have been described 
in other species (Ruiz-Sola et al. 2016a, b; Zhou et al. 2017), 
we determined whether TkGGR1 also interacts with these 
proteins using the SUY2H system. This indicated protein 
interaction between TkGGR1 and TkGGPS6 (Fig.  8a), 
but TkLIL3/TkSRPP4 interaction initially suggested by 
AE–MS (Wolters et al. 2024) was not confirmed using this 
system (Fig. 8b). TkGGR1/TkLIL3 interaction could not be 
tested due to false positive interactions with the negative 
control mEmerald, when either TkGGR1 or TkLIL3 was 
C-terminally fused to CRU (data not shown). We therefore 

used BiFC to assess the TkGGR1/TkLIL3 and TkLIL3/
TkSRPP4 interactions in planta. The candidate interacting 
proteins were fused to NmRFP or CmRFP and co-expressed 
in N. benthamiana. Co-expression with the mEmerald fluo-
rophore fused to NmRFP or CmRFP, respectively, served as 
a negative control (Supplementary Fig. 16). The co-expres-
sion of TkGGR1-NmRFP and TkLIL3-CmRFP showed 
TkGGR1/TkLIL3 interaction inside chloroplasts (Fig. 8c). 
TkLIL3/TkSRPP4 interaction was observed by BiFC only 
when TkLIL3 was N-terminally fused to NmRFP and due to 
the shielding of the TP not translocated to the chloroplasts 
(Fig. 8d). The intracellular site of the detected interaction 
cannot be clearly deduced from our microscopic images. 
Based on the affinity of TkLIL3 to membranes within the 
chloroplasts indicated by our localization analysis (Fig. 7c), 
and ER localization of the closely related TbSRPP4 (Lai-
bach et al. 2015a, b), a TkLIL3/TkSRPP4 interaction at the 
ER might be most likely. Furthermore, BiFC analysis also 
confirmed the TkGGR1/TkGGPS6 interaction, which was 
also located inside chloroplasts (Fig. 8e).

Discussion

The T. koksaghyz genome encodes multiple GGRs and we 
have identified one paralog, designated TkGGR2, which 
appears to be the main enzyme contributing to the full 
reduction of the chlorophyll side chain in photosynthetically 
active tissues. Similar to the silencing of N. tabacum CHLP, 
TbGGR2 silencing resulted in increased amounts of chlGG 
(Tanaka et al. 1999). But in contrast to tobacco, TbGGR2-
RNAi plants tended to contain higher instead of lower 
chlorophyll levels when compared with wild-type plants, a 

Fig. 6   TkGGPS6 and TkLIL3 are consistently expressed in the latex 
of T. koksaghyz over time. a TkGGPS6 and TkLIL3 are expressed in 
T. koksaghyz latex. Normalized gene expression levels in different tis-
sues of 12-week-old wild-type T. koksaghyz plants. Box plots repre-
sent values from three pools consisting of cDNA from four individual 
plants. b TkGGR1, TkGGPS6 and TkLIL3 have relatively constant 
expression levels in latex over time. Normalized expression levels 

in latex harvested at different time points. Values represent means of 
four individual plants per time point. The shaded areas represent the 
areas within the standard deviation. TkGGR1 expression represents 
the sum of transcripts from both gene copies. Expression levels were 
normalized against elongation factor-1 α (TkEF1α) and ribosomal 
protein L27 (TkRP)



	 Plant Cell Reports (2025) 44:155155  Page 14 of 22

difference that might be associated with the phylogenetic 
divergence of both protein (Fig. 1b). Besides chlorophyll, 
TkGGR2 also probably contributes to tocopherol synthesis 
in chloroplasts and thereby helps to maintain the antioxidant 
potential of cells, as described for homologs in other species 
(Graßes et al. 2001; Kimura et al. 2018). It would be interest-
ing to test whether GGR2-RNAi plants are more sensitive 
to light stress, as described for NtCHLP antisense plants 
(Graßes et al. 2001). TkGGR3 was differentially expressed 
in leaves overexpressing TkPEL-like (Wolters et al. 2023) 
but TkGGR3 mRNA was not detected by qPCR in wild-type 
T. koksaghyz leaves, roots or latex. Therefore, TkGGR3 is 
unlikely to have a primary role in photosynthesis-related 
PhyPP supply and it may be a functionally specialized 
paralog expressed in response to certain stimuli. This is 

supported by the transcriptional upregulation of a gene 
homologous to AtCHLP in T. koksaghyz roots following 
treatment with methyl jasmonate (Cao et al. 2017). A simi-
lar specialization could explain the presence of TkGGR1, 
which is mainly expressed in latex together with its plastid-
localized interactors TkLIL3 and TkGGPS6. The function 
of GGR in chlorophyll synthesis appears to be fulfilled by 
TkGGR2, and the expression of TkGGR1 in latex gave the 
first indication that it has a specialized function in the iso-
prenoid network of this tissue, providing new insights into 
latex biology.

Metabolic analysis in N. benthamiana leaves transiently 
expressing TkHMGRc1, TkGGPS6∆TP and TkGGR1∆TP 
(Fig.  5) indicated that the PhyPP-producing activity of 
TkGGR1 is conserved. This was supported by the lower 

Fig. 7   TkGGPS6 and TkLIL3 are imported into chloroplasts in 
N.  benthamiana. N. benthamiana leaf epidermal cells expressing 
C-terminal Cerulean (cyan) or Venus fusion constructs (yellow). 
Chlorophyll autofluorescence is shown in red. a. TkGGPS6–Cerulean 
fluorescence overlaps with NtRuBisCO-TP-Venus (marking the chlo-
roplast stroma). b. TkGGPS6–Cerulean fluorescence is punctuate and 
differs from NtRuBisCO-TP-Venus fluorescence within chloroplasts 

that are marked by chlorophyll autofluorescence. c. TkLIL3–Ceru-
lean fluorescence appears as numerous spots within the area of chlo-
roplasts marked by chlorophyll autofluorescence. d. TkLIL3-Venus 
fluorescence is widespread and spotty within the chloroplasts and 
partially overlaps the punctuate TkGGR1–Cerulean signals. Scale 
bars = 20 µm
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tocopherol levels in the roots of T. koksaghyz TkGGR1-
RNAi plants compared to wild-type controls (Fig.  4b) 
and the upregulation of TbGGR1 in T. brevicorniculatum 

TbGGR2-RNAi plants with dark green leaves, which con-
tained more chlPhy than the pale green plants of the same 
genotype (Fig. 2d, g, h). Interestingly, a negative effect 

Fig. 8   TkGGR1 interacts with TkGGPS6 and TkLIL3 inside chloro-
plasts whereas TkLIL3 interacts with TkSRPP4 externally. a Split-
ubiquitin membrane yeast-two hybrid (SUY2H) assay indicating 
an interaction between TkGGR1 and TkGGPS6. b SUY2H reject-
ing the TkLIL3/TkSRPP4 interaction. Yeast expressing TkGGR1 
or TkLIL3 N-terminally fused to the N-terminal part of ubiquitin 
(NUbA) and TkGGPS6 or TkSRPP4 C-terminally fused to the ubiq-
uitin C-terminus and the URA3 reporter (CRU) were dropped in 
three different dilutions on selective media and grown for 2–3 days. 
Medium lacking histidine and tryptophan (–H–T) was used as a con-
trol only selecting for the plasmids encoding both fusion proteins. 
Medium additionally lacking uracil and containing 50  µM CuSO4 
and 300 µM methionine (–H–T–U + CuSO4 + M) was used to select 
for URA3 activity. Medium containing uracil and 1  g/L 5-FOA 

(–H–T + CuSO4 + M + 5-FOA) was used to select for URA3 inactiv-
ity, confirming protein interactions. The fluorophore mEmerald was 
used as a negative control. c, d, e Bimolecular fluorescence comple-
mentation (BiFC) in N.  benthamiana. Candidate proteins fused in 
both orientations to the N-terminal or C-terminal part of monomeric 
red fluorescent protein (NmRFP or CmRFP) were transiently co-
expressed in N. benthamiana leaf epidermal cells. Chlorophyll auto-
fluorescence is shown in blue (false color) to mark the chloroplasts. 
c.  TkGGR1/TkGGPS6 interaction indicated by red mRFP fluores-
cence inside chloroplasts d. TkLIL3/TkSRPP4 interaction indicated 
by mRFP fluorescence outside the chloroplasts. e. TkGGR1/TkG-
GPS6 interaction indicated inside chloroplasts. Scale bars = 20  µm 
(Colour figure online)
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on tocopherols in roots was also observed following the 
upregulation of TkGGR1 in T. koksaghyz latex (Fig. 4b). 
This could be explained by a hypothesis proposed earlier 
for chloroplasts and seeds where phytol and PhyPP directly 
derived from GGR may not be accessible for tocopherol 
synthesis, which only utilizes PhyPP derived from phytol 
phosphorylation (Lippold et al. 2012; Valentin et al. 2006; 
vom Dorp et al. 2015). Enhanced TkGGR1 activity may 
led to higher phytol levels, which could have promoted free 
fatty acid esterification (and thereby detoxification). The 
increasingly esterified phytol thus may have been unavail-
able for phosphorylation and subsequent incorporation into 
tocopherols. The presumption that tocopherol is produced in 
latex is supported by the detection of a homogentisate phy-
tylprenyltransferase, key enzyme in tocopherol synthesis, in 
T. koksaghyz latex (Niephaus et al. 2019) and α-tocopherol 
and tocotrienols, which are based on GGPP instead of 
PhyPP, in the latex of Hevea brasiliensis (Dunphy et al. 
1965). Metabolic analysis of the roots of GGR1-RNAi and 
PREF-TkGGR1 plants further indicated that GGR1 does not 
generally interfere with the production of the triterpenoid 
precursor FPP, or IPP used for NR chain elongation (Fig. 4, 
Supplementary Figs. 11, 12). Accordingly, no direct link 
could be established between the different NR contents and 
GGR1/GGR2 expression levels in the latex of T. koksaghyz 
and T. brevicorniculatum plants. We were also unable to 
draw a link between the function of GGR1 and the different 
effects on individual triterpenoids and sterols in the roots 
of each dandelion species. However, these effects provide 
evidence for the activity of GGR1 in the highly branched 
isoprenoid network in latex. We hypothesize that TkGGR1 
catalyzes PhyPP synthesis from GGPP or phytol synthesis 
from GGOH, which could be used for tocopherol synthe-
sis and the esterification/detoxification of free fatty acids, 
which are products of oxidative stress. These fatty acid phy-
tyl esters (FAPEs) accumulate as storage fats inside chlo-
roplast plastoglobuli (Gaude et al. 2007) and could also be 
stored inside rubber particles or plastoglobuli derivatives 
in latex. To prove this hypothesis, future work should focus 
on the analysis of the T. koksaghyz TkGGR1-RNAi and 
PREF-TkGGR1 plants under oxidative stress conditions.

Although the precise physiological role of TkGGR1 in the 
latex isoprenoid network was not elucidated by our experi-
ments, the identification of TkGGR1 and TkLIL3 mRNA 
and protein (Wolters et al. 2024) in T. koksaghyz latex pro-
vided new information about latex physiology. Their pres-
ence in latex despite their import into N. benthamiana leaf 
chloroplasts raised questions about their localization in latex, 
which lacks genuine chloroplasts. The analysis of trans-
genic plants indicated that TkGGR1-mVenus is imported 
into plastid-like particles that accumulate in the latex pel-
let phase after centrifugation (Fig. 3c, d), supported by the 
enrichment of TkGGR1 with TkSRPP3 from the pellet 

phase in our AE–MS experiments (Wolters et al. 2024). 
Notably, plastid-associated proteins were also dominant 
in L. sativa latex and included a GGR homolog (Cho et al. 
2009). The observed structures are similar to Frey–Wyssling 
(F.W.) complexes, which are specialized plastids present in 
the latex of the rubber tree H. brasiliensis (Frey-Wyssling 
1929). Ultrastructural analysis showed a range of morpholo-
gies for these organelles, but they had in common a delimit-
ing double membrane, lipid globules, vesicles and a ‘gray 
body’ in association with membrane configurations (Gomez 
and Hamzah 1989; Moir 1959). They are 3–7 µm in diam-
eter and yellowish-orange in color, most likely caused by 
the presence of carotenoids (Dickenson 1965; Gomez and 
Hamzah 1989). Given the complexity of these structures, 
the authors suggested they are unlikely to be exclusive to the 
genus Hevea (Dickenson 1969), and plastid-like structures 
were later also observed in T. koksaghyz latex and possibly 
in a separate latex phase after centrifugation (Ghaffar 2017; 
Liu et al. 2024). This aligns with the identification of a latex-
specific polyphenol oxidase (PPO) with a functional chloro-
plast TP in T. brevicorniculatum, which led to the hypoth-
esis that F.W. complexes are present in dandelion latex and 
contain TbPPO (Wahler et al. 2009). We propose that, like 
TkGGR1, TkLIL3 and TkGGPS6 are also imported into 
F.W.-like complexes in latex. The generation and analysis 
of plants expressing  fluorophore fusions under the control of 
the strong latex-specific PREF, analogous to those presented 
for TkGGR1 here (Fig. 3), will help to confirm their precise 
cellular localization. The affinity of TkGGR1 for plastid and 
LD membranes suggests an association with lipid globules, 
probably derived from plastoglobuli or rubber particles 
inside F.W-like complexes. This is supported by the detec-
tion of high-density NR inside latex plastids by electron 
microscopy (Dickenson 1969; Ghaffar and Cornish 2020) 
and the identification of TkGGR1 homologs in T. brevicor-
niculatum rubber particles (Wahler et al. 2012). However, 
TkGGR1∆TP did not associate with LDs in the cytosol of 
N. benthamiana (Supplementary Fig. 13c), indicating that 
TkGGR1 has an affinity for specific lipids and a particular 
membrane composition and/or that interaction with other 
proteins may be essential for the binding of TkGGR1.

The pairwise interactions of TkGGR1 with TkLIL3 and 
TkGGPS6 suggest the formation of a tripartite complex 
within F.W.-like complexes. In Arabidopsis leaves, LIL3 is 
located on thylakoid membranes (Takahashi et al. 2014), 
which is consistent with our results that suggest the localiza-
tion of TkLIL3 on thylakoid membranes and in plastoglob-
uli. However, the precise location of TkLIL3 within F.W.-
like complexes cannot be deduced because little information 
is available about the architecture of these complexes. 
TkLIL3 may stabilize TkGGR1 in a membrane-associated 
complex (Tanaka et al. 2010) and its LHC motif might inter-
act with TkGGR1 to promote the membrane anchoring of 
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TkGGR1, which is essential for GGR activity in Arabidop-
sis (Takahashi et al. 2014). Given that TkGGR1 interacts 
with TkLIL3 inside chloroplasts (Fig. 8c), but both proteins 
do not fully co-localize under our experimental conditions 
(Fig. 7d), substantial protein dynamics are likely inside the 
chloroplasts as already indicated by the dynamic association 
of plastoglobuli with thylakoid membranes (van Wijk and 
Kessler 2017). The identification of a TkLIL3 homolog in 
the rubber particle proteome of T. brevicorniculatum sug-
gests TkLIL3 is localized on the surface of rubber particles, 
where it could stabilize TkGGR1 (Wahler et al. 2012). This 
interaction may also involve substrate or product shuttling 
by TkLIL3 to facilitate metabolic channeling and prevent 
oxidative damage by pathway intermediates.

Transcriptomic data from a recent study focusing on the 
TkGGPS gene family confirmed TkGGPS6 expression in 
latex and indicated that another paralog (TkGGPS3) is also 
strongly expressed in this tissue (Wang et al. 2024). Based 
on these findings, we can envisage similar or diverging func-
tions for these proteins in latex. In contrast to the afore-
mentioned study, we were able to amplify the full-length 
TkGGPS6 coding sequence from genomic DNA, indicating 
the absence of introns in this gene (data not shown). In our 
experiments, TkGGPS6 showed two different localization 
patterns in N. benthamiana chloroplasts (Fig. 7a, b), one 
largely matching the previous report (Wang et al. 2024). 
Such patterns were similarly observed for OsGGPS1, which 
is located in the stroma as a homodimer but is recruited to 
the thylakoids when it forms a heterodimer with OsGRP (F. 
Zhou et al. 2017). TkGGPS6 therefore may have formed 
heterodimers with a N. benthamiana GRP homolog leading 
to its recruitment to the thylakoids and/or plastoglobuli, but 
was distributed in the stroma in the absence of a partner. 
The T. koksaghyz latex proteome contains a protein sharing 
53% identity with OsGRP and 64% with a heterodimeric 
GGPS small subunit from Arabidopsis (Niephaus et al. 
2019) that was also identified in the T. brevicorniculatum 
rubber particle proteome (Wahler et al. 2012). Consequently, 
this protein is a candidate interaction partner to form heter-
odimers with TkGGPS6 in latex, which might modulate its 
localization and thereby its participation in different meta-
bolic pathways. GGPS small subunits were also shown to 
change GGPS product specificity or enhance both specific-
ity and activity (Wang and Dixon 2009; Zhou and Picher-
sky 2020), the latter of which we have also observed for 
TkGGR1 in N. benthamiana. Within F.W.-like complexes, 
the proposed localization of TkGGPS6 in latex, it might be 
similarly found in an aqueous stroma-like compartment or 
associated with membranes, potentially in a complex with 
a TkGRP. TkGGPS6 may also be recruited to rubber par-
ticles by interaction with TkGGR1 or TkGRP, and this is 
supported by the identification of a GGPS on the surface 
of H. brasiliensis rubber particles (Wang et al. 2019). The 

suggested presence of TkGGPS6 in F.W.-like complexes 
in T. koksaghyz latex is supported by a GGPP-synthesizing 
activity in bottom fractions of H. brasiliensis latex (Tangpa-
kdee et al. 1997). Furthermore, the yellowish-orange color 
of F.W. complexes in H. brasiliensis indicates the storage of 
carotenoids, which require GGPP for their synthesis (Chow 
et al. 2012; Moir 1959). We occasionally observed orange 
coloring at the very bottom of the T. koksaghyz pellet phase 
after centrifugation, which similarly hints at the presence of 
carotenoids that could be TkGGPS6 end-products in latex, 
or more specifically F.W.-like complexes (Supplementary 
Fig. 17). The product of TkGGPS6 (GGPP) may also be 
involved in protein prenylation, which can modify a protein’s 
function and localization by increasing its hydrophobicity 
(Turnbull and Hemsley 2017). The post-translational modi-
fication of latex proteins may also be mediated by TkGGR1, 
given that an unconventional type of phytol-prenylation that 
is limited to chloroplasts has been identified in spinach (Par-
mryd et al. 1999). The allylic diphosphate starter molecule 
for NR polymerization has yet to be clearly identified, so it 
is also possible that TkGGPS6 contributes to the supply of 
this starter molecule. This is supported by the fact that two 
TkGGPS paralogs were significantly enriched in the latex 
of Tkcpt1/2 knockout plants lacking key components of the 
NR-producing enzyme complex (Xu et al. 2025).

Initially, TkGGR1 caught our attention because it inter-
acted with TkSRPP3 (Wolters et al. 2024), but the precise 
site of interaction within latex has yet to be determined. 
Thus far, SRPPs have only been described in rubber particles 
within latex, and unlike TkGGR1, TkLIL3 and TkGGPS6, 
they do not contain a chloroplast TP, which makes it unlikely 
that they are imported into F.W.-like complexes. In agree-
ment with this, TkLIL3/TkSRPP4 interactions were only 
detected by BiFC when TkLIL3 chloroplast import was pre-
vented by N-terminal fluorophore fusion (Fig. 8d). The inter-
action between TkGGR1 and TkSRPP3 could not be veri-
fied by BiFC because TkSRPP3 interacted with the control 
fluorophore, but the closely related TbSRPP3 and TbSRPP4 
were not imported into chloroplasts when expressed in 
N.  benthamiana (Laibach et  al. 2018). Nevertheless, 
TkSRPP3 interaction partners in latex identified by AE–MS 
were significantly enriched for Gene Ontology (GO) terms 
related to chloroplasts and thylakoids, demonstrating a clear 
link between TkSRPP3 and plastids (Wolters et al. 2024). 
Electron microscopy images indicated that ER-derived vesi-
cles or the ER directly released small rubber particles into 
the laticifer plastid lumen and that small rubber particles 
are directly translocated into the plastid from the cytosol 
(Ghaffar and Cornish 2020). Information on plastidial rub-
ber particles is currently very limited, so assumptions made 
about their characteristics must therefore be considered with 
caution. However, based on the microscopic observations 
(Ghaffar and Cornish 2020), interactions between TkSRPPs, 
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TkGGR1 and TkLIL3 could occur inside the F.W.-like parti-
cles following the intake of TkSRPP-coated rubber particles. 
In this scenario, TkGGR1 and TkLIL3 could be recruited to 
the imported rubber particles by TkSRPPs or TkGGR1 could 
associate with the rubber particles through its intrinsic affin-
ity to LDs and then interact with TkSRPP3 there. Given that 
TkGGR1 is thought to differ in affinity for LDs with certain 
phospholipid compositions, TkSRPP binding could also pro-
mote or modulate the association of TkGGR1 and TkLIL3 
with rubber particle membranes. The ability of TkGGR1 and 
TkLIL3 to associate with rubber particles is reinforced by 
the identification of T. brevicorniculatum homologs in the 
rubber particle proteome (Wahler et al. 2012) and a weak 
band representing TkGGR1-mVenus in the rubber phase 
(Fig. 3c). Similar to vacuolar plastoglobule degradation 
following extrusion from chloroplasts undergoing degrada-
tion (Domínguez and Cejudo 2021), transmission electron 
microscopy indicated the translocation of plastidial and 
also cytoplasmic rubber particles into the vacuole (Ghaffar 
and Cornish 2020). Therefore, the proteins could also make 
contact on the surface of rubber particles or plastoglobuli-
like LDs inside the vacuole. Another possible mechanism 
for TkGGR1/TkSRPP3 and TkLIL3/TkSRPP4 interactions 
could be the release of the plastid proteins from F.W.-like 
complexes through complex dissipation into the cytosol 
under certain stress conditions or during aging, similar to 
chloroplast-to-gerontoplast development (Domínguez and 
Cejudo 2021). In this manner, TkGGR1 and TkLIL3 could 
interact with TkSRPPs on cytoplasmic rubber particles or 
in compartments such as the endoplasmic reticulum (ER). 
ER localization is supported by the presence of TbSRPP3 
and TbSRPP4 in the ER of N. benthamiana (Laibach et al. 
2018), the TkLIL3/TkSRPP4 interaction indicated by BiFC 
(Fig. 8a), the enrichment of TkGGR1 with TkSRPP3 from 
the pellet phase in AE–MS experiments, and the detection 
of TkSRPP3 and TkSRPP4 in the pellet phase (Wolters 
et al. 2024). F.W.-like complex dissipation could also enable 
TkSRPPs to associate with released plastoglobuli derivatives 
and their postulated surface proteins TkGGR1 and TkLIL3 
in the cytosol. Regarding the potential interaction between 
TkGGR1 and TkSRPP3 in the latex, it must be considered 
that (based on the mRNA level) TkGGR1 protein abun-
dance appears to be rather low whereas TkSRPP3 levels are 
extremely high (Wolters et al. 2024; Niephaus et al. 2019). 
This makes the analysis of the proteins’ binding affinities 
and their binding ratio an important aspect for future studies.

The TkGGR1/TkLIL3 interaction most likely stabilizes 
TkGGR1 on membranes, resulting in an adequate supply of 
hydrophobic substrates. The TkGGR1/TkGGPS6 interaction 
probably achieves metabolite channeling and enhances TkG-
GPS6 activity, as indicated by co-expression in N. benthami-
ana (Fig. 5). The purpose of TkSRPP3 and TkSRPP4 inter-
actions with TkGGR1 and TkLIL3 is unclear, and additional 

studies are needed. However, TkSRPP3 and TkSRPP4 may 
expand the proposed TkGGR1/TkLIL3/TkGGPS6 complex 
as structural components and may influence its cellular loca-
tion based on distinct lipid affinities. Interaction and reloca-
tion could be triggered by external stimuli given that SRPP 
expression is stress-responsive, TkSRPP3 and TkSRPP4 
both harbor phosphorylation and Ν-glycosylation acceptor 
sites (Guo et al. 2014; Laibach et al. 2018; Seo et al. 2010; 
Wolters et al. 2024), and a AtCHLP homolog was induced 
in T. koksaghyz roots after methyl jasmonate treatment (Cao 
et al. 2017). Relocation could be part of a TkSRPP-medi-
ated downstream process to counter stress given that SRPPs, 
GGR and LIL3 have been positively correlated with stress 
tolerance (Kim et al. 2016; Laibach et al. 2018; Zhou et al. 
2013). The recruitment of the complex containing TkGGR1 
could redirect the metabolic flux associated with TkGGR1/
TkGGPS6 activity. A possible scenario is TkSRPP-directed 
PhyPP synthesis for the esterification/detoxification of free 
fatty acids as proposed above. The resulting FAPEs could be 
stored directly inside rubber particles or derivatives of plas-
toglobuli. This is corroborated by the lipid-rich environment 
of latex, in which high levels of lipid peroxidation are likely 
to occur. TkSRPP interaction with TkGGR1 and TkLIL3 
may therefore be a mechanism by which TkSRPPs confer 
tolerance to oxidative stress. Further, TkGGR1/TkSRPP3 
interaction could play a role in rubber particle stabiliza-
tion because tocopherols, potential downstream products of 
TkGGR1, have been shown to affect the architecture and 
oxidative stability of lipid droplets and solid lipid nanopar-
ticles (Olbińska et al. 2023; Stahl et al. 2024).

The conservation of proteins required for photosyn-
thesis-associated chlorophyll and tocopherol synthesis in 
specialized cells such as latex-containing laticifers, which 
are barely exposed to light and do not contain conventional 
chloroplasts, is remarkable and broadens our knowledge of 
the isoprenoid network in latex. Our findings provide insight 
into the complexity of latex metabolism and physiology, and 
will contribute to a more detailed understanding of this tis-
sue, thus facilitating its further exploitation for the benefit 
of humans.
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