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Abstract

Carotenoids are health-promoting plastidial isoprenoids with essential functions in plants as photoprotectants and photosyn-
thetic pigments in chloroplasts. They also accumulate in specialized plastids named chromoplasts, providing color to non-
photosynthetic tissues such as flower petals and ripe fruit. Carotenoid accumulation in chromoplasts requires specialized
structures and proteins such as fibrillins (FBNs). The FBN family includes structural components of carotenoid sequestering
structures in chromoplasts and members with metabolic roles in chloroplasts and other plastid types. However, the association
of FBNs with carotenoids in plastids other than chromoplasts has remained unexplored. Here, we show that Arabidopsis
(Arabidopsis thaliana) FBNG6 interacts with phytoene synthase (PSY), the first enzyme of the carotenoid pathway. FBN6, but
not FBN4 (a FBN that does not interact with PSY), enhances the activity of plant PSY (but not of the bacterial PSY crtB) in
Escherichia coli cells. Overexpression of FBNG in Nicotiana benthamiana leaves results in a higher production of phytoene,
the product of PSY activity, whereas loss of FBN6 activity in Arabidopsis mutants dramatically reduces the production of car-
otenoids during seedling de-etiolation and after exposure to high light. Our work hence demonstrates that FBNs promote not
only the accumulation of carotenoids in chromoplasts but also their biosynthesis in chloroplasts.

Introduction retinoids such as vitamin A) (Rodriguez-Concepcion et al.
2018). Carotenoids accumulate at high levels in chloroplasts,

C::rotenou:]s are ajan::ly of plant.lsol'nrenmds V\_/'th role;m where they are mostly associated with the photosynthetic
photosynthesis and photoprotection in green tissues. They apparatus. However, they are most abundant in chromo-

also function as pigments in non-photosynthetic tissues  plasts, which are plastids specialized in the sequestration of
such as flower petals and ripe fruits to attract animals for pol-  these highly lipophilic compounds found in carotenoid-
lination and seed dispersal. Carotenoids are also precursorsof  accumulating non-photosynthetic tissues (Rodriguez-
bioactive molecules in plants (including hormones such as  Concepcion et al. 2018). Chromoplast ultrastructure changes
abscisic acid and strigolactones) and animals (including  depending on the species, organ, and carotenoid type they

Received September 12, 2023. Accepted October 18, 2023. Advance access publication November 15, 2023 O A

© The Author(s) 2023. Published by Oxford University Press on behalf of American Society of Plant Biologists. pe n ccess
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-
commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please
contact journals.permissions@oup.com


https://orcid.org/0000-0003-4238-9969
https://orcid.org/0009-0003-1509-3000
https://orcid.org/0000-0002-9968-0012
https://orcid.org/0000-0002-1280-2305
mailto:manuelrc@ibmcp.upv.es
https://academic.oup.com/plphys/pages/General-Instructions
https://creativecommons.org/licenses/by-nc-nd/4.0/

FIBRILLING interaction with PSY

accumulate. For example, chromoplasts from carrot (Daucus
carota) roots accumulate carotenoids as large crystals where-
as those of red pepper (Capsicum annuum) contain a large
number of plastoglobules (PG) with fibrillar extensions sur-
rounded by an outer layer of proteins referred to as plasto-
globulins or fibrillins (FBNs) (Egea et al. 2010).

FBNs are encoded by gene families in plants and algae that
can be grouped into 12 clades (Singh and McNellis 2011; Kim
and Kim 2022). They include members with diverse molecu-
lar masses, pl values, hydrophobicity profiles, and homology
with lipocalins (small proteins involved in the binding and
transport of small lipophilic compounds), suggesting that
each FBN family member has specific biological function(s)
(Singh and McNellis 2011; Lundquist et al. 2012; Kim and
Kim 2022). In agreement, plastid types vary in their FBN com-
position, suggesting that specific FBNs might have specialized
functions in different classes of plastids (Singh and McNellis
2011; Kim and Kim 2022). However, their mechanisms of ac-
tion remain poorly understood in most cases. In tomato
(Solanum lycopersicum), the PG-associated FBN1, FBN2,
and FBN4 isoforms accumulate at high levels during fruit ri-
pening, when carotenoids are actively produced and stored
in chromoplasts (Barsan et al. 2012; Suzuki et al. 2015).
FBN1 homologs from rapeseed (Brassica juncea) and melon
(Cucumis melo) contribute to carotenoid accumulation in
chromoplasts (Li et al. 2023; Zhou et al. 2023). By contrast,
the Arabidopsis (Arabidopsis thaliana) homologs FBNT1a,
FBN1b, and FBN2 are involved in photoprotection and stress
responses (Torres-Romero et al. 2022) whereas FBN4 is likely
involved in the partitioning of metabolites between the PG
and thylakoid membranes of chloroplasts (Singh et al.
2012). Arabidopsis FBN1a, FBN1b, and FBN2 interact with
each other around the PG surface, but FBN2 also plays
FBN1-independent roles through interaction with other pro-
teins (Torres-Romero et al. 2022). Arabidopsis FBNS5 is a stro-
mal protein involved not only in the acclimation to
photooxidative stress but also in plastoquinone-9 biosyn-
thesis by binding to solanesyl diphosphate synthases (Kim
et al. 2015). FBN6 is needed for plants to acclimate to light
stress, and it contributes to reactive oxygen species (ROS)
scavenging (Lee et al. 2020). The role of other FBNs remains
poorly studied (Singh and McNellis 2011; Kim and Kim 2022).

Arabidopsis FBN6 was found to be among the proteins
co-immunoprecipitated with a GFP-tagged version of phy-
toene synthase (PSY), the first and main rate-determining
enzyme of the carotenoid pathway (Welsch et al. 2018).
Furthermore, FBNG is the only FBN enriched in purified
envelope fractions where PSY is also found (Ferro et al.
2010; Bouchnak et al. 2019). Therefore, we questioned
whether this particular isoform modulates PSY activity,
thereby potentially impacting the metabolic flux of the ca-
rotenoid pathway in chloroplasts. Besides confirming
binding and co-localization of Arabidopsis FBN6 and
PSY, we demonstrate the functional relevance of such an
interaction.
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Results and discussion

Arabidopsis FBN6 and PSY physically interact in
particular subplastidial locations

FBNG6 was one of the proteins pulled down with a GFP antibody
in Arabidopsis lines overexpressing the fusion protein PSY-GFP
(Welsch et al. 2018), suggesting that FBN6 and PSY physically
interact in vivo. To confirm this previously observed interaction
and test its specificity, we performed co-immunoprecipitation
experiments in Nicotiana benthamiana leaves. Constructs en-
coding C-terminal myc-tagged FBN6 and GFP-tagged PSY
were co-agroinfiltrated in leaves, and 4 d later, protein extracts
were used for immunoprecipitation using anti-myc antibodies
(Fig. 1). As a negative control, we used a myc-tagged version
of Arabidopsis phosphoribulokinase (PRK), a stromal enzyme
of the Calvin cycle (Barja et al. 2021). Immunoblot analysis of
immunoprecipitated proteins with anti-GFP antibodies detected
PSY-GFP in FBN6-myc but not in PRK-myc samples (Fig. 1A). The
specificity of the FBN6-PSY interaction was then tested by using a
myc-tagged version of the FBN4 protein as a negative control
(Torres-Romero et al. 2022). Results (Fig. 1B) showed that
Arabidopsis FBN4 does not interact with PSY, and this confirmed
the specificity of FBN6 and PSY interaction.

When analyzing the co-immunoprecipitation assays, we
noticed that the PSY-GFP protein concentrated in fluores-
cent dots within chloroplasts (Fig. 2A). These dots are similar
to those observed for PG-associated proteins (Lundquist
et al. 2012; Gamez-Arjona et al. 2014; Morelli et al. 2023)
and for PSY enzymes (Shumskaya et al. 2012) when fused to
fluorescent protein tags. Interestingly, GFP-tagged Arabidopsis
FBNG shows a spotted distribution within chloroplasts despite
the fact that the protein is not found in PG but localized in
thylakoid and envelope membranes (Ferro et al. 2010;
Lundquist et al. 2012; Bouchnak et al. 2019; Lee et al. 2020).
To test whether the fluorescent dots observed in chloroplasts
harboring FBN6-GFP and PSY-GFP proteins corresponded to
the same or different subplastidial locations, we fused the red
fluorescent protein (RFP) to FBN6 (FBN6-RFP construct) and
co-agroinfiltrated it with the PSY-GFP construct. Confocal mi-
croscopy of the leaves 4 d after agroinfiltration showed a clear
overlapping of RFP and GFP fluorescence signals (Fig. 2A), indi-
cating that FBNG6 and PSY co-localize within chloroplasts, as ex-
pected for interacting proteins.

Despite the fact that FBN6-GFP has been previously found
to co-localize with PG proteins fused to fluorescent tags in
co-expression experiments similar to the results reported
here, subsequent analysis of chloroplast membrane fractions
argued against a localization of FBNG in PG (Lee et al. 2020), a
conclusion that is supported by proteomic data (Ferro et al.
2010; Lundquist et al. 2012; Bouchnak et al. 2019). While
overexpression of FBNs and other PG-associated proteins
typically results in PG proliferation (Shanmugabalaji et al.
2013; Van Wijk and Kessler 2017), overproduction of FBN6
or/and PSY proteins in agroinfiltrated leaf chloroplasts did
not cause changes in PG core-associated proteins such as
FBN1 or FBN2 homologs (Fig. 2B). These results provide
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Figure 1. FBN6 and PSY can be immunoprecipitated together. N. benthamiana leaves were co-agroinfiltrated with the indicated combinations of
proteins with C-terminal myc or GFP tags. Four days later, agroinfiltrated leaves were collected and used for protein extraction and analysis. Part of
the protein extracts was used to test protein production (input) by immunoblot analyses with antibodies against myc (amyc) or GFP (a.GFP; asterisk
marks the position of unspecific bands). The remaining protein extracts were used for co-immunoprecipitation (Co-IP) experiments using amyc
followed by immunoblot analyses with immunoblot analyses with amyc (to confirm successful IP) and aGFP (to detect the presence of
co-immunoprecipitated PSY-GFP protein). A) Experiment using the Calvin cycle enzyme PRK fused to the myc tag as a negative control.
B) Experiment using the PG-associated FBN4 protein fused to the myc tag to test for the specificity of the FBN6-PSY interaction.

further indirect evidence that FBN6 and PSY are not
PG-associated proteins. Together, we conclude that
Arabidopsis FBN6 and PSY interact and preferentially co-
localize in particular locations of the chloroplast such as en-
velope or thylakoid membrane domains different from PG.

FBNG promotes PSY activity

To test the possible relevance of FBN6 binding for PSY activ-
ity, we used a bacterial system free of other plant proteins
that might influence the outcome of the interaction.
Specifically, we used an Escherichia coli strain carrying a syn-
thetic operon that only lacks a gene encoding PSY to pro-
duce the orange carotenoid B-carotene from endogenous
bacterial precursors (Ahrazem et al. 2019; Fig. 3A).
Constructs to produce versions of plant proteins lacking
their N-terminal plastid-targeting sequences were generated
using appropriate gene-specific primers (Supplemental
Table S1). Strains co-transformed with such constructs har-
boring Arabidopsis PSY and FBN6 sequences were found to
produce significantly more B-carotene than those expressing
only PSY or co-expressing PSY and FBN4 (Fig. 3, B and C), des-
pite that PSY protein levels remained very similar in all the
cases (Fig. 3D). By contrast, FBN6 had no effect when crtB,

a PSY from the bacterium Pantoea ananatis, was used instead
of PSY to produce carotenoids in the bacterial cells (Fig. 3E).
These results strongly suggest that the presence of FBN6 spe-
cifically promotes the activity of the plant PSY enzyme in this
bacterial system (i.e, in the absence of other plastid proteins
that might indirectly improve PSY activity).

To verify whether FBN6 could also promote PSY activity in
the chloroplasts of plant cells, we analyzed the production of
phytoene (the direct product of PSY activity) and downstream
carotenoids in N. benthamiana leaves agroinfiltrated with con-
structs to transiently express the Arabidopsis genes encoding
FBNG, PSY, or both (Fig. 4 and Supplemental Tables S2 and S3).
Control leaves were agroinfiltrated with a GFP construct.
While phytoene was not detected in control or FBN6 samples,
it was present in PSY samples, and it increased in samples
agroinfiltrated with both FBN6 and PSY (Fig. 4A). To investi-
gate whether overexpression of FBN6 could also impact the
endogenous PSY enzymes in N. benthamiana leaves, we used
norflurazon (NFZ). This inhibitor prevents phytoene conver-
sion into downstream carotenoids, thereby allowing indirect
estimation of PSY activity through quantifying the amount
of phytoene accumulation in NFZ-treated tissues. As expected,
phytoene was detected in all the samples treated with NFZ.
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Figure 2. FBNG and PSY co-localize in chloroplasts. N. benthamiana leaves were co-agroinfiltrated with constructs encoding FBN6-RFP and PSY-GFP,
and 4 d later, samples were taken for confocal and immunoblot analyses. A) Representative confocal microscopy images of a leaf section transiently
expressing the indicated fluorescent fusion proteins. All panels in the same column show the same field. RFP fluorescence is shown in the top panels,
GFP fluorescence in the second row, and chlorophyll autofluorescence in the third row. Bottom panels show a merge of the 3 fluorescence channels.
Right panels are a magnification of the area boxed in white in the left panels. Bars, 5 ym. B) Immunoblot analysis of the accumulation of FBNs iden-
tified using antibodies against Arabidopsis PG-associated FBN1a and FBN2 proteins in leaves expressing the indicated constructs or a GFP control
(—/-). Quantification was made by relativizing each band intensity to the one obtained in the control. Representative results are shown in the lower
panels. Barplot shows the mean =+ sp values of quantitative data from n =3 leaves.

FBNG samples showed a slight but statistically significant in-
crease in phytoene compared with GFP controls, in agreement
with the conclusion that FBNG is a promoter of endogenous
PSY activity. In PSY-overexpressing samples, the presence of
FBNG led to a much more obvious increase in phytoene content
(Fig. 4A). In the case of total carotenoids, FBN6 alone did not lead
to increased levels but a combination of FBN6 and PSY resulted
in more carotenoids than PSY alone (Fig. 4B). Consistent with
the results in bacterial systems, the effect of FBNG in enhancing
PSY-promoted carotenoid accumulation was not observed
when crtB was used instead of the plant PSY enzyme (Fig. 4B).

While these results support a positive and specific effect of
FBNG6 on PSY activity, it is also possible that FBN6 might pro-
mote the accumulation of PSY-derived phytoene and other
carotenoids in chloroplasts by playing other (additional)
roles, e.g, by modulating PSY folding or carotenoid stability.
To test whether PSY folding or/and degradation rate could
be altered by FBN6 in planta, we overexpressed the 2
Arabidopsis proteins in N. benthamiana leaves (or PSY and
FBN4 as a control) and used total protein extracts in proteo-
lytic assays (Fig. 5). Levels of PSY protein were similar in ex-
tracts from leaves co-expressing FBN6 or FBN4 constructs
(Fig. 5A), arguing against a possible role for FBNG in promot-
ing PSY accumulation in chloroplasts. Next, PSY folding and
aggregation status was estimated from accessibility to cleav-
age by proteinase K. Consistent with the conclusion that

FBN6 does not change PSY protein structure, PSY
degradation by proteinase K occurred similarly in extracts
from leaves co-agroinfiltrated with FBN6 or FBN4 (Fig. 5, B
and C). These results suggest that PSY folding or degradation
rate is not altered by interaction with FBN6. We further in-
vestigated the possible influence of FBNG on the stability of
the carotenoid products by analyzing the rate of carotenoid
removal during leaf senescence (Fig. 5D). In this case,
N. benthamiana leaves were agroinfiltrated with constructs
harboring either FBN6 or FBN4 as a control together with
crtB to boost phytoene and downstream carotenoid produc-
tion (Morelli et al. 2023). Four days later, agroinfiltrated
leaves were cut from the plant and incubated in the dark
for up to 1 wk. Degradation of phytoene and downstream
carotenoids was virtually identical in samples carrying
FBNG6 or FBN4 (Fig. 5D), indicating that these FBNs do not
have a differential role in carotenoid storage or stability.
Together, the results in bacterial and plant systems strongly
support the conclusion that FBNG interaction with PSY leads
to a higher enzymatic activity.

Genetic evidence confirms the functional relevance
of FBNG6 for PSY activity

If FBNG is a positive regulator of PSY activity, loss of FBNG in
mutants would be expected to prevent normal carotenoid
synthesis. FBN6-defective Arabidopsis fbn6-1 mutants were
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Figure 3. FBNG enhances PSY activity. A) E. coli cells were transformed with constructs to produce [3-carotene from precursors supplied by the
endogenous methylerythritol 4-phosphate pathway when plant or bacterial (PSYs or crtB, respectively) were exogenously provided. GGPP, geranyl-

geranyl diphosphate. B) Representative HPLC chromatograms showing

the carotenoids produced in cells co-transformed with constructs encoding

PSY, FBN4 or/and FBN6. A control not expressing PSY or FBNs is also shown (marked as “none”). The main carotenoid product (f-carotene) is in-
dicated. C) Total carotenoid levels in cells co-transformed with constructs encoding PSY, FBN4, or/and FBN6. D) Immunoblot analysis of the

His-tagged PSY protein used in the assays. The blot shows the levels of

the recombinant protein in 3 different experiments of the indicated combi-

nations. E) Total carotenoid levels in cells expressing crtB instead of PSY together with FBN4 or FBNG. In C) and E), mean + sp are represented rela-

tive to carotenoid levels in samples with PSY (C, n = 9) or crtB (E, n = 4)

alone; dots represent individual data points and letters represent statistically

significant differences (P < 0.05) among means according to one-way ANOVA followed by post hoc Tukey’s tests.

found to have reduced chlorophyll levels compared with
wild-type (WT) controls, but no data on carotenoid
levels were reported (Lee et al. 2020). In Arabidopsis, the
most active production of carotenoids takes place during
de-etiolation to protect the emerging photosynthetic appar-
atus against photooxidative damage caused by excess incom-
ing light (Rodriguez-Villalon et al. 2009). The boost in
carotenoid synthesis during de-etiolation is mediated in
part by increased expression of the PSY-encoding gene in
Arabidopsis (Rodriguez-Villalon et al. 2009; Toledo-Ortiz
et al. 2010). Interestingly, the gene encoding FBN6 was also
highly induced during this process (Fig. 6A). Because co-
expression is only associative evidence of a possible common

role, we next used genetics to test whether FBNG6 activity was
required for normal carotenoid production in etiolated and
de-etiolating seedlings. Compared with the WT, the fbn6-1
mutant contains similar levels of carotenoids in etiolated
seedlings, but it shows a strongly attenuated production dur-
ing de-etiolation (up to 24 h after illumination). As a result,
greening (chlorophyll accumulation) was delayed (Fig. 6B
and Supplemental Table S4). After a few days under normal
light (NL), the differences in carotenoid (and chlorophyll) le-
vels between WT and fbn6-1 plants were attenuated but still
detectable (Fig. 6C and Supplemental Table S5). To test the
putative influence of increased FBN6 on carotenoid biosyn-
thesis in etiolated and de-etiolating seedlings, we transformed
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Figure 4. FBN6 promotes phytoene and downstream carotenoid pro-
duction. N. benthamiana leaves were agroinfiltrated with the indicated
constructs, and 4 d later, samples were taken for HPLC analysis of car-
otenoids. A GFP construct was used as a control. A) Phytoene levels in
leaf samples either treated (+) or not (—) with NFZ 1 day after agroin-
filtration with GFP, PSY, or/and FBN6 constructs. Values are repre-
sented relative to total carotenoid levels in untreated control leaves
and they correspond to the mean=+so of n=3 leaf samples. B)
Levels of downstream carotenoids in untreated samples. DW, dry
weight. Values correspond to the mean =+ so of n =3 leaf samples. In
both plots, different letters represent statistically significant differences
(P < 0.05) among means of total carotenoids according to one-way
ANOVA followed by post hoc Tukey’s tests. Supplemental Tables S2
and S3 show absolute values of carotenoid and chlorophyll levels.

Arabidopsis plants with a construct to overexpress an RFP-tagged
FBNG6 protein. Most transformants showed no RFP fluorescence,
and the ones producing detectable levels of FBN6-RFP protein
showed levels of total FBN6 transcripts (endogenous and trans-
genic) that were similar or lower than those in untransformed
controls (Supplemental Fig. S1). These results suggest that accu-
mulation of FBN6-encoding transcripts is tightly regulated, per-
haps to maintain a balanced ratio with PSY transcripts (Fig. 6A).

Carotenoid levels, but not PSY expression, increase when
Arabidopsis plants are exposed to high light (HL), suggesting

PLANT PHYSIOLOGY 2024: 194; 1662-1673 | 1667

an up-regulation of PSY enzyme activity to increase the
metabolic flux toward carotenoid synthesis (Kreslavski
et al. 2021). Similar to PSY, transcripts encoding FBN6 also
showed unchanged levels when 9-d-old Arabidopsis seed-
lings were exposed for 24 h to HL compared with controls
left at NL for the same time (Fig. 6A). Most interestingly,
the HL-triggered increase in carotenoid levels was highly at-
tenuated in FBN6-defective plants compared with the WT
controls (Fig. 6C). By contrast, the reduction in chlorophylls
associated with HL exposure was similar in WT and fbn6-1
seedlings in absolute terms but seemingly stronger in the
mutant in relative terms (Fig. 6C), likely because disrupted
up-regulation of carotenoid contents in fbn6-1 seedlings re-
sults in defective photoprotection and a higher chlorophyll
degradation rate. We conclude that FBNG is required to sup-
port the increase in carotenoid levels that takes place in re-
sponse to HL, a role that is consistent with its proposed
PSY-promoting activity.

An alternative connection between FBNs and
carotenoids
FBN gene expression often parallels the carotenoid content
of non-photosynthetic plant tissues, e.g. during fruit ripening,
where their role is assumed to be mainly structural (Singh
and McNellis 2011). Indeed, FBNs were initially identified as
proteins specifically associated with carotenoid accumula-
tion in fruit and petal chromoplasts, as components of
“fibrils” and PG structures (Deruére et al. 1994; Vainstein
et al. 1994). Similarly, green algae FBNs were also proposed
to be involved in the formation and stabilization of the
chloroplast eyespot, a carotenoid-rich light sensing system
(Schmidt et al. 2006; Davidi et al. 2015). More recently, rape-
seed and melon FBN1 homologs were shown to contribute to
carotenoid accumulation by interacting with other proteins
and promoting PG proliferation in flower and fruit chromo-
plasts (Li et al. 2023; Zhou et al. 2023). However, in plant
chloroplasts, carotenoids are not normally concentrated in
PG or any other lipid body but are distributed in thylakoids
and, to a lower extent, envelope membranes (Morelli et al.
2023). Despite the fact that chloroplast FBNs are presumed
to maintain photosynthetic function and are present in all
the compartments where carotenoids are synthesized and
accumulated, a direct functional association between FBNs
and carotenoid biosynthesis has remained unexplored.
Studies on FBN-interacting proteins have substantially im-
proved our understanding of the function of different FBN
family members in chloroplasts. Arabidopsis FBN1a, FBN1b,
and FBN2 interact with each other, presumably forming a
network around the PG surface that might be important
to recruit other FBN-interacting proteins to PG (Gamez-
Arjona et al. 2014; Torres-Romero et al. 2022). For example,
these FBNs interact with allene oxide synthase, which cata-
lyzes one of the first steps of jasmonic acid (JA) biosynthesis.
FBN2 also interacts with other proteins involved in different
metabolic processes, including other enzymes of the JA
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Figure 5. FBNG does not influence PSY or carotenoid accumulation. N. benthamiana leaves were co-agroinfiltrated with constructs to express com-
binations of myc-tagged FBN6 (or FBN4 as a control) with HA-tagged PSY (or crtB as a control), and 4 days later, samples were collected to prepare
protein or pigment extracts. A) Immunoblot analysis of PSY-HA, FBN4-myc and FBN6-myc protein levels in several replicates (i.e. plants) from 2
different samples (i.e, experiments). B) Immunoblot analysis of PSY-HA protein in extracts additionally containing either FBNG6-myc or
FBN4-myc after incubation with proteinase K for the indicated times (minutes). C) Quantification of PSY-HA protein abundance in extracts treated
with proteinase K as described in B). Mean =+ sb values of n = 3 independent experiments are represented relative to the starting levels, i.e. before
incubation with the protease (Time 0). D) Carotenoid levels in N. benthamiana leaves co-expressing crtB together with either FBN6 or FBN4, cut
from the plant and incubated in the dark for the indicated times (days). Mean + sb values of n = 3 independent experiments are represented relative
to the starting levels, i.e. before placing the cut leaves in the dark (Day 0). The y-axis is the same for the 3 plots. Statistical analyses (2-way ANOVA)
detected no significant differences (2-way ANOVA, P > 0.05) between FBN6 and FBN4 samples in the experiments shown in C) and D).

pathway and the carotenoid cleavage dioxygenase CCD4, a
PG-associated enzyme involved in carotenoid degradation
(Torres-Romero et al. 2022). It was proposed that FBN2
might mediate the recruitment of JA biosynthetic enzymes
to the PG under stress conditions, but the functional rele-
vance of the interaction with CCD4 was not explored
(Torres-Romero et al. 2022). FBN1a and FBN1b also interact
with starch synthase isoform 4 (554), but the elimination of
the FBNs does not alter the initiation of starch granule

formation (Gamez-Arjona et al. 2014). FBN4 interacts with
the major ferredoxin protein in Arabidopsis (Fd2) and with
harpin protein HrpN, an elicitor secreted by pathogenic bac-
teria that activates plant defense and resistance (Kim and
Kim 2022). FBN5 participates in the production of the plas-
tidial isoprenoid plastoquinone through interaction with so-
lanesyl diphosphate synthase isoforms 1 and 2 (SPS1 and
SPS2), which catalyze the first committed step in the produc-
tion of the prenyl chain of the molecule (Kim et al. 2015).
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Figure 6. FBNG is required for carotenoid production in Arabidopsis. De-etiolation experiments were carried out with Arabidopsis WT and
FBN6-defective mutant seeds germinated in the dark for 3 d; the resulting etiolated seedlings were then exposed to white light for 6 and 24 h.
For HL experiments, WT and fbn6 seedlings germinated and grown under NL conditions for 9 d were exposed for 24 h to either NL (as a control)
or HL. A) Expression profiles of genes encoding FBN6 and PSY during de-etiolation (left) or HL exposure (right) of WT seedlings. Transcript levels are
normalized using the UBC21 gene and shown relative to etiolated (0 h) or NL-exposed samples, respectively. B) Carotenoid and chlorophyll levels in
de-etiolating WT and fbné seedlings. Values are represented relative to total pigment levels in WT 24 h samples. C) Carotenoid and chlorophyll levels
in HL-exposed WT and fbné seedlings. Values are represented relative to total pigment levels in WT NL samples. In all plots, mean = sp of n >3
replicates are represented. Letters represent statistically significant differences (P < 0.05) among means of total carotenoids and chlorophylls accord-
ing to one-way ANOVA followed by post hoc Tukey’s tests. Supplemental Tables S4 and S5 show absolute values of carotenoid and chlorophyll
levels.

Based on the presence of a lipocalin domain involved in bind-  active site of the enzymes, thereby contributing to increasing
ing to and transporting small hydrophobic metabolites, it  their enzymatic activity (Kim et al. 2015).
was proposed that FBN5 might bind the solanesyl diphos- The lipocalin motif of FBN4 likely contributes to the role of

phate product of SPST and SPS2 and remove it from the  this isoform in the trafficking of plastoquinone and other
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small lipids between the thylakoids and the PG (Singh et al.
2012). Interestingly, FBN6 also contains a lipocalin motif
(Singh and McNellis 2011). Based on that proposed for
FBNS5, a non-PG FBN protein, we speculate that direct inter-
action of FBN6 with PSY might result in improved activity of
the enzyme by facilitating removal of the phytoene product
from the active site. Regardless of the specific mechanism in-
volved, our data support the conclusion that FBNG plays a
physiologically relevant role in carotenoid biosynthesis in
Arabidopsis chloroplasts by physically binding to PSY to pro-
mote its enzymatic activity. Therefore, we demonstrate that
FBNs promote not only the accumulation of carotenoids but
also their biosynthesis. The unveiled role of FBNG in carote-
nogenesis reported here can explain the phenotypes previ-
ously reported for the fbn6-1 mutant, which were similar
to those of mutants disrupted in ROS homeostasis (Lee
et al. 2020). Because carotenoids are essential photoprotec-
tants that dissipate excess light energy as heat and detoxify
excess ROS in chloroplasts (Rodriguez-Concepcion et al.
2018), we conclude that the reduced acclimation to light
stress and impaired ROS scavenging phenotypes observed
in the fbn6-1 mutant are likely a primary result of defective
carotenoid biosynthesis. Lower growth, increased glutathi-
one levels, or resistance to cadmium stress would be second-
ary effects of impaired ROS homeostasis.

Similar to the up-regulation of PSY and FBN6 genes during
Arabidopsis de-etiolation (Fig. 6A), the burst in carotenoid
synthesis that takes place during tomato fruit ripening is
also associated with increased expression of genes encoding
the corresponding PSY and FBN6 homologs (Barja et al.
2021; Sun et al. 2022). This observation suggests that
FBN6-dependent promotion of PSY activity and carotenoid
biosynthesis might not be restricted to chloroplasts but
can also occur in chromoplasts. Further experiments with
FBN6-defective tomato plants should confirm this possibility
and provide additional insights into the possible biotechno-
logical use of this FBN isoform.

Materials and methods

Plant material and growth conditions

N. benthamiana and Arabidopsis (A. thaliana) plants were
grown as described (Morelli et al. 2023). The fbn6-1 mutant
(GABI_159E10) (Lee et al. 2020) was obtained from the
Nottingham Arabidopsis Stock Centre (NASC). Homozygous
lines were identified by genomic PCR with T-DNA and
gene-specific primers (Supplemental Table S1). Transgenic
lines overexpressing an RFP-tagged version of Arabidopsis
FBN6 were generated in the Columbia-0 background using
construct pGWB454-FBNG-RFP. Lines with a single T-DNA in-
sertion were identified based on the Mendelian segregation of
the kanamycin resistance marker gene, and transformants
showing different levels of FBN6-RFP protein (as deduced
from RFP fluorescence intensity) were selected for analysis.
For the de-etiolation experiments, seeds were surface-sterilized
and sown on Petri dishes containing solid 0.5X MS medium
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without sucrose. After stratification for 3 d at 4°C in the dark,
seeds were exposed to white light (50 umol photonsm™> s,
referred to as normal light or NL) for 3 h at 22°C to stimu-
late synchronized germination. Then, plates were covered in
aluminum foil and incubated at 22°C in the dark for 3 d for
seeds to germinate and produce etiolated seedlings. Such
etiolated seedlings were either collected in the dark or
exposed to NL to allow de-etiolation. For the intense light
experiments, seedlings grown on plates for 9 d under NL
were exposed for 24 h to 600 umol photonsm™2 s~
(referred to as high light or HL) or left under NL for the
same time. N. benthamiana leaves were agroinfiltrated as de-
scribed (Morelli et al. 2023). Some leaves were later treated
with the commercial herbicide Zorial, containing 80% NFZ
The herbicide was diluted in a 0.05% (v/v) solution of Tween
20 in water to a final concentration of 2 um NFZ. The solution
was then infiltrated with a syringe on the leaf areas that had
been agroinfiltrated with constructs of interest 24 h earlier
(so the agroinfiltration halo was properly absorbed). For the
carotenoid degradation experiment, agroinfiltrated leaves
were left in the plant for 4 d and then cut and placed on
top of solid 0.5x MS medium without sucrose in Petri dishes.
Samples were taken before and after incubating the plates in
the dark at 22°C for 4 or 7 d.

Gene constructs

The full coding region of the Arabidopsis FBN6 (AT5G19940)
cDNA was PCR-amplified using primers AtFBN6-attB1-F and
AtFBN6-attB2-R (Supplemental Table S1) and cloned into
Gateway pDONR207 and subsequently pGWB420 (to create
the FBNG6-myc fusion) and pGWB454 (to create the
FBNG6-RFP fusion). Similarly, the FBN4-myc fusion was gener-
ated by PCR-mediated amplification of a cDNA sequence
encoding full-length FBN4 (AT3G23400) with primers
AtFBN4-attB1-F  and  AtFBN4-attB2-R  (Supplemental
Table S1) and cloned into Gateway pGWB420 via
pDONR207. Similarly, the PSY-HA fusion was generated in
pGWB414 following PCR amplification with primers
AtPSY-attB1-F and AtPSY-attB2-R (Supplemental Table S1).
Constructs encoding PRK-myc (Barja et al. 2021) and PSY-GFP
(Welsch et al. 2018) were previously available in the lab. For
the experiments in bacteria, plant cDNA sequences were
PCR-amplified using gene-specific primers to remove their plas-
tid transcript peptide (Supplemental Table S1). The Arabidopsis
PSY sequence was cloned into a Gateway-compatible version of
pET28 fused to an N-terminal 6Xx His tag whereas the
FBN-encoding cDNAs were cloned in pET23 (Novogen).

Activity assays in bacteria

Competent TOP10 cells were transformed with either plas-
mid pAC-BETA (with the P. ananatis genes crtE, crtB, crtl,
and crtY required for B-carotene production in E. coli) or
with the derived plasmid pAC-85b, which lacks the crtB
gene encoding PSY (Cunningham and Gantt 2007). As indi-
cated, cells were also co-transformed with plasmids to pro-
duce His-tagged plant PSY either alone or in combination
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with FBN6 or FBN4 proteins lacking their N-terminal
plastid-targeting domains. Transformants were selected
on Luria broth (LB) solid medium supplemented with anti-
biotics to final concentrations of 30 xg/ml chloramphenicol
(to select for the pAC plasmids), 25 ug/ml kanamycin (to se-
lect for the pET28-His-PSY construct), or/and 100 ug/ml
carbenicillin (to select for the pET23 plasmids encoding
FBNs). To assess carotenoid production, overnight-grown
5 ml precultures of positive transformants were used to
inoculate 50 ml of fresh LB media supplemented with the in-
dicated antibiotics. After growth at 20°C and 200 rpm for 3 d,
cells were harvested by centrifugation (6,000 X g, 10 min) and
resuspended in 4 ml of acetone. The mixture was shaken at
55°C in darkness for 15 min in a ThermoMixer (Eppendorf)
and then spin at 4°C (13,000 X g, 10 min). The supernatant
was transferred to a new tube and evaporated using a
SpeedVac. The remaining residue was resuspended in
1 ml DMSO for spectrophotometric quantification of
carotenoids by measuring absorbance at 472 nm. Some
samples diluted in acetone were used for HPLC-DAD ana-
lysis of the carotenoid composition (Barja et al. 2021).
Levels were normalized to optical density at 600 nm
(OD600).

Protein degradation

For protease accessibility assays, N. benthamiana leaves
agroinfiltrated with constructs to produce PSY-HA to-
gether with FBN6-myc or FBN4-myc were collected after
4 d. The tissue was flash-frozen and ground in liquid nitro-
gen to a fine powder. About 75 mg of the resulting pow-
der was mixed with 0.3 ml of lysis buffer containing 50 mm
Tris—=HCI pH =7.5, 150 mm NaCl, 1 mm DTT, 1 mm MgCl,,
5% (v/v) glycerol, 1% (v/v) NP-40, and 2% (w/v) PVPP. The
mixture was vortexed and centrifugated at 14,000 X g,
2 min. The supernatant was collected, and the amount
of total protein content was quantified using a commer-
cial Bradford assay (Pierce). Inmediately after preparation,
protein extracts were diluted with 50 mm Tris—HC| pH =
7.5 to a final concentration of 2 ug/ul of protein and incu-
bated at 37°C with 0.1 ug/ml proteinase K (Invitrogen).
After stopping the reaction with SDS-PAGE loading buffer,
extracts were used for immunoblot analysis.

Microscopy

Fluorescent proteins transiently expressed in agroinfiltrated
N. benthamiana leaves or stably produced in transgenic
Arabidopsis lines were analyzed with a Leica TCS SP5
Confocal Laser Scanning Microscope using a 63X immersion
objective. GFP fluorescence was detected using a PMT de-
tector (gain 980) from 500 to 560 nm after argon laser exci-
tation at 488 nm (29%), while RFP was excited by a Diode
laser 561 (20%) and signal was detected using a PMT detector
(gain 76) from 570 to 630 nm. Chlorophyll autofluorescence
was detected using a PMT detector (gain 41) from 650 to
750 nm after argon laser exitation at 488 nm (29%).
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Co-immunoprecipitation and immunoblot assays

N. benthamiana leaves were agroinfiltrated with the appropri-
ate constructs and samples were collected after 4 d for
co-immunoprecipitation experiments performed as described
(Barja et al. 2021). Immunoblot analysis of plant protein extracts
was carried out as described (Paulisi¢ et al. 2021). In the case of E.
coli, extracts for immunoblot analysis were made by directly
boiling pelleted cells in 12.5 mm Tris—HCl pH = 6.8, 4% (w/v)
SDS. Blots were incubated with available antibodies against
FBN1a and FBN2 (Morelli et al. 2023) diluted 1:5,000 or com-
mercial antibodies against GFP (Invitrogen, 1:2,000), Myc
(Calbiochem, 1:5,000), HA (Sigma, 1:1,000) and 6Xx His
(Proteintech, 1:5,000) epitopes. Quantification of the signals
was carried out as described (Morelli et al. 2023).

Gene expression and metabolite analysis

RNA isolation, cDNA synthesis, and reverse transcription
quantitative PCR experiments were carried out as described
(Barja et al. 2021) using the primers listed in Supplemental
Table S1. Normalized transcript levels were calculated using
Arabidopsis UBC271 (At5g25760) as the reference gene.
Carotenoids and chlorophylls were extracted from plant tis-
sues, separated, identified, and quantified by HPLC-DAD
(Barja et al. 2021).

Statistical analyses

One-way ANOVA followed by Tukey’s multiple comparisons
test and Student’s t-test analyses were used to determine
statistically significant differences.

Accession numbers

Sequence data from this article can be found under the follow-
ing accession numbers: At5g17230 (PSY), At5g19940 (FBNG),
At3g23400 (FBN4), Solyc09g090330 (SIFBN4), At1g32060
(PRK), At5g25760 (UBC21), and ADD79329 (crtB).
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