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Summary
Because carotenoids act as accessory pigments in photosynthesis, play a key photoprotective role,
and are of major nutritional importance, carotenogenesis has been a target for crop improvement.
Although carotenoids are important precursors of phytohormones, previous genetic manipulations
reported little if any effects on biomass production and plant development, but resulted in specific
modifications in carotenoid content. Unexpectedly, the expression of the carrot lycopene -cyclase
(DcLCYB1) in Nicotiana tabacum cv. Xanthi not only resulted in increased carotenoid
accumulation, but also in altered plant architecture characterized by longer internodes, faster plant
growth, early flowering and increased biomass. Here, we have challenged these transformants
with a range of growth conditions to determine the robustness of their phenotype and analyze the
underlying mechanisms. Transgenic DcLCYB1 lines showed increased transcript levels of key
genes involved in carotenoid, chlorophyll, gibberellin (GA) and abscisic acid (ABA) biosynthesis,
but also in photosynthesis-related genes. Accordingly, their carotenoid, chlorophyll, ABA and GA
contents were increased. Hormone application and inhibitor experiments confirmed the key role of
altered GA/ABA contents in the growth phenotype. Because the longer internodes reduce shading
of mature leaves, induction of leaf senescence was delayed, and mature leaves maintained a high
photosynthetic capacity. This increased total plant assimilation, as reflected in higher plant yields
under both fully-controlled constant and fluctuating light, and in non-controlled conditions.
Furthermore, our data is a warning that engineering of isoprenoid metabolism can cause complex
changes in phytohormone homeostasis and therefore plant development, which have not been
sufficiently considered in previous studies.
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Introduction
Carotenoids are highly conjugated molecules absorbing light in the visible range of the spectrum,
mainly between 400 and 500 nm wavelength. They play diverse roles in plant metabolism and
development. Major plant carotenoids in leaves are -carotene and -carotene with its oxygenated
derivatives, the xanthophylls zeaxanthin, lutein, antheraxanthin, violaxanthin and neoxanthin. In
photosynthesis, these different carotenoids function as accessory pigments improving light
absorbance especially in the blue-green region of the spectrum, and in photoprotection. The latter
is due to their capacity to quench highly reactive triplet chlorophyll states, which otherwise might
lead to the production of reactive oxygen species (ROS), and to the direct scavenging of ROS.
Carotenoids are structural components of both photosystems (PS) (Nelson and Yocum, 2006;
Shen, 2015). Also, the light harvesting complexes (LHCs) bind lutein and the xanthophylls
neoxanthin and violaxanthin or zeaxanthin (Standfuss et al., 2005; Barros and Kuhlbrandt, 2009).
Finally, the cytochrome b6f complex (Cytb6f) binds one -carotene molecule per monomer, which
quenches triplet-excited states of the single chlorophyll in the complex (Dashdorj et al., 2005;
Cramer et al., 2006). Besides these photosynthetic complex-bound carotenoids, xanthophylls are
also freely dissolved in the thylakoid membrane, and protect thylakoid lipids from oxidation
(Dall'Osto et al., 2010). Furthermore, the interconversion of the accessory pigment violaxanthin
into zeaxanthin via the violaxanthin deepoxidase (VDE) is a major component of photoprotective
non-photochemical quenching (NPQ) of excess excitation energy. Together with the PSBS protein
, zeaxanthin converts the PSII antenna bed into a quenching conformation (Niyogi and Truong,
2013). Both PSBS and VDE are activated by the acidification of the thylakoid lumen, which
usually happens when the generation of the proton motive force (pmf) by photosynthetic electron
transport exceeds the capacity of the Calvin-Benson cycle to consume ATP, so that chloroplast
ATP synthase becomes substrate-limited and the consumption of the pmf slows down (Kanazawa
and Kramer, 2002). Zeaxanthin is re-converted to violaxanthin by the enzyme zeaxanthin
epoxidase (ZEP), which is bound to the stromal side of the thylakoids, but also found in the
chloroplast stroma (Schwarz et al., 2015). ZEP is constitutively active, but because its activity is
relatively low, the average lifetime of zeaxanthin after the end of light stress ranges from 10 to 15
minutes (Nilkens et al., 2010). Therefore, the relaxation of the xanthophyll cycle-dependent
component of NPQ has been suggested to limit photosynthesis after a sudden shift from high-light
to low-light conditions (Zhu et al., 2010; Murchie and Niyogi, 2011). Accordingly, the
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xanthophyll cycle has been a target for genetic manipulation, to improve plant growth especially
under fluctuating light regimes (Kromdijk et al., 2016).
Besides these functions in photosynthesis, carotenoids of the -branch are important precursors of
signaling molecules, which are oxidative carotenoid breakdown products and collectively
constitute the apocarotenoids (Felemban et al., 2019). The phytohormone abscisic acid (ABA) is
derived from violaxanthin and neoxanthin and induces stomatal closure (Assmann and Jegla,
2016), but also plays major roles in seed development, maintenance of seed dormancy, and control
of organ size (Cutler et al., 2010). Strigolactones are derived from -carotene and mainly repress
bud outgrowth and thereby shoot branching (reviewed by (Borghi et al., 2016; Zwanenburg and
Blanco-Ania, 2018; Felemban et al., 2019). -cyclocitral and -ionone are oxidation products of

the β-carotene molecules in the PSII reaction center. They accumulate when PSII is exposed to a
massive excess of excitation energy (resulting in the production of 1O2) and act as retrograde

signals from the chloroplast to the nucleus (reviewed by (D'Alessandro and Havaux, 2019).
Additionally, -cyclocitral promotes cell division in root meristems and stimulates lateral root

branching (Dickinson et al., 2019). The recently identified zaxinone also stimulates growth and
regulates strigolactone levels (Wang et al., 2019).
Carotenoids are also important storage compounds in both fruits (e.g., tomatoes) and storage roots
such as the taproot of carrot (Daucus carota). Plastids specialized for carotenoid storage are
referred to as chromoplasts (Rodriguez-Concepcion and Stange, 2013). Carotenoid-rich tissues of
edible crops are of major dietary importance, as β-carotene serves as precursor of vitamin A,

which in mammals is required for the maintenance of normal vision, healthy immunity and cell
growth (Olson, 1996). In addition, carotenoids have antioxidant activities in humans (Fraser and
Bramley, 2004; Rao and Rao, 2007).
In plants, all enzymes of carotenoid biosynthesis are nucleus encoded and post-translationally
imported into plastids. Carotenoid biosynthesis branches from isoprenoid metabolism at the level
of geranlygeranyl pyrophosphate (GGPP), which is also an important precursor for the synthesis
of chlorophylls, tocopherols and gibberellins (GAs). The latter play multiple roles in controlling
plant development, including the regulation of stem elongation, usually together with other
phytohormones such as auxins (Depuydt and Hardtke, 2011). Phytoene synthase (PSY) catalyzes
the first committed and likely rate-limiting reaction of carotenoid biosynthesis: the condensation
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of two molecules of GGPP to form phytoene (reviewed by (Nisar et al., 2015; Sun et al., 2018).
Further reaction steps convert phytoene into lycopene, the last linear molecule in the pathway.
From here on, carotenoid biosynthesis branches into the production of -carotene and lutein,
whose synthesis is initiated by the lycopene epsilon cyclase (LCYE), and the production of carotene and the different xanthophylls, which is catalyzed by the NADPH-dependent lycopene-cyclase (LCYB). A potential rate-limiting role of LCYB for the synthesis of the different
carotenoids in the -branch has been addressed multiple times. Expression of bacterial LCYB
enzymes in the chloroplast genome (plastome) of tobacco (Nicotiana tabacum) and tomato
(Solanum lycopersicon) resulted only in moderate changes in total carotenoid content and
composition (Wurbs et al., 2007). By contrast, introduction of a LCYB from daffodil (Narcissus
pseudonarcissus) resulted in a remarkable increase in xanthophyll cycle pigments in tomato
leaves, while accumulation of the -branch xanthophyll lutein was reduced. Unexpectedly, in
tomato fruits, total carotenoid accumulation was increased by approximately 50 %, indicating that
in chromoplasts, daffodil LCYB expression enhanced the total flux through the carotenoid
biosynthesis pathway (Apel and Bock, 2009). On the other hand, significant increases in the
production of -branch carotenoids were achieved by virus-induced gene silencing (VIGS) of
tobacco LCYE, arguing that substrate availability and competition between LCYB and LCYE
limit the synthesis of -carotenoids in tobacco. The VIGS plants were also reported to display

increased resistance of photosynthesis to chilling and high-light stress (Shi et al., 2014).
Overexpression of the tobacco LCYB gene resulted in increased accumulation of -carotene and
xanthophylls, and the transgenic tobacco plants showed increased resistance to salt and drought
stress (Shi et al., 2015). However, in all of these LCYB-expressing plants, besides relatively
specific effects on carotenoids and photoprotection, no broader beneficial effects on plant growth
or physiology were reported.
Therefore, it came as a surprise that overexpression of a LCYB1 from carrot (DcLCYB1) in
tobacco had major effects on plant growth and development (Moreno et al., 2016). In carrot, this
isoform is expressed both in leaves and in the storage roots, which accumulate vast amounts of
carotenoids. DcLCYB1 overexpression in carrot itself not only increased total carotenoid content,

especially -carotene levels (in part at the expense of -carotene accumulation), but also resulted
in the upregulation of other genes involved in carotenoid biosynthesis (Moreno et al., 2013). When
DcLCYB1 was expressed in tobacco, besides a clear increase in carotenoids, transgenic T1 lines
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grown under a limiting actinic light intensity of 150 µmol photons m-2 s-1 showed faster growth
and biomass accumulation. The plant habitus was strongly altered: internode distances were
increased, and plants started to flower early, producing less leaf generations than wild type but
with bigger leaf area. The underlying mechanism of the altered plant habitus remained unknown,
even though some indications suggested a disturbed phytohormone balance (Moreno et al., 2016).
Here, we have investigated the phenotype of the DcLCYB1-expressing tobacco plants in more
detail, by determining the robustness of the phenotype under a wide range of growth conditions.
Under all these conditions, transgenic lines showed accelerated development and increased
production of vegetative biomass, flowers and seeds. Mature leaves maintained high
photosynthetic complex contents and photosynthetic capacity, pointing to an increased stability of
the photosynthetic apparatus and a delayed induction of leaf senescence. The ontogenetic
repression of genes involved in photosynthesis and pigment biosynthesis in mature leaves was
delayed, and genes related to ABA and GA biosynthesis were upregulated. The critical role of
increased accumulation of ABA and GAs for the changes in plant architecture was confirmed by
hormone feeding and hormone biosynthesis inhibitor experiments. A model explaining these
unexpected consequences of DcLCYB1 expression is presented. Furthermore, our data are a
cautionary example that seemingly simple manipulations of a well-characterized biosynthetic
pathway can trigger unexpected complex changes in phytohormone balances and plant
development.
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Results

Plant growth and biomass accumulation under semi-controlled and non-controlled
greenhouse conditions
Previously, the phenotype of accelerated growth, longer internodes, early flowering and increased
biomass accumulation of DcLCYB1-expressing transgenic tobacco lines was documented only for
plants grown under light-limited conditions (Moreno et al., 2016). Therefore, we decided to
determine the robustness of the phenotype under environmental conditions similar to typical field
conditions. Because of legal restrictions of field experiments with transgenic plants in Germany,
we first compared growth in different greenhouse conditions.
Most analyses were performed on plants grown under “semi-controlled” conditions in a
greenhouse, where light intensity and temperature fluctuated. A first experiment to document
general differences in growth was performed in March and April 2017. During this period, the
maximum actinic light intensity varied between 220 and 730 µmol photons m-2 s-1, with maximum
daily temperatures varying from 21 °C to 25 °C (see Table S1). Figure 1a shows representative

photographs of wild-type tobacco and the three transgenic lines after one week (35 days after
sowing; plants are shown both from top and in side view), 2 weeks (42 days after sowing) and
after more than seven weeks (80 days after sowing) of growth in the greenhouse. After one week
in the greenhouse, only minor differences in plant height were apparent, but leaf areas of the three
transgenic lines were clearly bigger than those of the wild type. After two weeks, all three
transgenic plants were clearly taller than the wild type, and their longer internodes were clearly
visible. Shortly afterwards, the transgenic lines started to produce their first flower buds. 80 days
after germination, the transgenic lines had fully flowered and produced the first seed capsules,
while the wild type was still in its vegetative stage, having more than 20 leaf generations. By
contrast, the transgenic lines had only 12 to 13 leaf generations in total.
Because transgenic lines of the T4 generation were analyzed, we wanted to confirm stable
transgene expression and activity of the DcLCYB1 enzyme by gene expression and pigment

analyses. Material was harvested from mature leaves of plants 42 days after sowing (Figure 1a).
All transgenic lines showed expression of the DcLCYB1 transgene (Figure 1b). Expression of
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DcLCYB1 resulted in an at least two-fold increase in β-carotene content in the transgenic lines.
This was accompanied by at least 1.5-fold increases in the xanthophylls lutein/zeaxanthin (which
could not be distinguished via the HPLC analysis performed here) and violaxanthin, and in both
chlorophyll a and b (Figure 1b).
To more precisely quantify differences in growth and biomass accumulation between the wild type
and the three transgenic lines during the vegetative phase, a detailed analysis of growth-related
parameters such as total plant height, leaf area, and dry weight was performed on plants grown in
the greenhouse for 18 days, when the first flower buds just started to appear (Figure 2a). Because
this experiment was performed later in the year in May 2017, temperatures and maximum light
intensities in the greenhouse were increased, as indicated in Table S2, with the maximum light
intensity exceeding 1000 µmol photons m-2 s-1. Again, transgenic lines showed an increase in plant
height, leaf area and internode length and an accelerated development when compared with the
wild type (Figures 2a, c and S1a-c). This was reflected in a small but significant (4-6%) increase
in plant biomass (measured as dry weight) when compared to the wild type (Figure 2c). Data

during earlier time points of vegetative growth (6 days, 11 days and 13 days after transfer to the
greenhouse) are shown in Figure S1. When all plants had fully flowered, flower number and seed
weight (total seed weight per plant) were quantified. These were increased by 15 % and 20-40 %,
respectively, in the transgenic lines compared to the wild type (Figure 2d).
We also performed biomass analyses with plants grown in a polytunnel (outside greenhouse with
walls made of plastic foil to avoid transgenic seed release to the environment), where in addition
to the non-controlled light intensity and temperature, humidity was also not controlled (Table S3).
These “non-controlled” conditions most closely resemble the situation in the field. Here, the first
flower buds of the transgenic lines appeared 42 days after sowing (Figure 2b). Compared to plants
grown under semi-controlled conditions, an even higher relative increase in biomass was observed
for transgenic line L14 (~23 %), while it was slightly lower for lines L15 and L16 (6-8 %; Figures
2c and S1d-f). In addition, transgenic lines showed a more pronounced increase in flower number
and seed weight under non-controlled conditions (30-50 % and 30-40 %, respectively) when
compared to the wild type (Figure 2d, e). Furthermore, images of leaf series of tobacco plants
grown in the polytunnel clearly show the larger leaf area in the transgenic lines compared to the
wild type (Figure S2a, b). Moreover, fully blossomed 14-week-old transgenic lines at the end of
their life cycle were still bigger than the wild type (Figure S2c).
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Overexpression of DcLCYB1 promotes upregulation of genes from carotenoid and
carotenoid-related pathways
Previously, upregulation of several genes involved in carotenoid biosynthesis was observed in
DcLCYB1-overexpressing carrot lines (Moreno et al., 2013). Therefore, using the same tobacco
culture from semi-controlled conditions as used for the biomass experiment shown in Figure 1,

we performed a detailed analysis of the effects of DcLCYB1 expression in tobacco on the
expression of genes related to isoprenoid metabolism. Because the early flowering phenotype and
longer internode length of the transgenic lines pointed to changes in GA content, whose
production initiates from GGPP, we also included key genes involved in GA biosynthesis (Figure
3a). As both chlorophyll a and b were clearly increased (Figure 1b), we additionally analyzed the
expression of key genes related to chlorophyll biosynthesis (Figure 3b). Finally, mRNA
accumulation of chloroplast- and nuclear-encoded structural subunits and assembly factors of PSII
(Figure 3c), PSI and the Cytb6f (Figure 3d) was determined as well. Material for gene expression
analysis was harvested from plants grown for 7 days in the greenhouse (35 days after sowing; see
Figure 1a). Changes in gene expression relative to the wild type were determined by quantitative
PCR (qRT-PCR). The primers used are listed in Table S4, and a brief description of the function

of each gene analyzed here can be found in Table S5.
First, we evaluated the expression of the endogenous PSY1, PSY2 and LCYB genes that encode

potential rate-limiting enzymes in carotenoid biosynthesis. These genes showed a 1.8-fold to 3.4fold increase in expression in all lines (Figure 3a). Moreover, two key genes involved in GGPP
synthesis, DXS2 and GGPPS, showed 1.3 to 1.6 and 2.8 to 3.5-fold increases, respectively (Figure

3a). The VDE and ZEP genes involved in the downstream interconversion of xanthophylls and the
provision of precursors for ABA biosynthesis showed moderate increases between 1.4-1.7 and
1.8-2.8 in all three lines. A clear 2 to 4.5-fold upregulation was observed for the key genes of the
GA pathway (CPS, KS, GA20ox and GA3ox), with increases seen in all transgenic lines (Figure
3a).

Several transcripts of genes involved in tetrapyrrole and chlorophyll biosynthesis (GUN4, CHLG,
CHLI, CHLM, CHL27, CHL, DVR, and PORAB) showed increases of 1.3-4-fold in all three lines,

while PORC was increased only in L15 and L16, and CAO mRNA accumulation remained
unchanged (Figure 3b). The expression of two LHCs of PSI (LHCA1 and LHCA6) was strongly
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induced, while expression of three different LHCs of PSII was either unaltered (e.g., LHCB2 and
LHCB3) or only moderately increased (e.g., LHCB6; Figure 3b). In addition, eight (PSBO2,
PSBP1, PSBP2, PSB28, PSBS, PSBW1, PSBW2, PSB27 and PSB29) out of 12 PSII-related genes
were upregulated in all three lines (Figure 3c). Notably, the expression of the two plastid-encoded
PSII reaction center subunits PsbA (the D1 protein) and PsbD (D2) remained unchanged.
Furthermore, PsaA and PSAF (encoding subunits of PSI), and PETC and PETM (encoding
subunits of the Cytb6f) showed increased expression levels of 1.5- to 2-fold (Figure 3d).

GA and ABA contents are increased, while apocarotenoid levels remain largely unaltered
Since we observed clear changes in the expression of genes for both GA and ABA biosynthesis,
we decided to analyze the levels of ABA and bioactive GAs as well as their precursors and
catabolites in our transgenic lines. Interestingly, ABA content was increased in all transgenic lines,
with an increase of ~1.5-fold in L14 and ~2-fold in L15 and L16 (Figure 4a). Moreover, other
compounds related to ABA metabolism (e.g., phaseic acid, dihydrophaseic acid and ABAglycosyl ester) were also increased (Figure S3a-c). As expected, the bioactive GAs GA1 and GA4

were also significantly elevated. GA1 content increased ~2.8-fold in all transgenic lines (Figure
4b). GA4 content increased ~2.8-fold in L14, ~2-fold in L15 and ~2.4-fold in L16 (Figure 4c). In
addition, the levels of 10 GA intermediates were determined (i.e., GA7, GA8, GA9, GA13, GA19,
GA20, GA29, GA44, GA51 and GA53), and the accumulation of most of them was found to be altered
(Figure S3d-m). Together, these results show that manipulations of carotenoid biosynthesis can
impact biosynthetic pathways of isoprenoid-derived phytohormones, especially ABA and GA.
Because β-carotene derived apocarotenoids (e.g. β-cyclocitral and zaxinone) play roles as growth
regulators in Arabidopsis, rice and tomato (Dickinson et al., 2019; Wang et al., 2019), and βcarotene levels were strongly increased in the DcLCYB1 Lines (Figure 1b),

we profiled

apocarotenoid accumulation to determine if some of these molecules were increased in our lines
and therefore contributing to the growth phenotype observed in our tobacco lines. By using an
UHPLC-MS method (Mi et al., 2018) we quantified different non-hydroxylated and hydroxylated
apocarotenoids (Figure 4d, e). A general and slightly significant decrease was observed for β-apo12’- and β-apo-11-carotenal, β-apo-13- carotenone and β-ionone in L15 and L16 (Figure 4d)
while only 3-OH-β-apo-8’- and 3-OH-β-apo-10’-carotenal were decreased in L14 (Figure 4e).
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Interestingly, no changes in β-cyclocitral or 3-OH-β-apo-13-carotenone (zaxinone) were observed
in the transgenic lines. These results suggest that although minor changes in some apocarotenoids
were observed, the previously reported growth regulators remain unchanged and therefore are
unlikely to contribute to the observed growth phenotype, especially considering the far more
pronounced increases of gibberellins and ABA.

Exogenous phytohormone application mimics phenotypic effects of DcLCYB1 expression
To determine the effects of specific phytohormone increases and an altered GA4/ABA ratio on
plant development, we performed different treatments with hormones and hormone biosynthesis
inhibitors in ten-day old tobacco seedlings grown on MS medium supplemented with 3% sucrose
(see Materials and Methods; Figures 5 and S4). Hormone and inhibitor concentrations were
selected by following previously reported concentrations ranging in the micro-molar range
(Blazquez et al., 1998; Eriksson et al., 2006; Wang et al., 2011; Ribeiro et al., 2012; Sun et al.,
2014; Awan et al., 2017). Without hormone or inhibitor treatment (mock), transgenic lines showed
higher biomass than the wild type, as observed in later stages of growth in the greenhouse.
Interestingly, wild-type plants grown on media supplemented with GA4 (1 µM) showed higher
biomass than wild-type plants grown under no treatment and were comparable with L15 and L16
biomass (mock). In the transgenic lines treated with GA4, a slight increase in biomass was also
observed. As expected, ABA (2 µM) treatments reduced the biomass of wild type and transgenic
lines, which reached the (mock-) wild type biomass. Interestingly, combined application of
GA4/ABA (3:2 ratio, which was the ratio measured in our tobacco transgenic lines with higher
biomass) further improved growth in the wild type, which now yielded a biomass comparable to
mock-treated L14, the transgenic line with the highest biomass (Figure 5). This demonstrates that
a proper GA4/ABA ratio positively influences plant biomass. To further prove the key role of GA
in the observed phenotype, we applied paclobutrazol (PBZ, 1 µM), a specific inhibitor of GA
biosynthesis, to the transgenic lines and changes in plant architecture and reduction in biomass
comparable to the wild-type level (mock) were observed (Figure S4). In addition, application of
nordihydroguaiaretic acid (NDGA), an ABA biosynthesis inhibitor, to the transgenic lines does
not revert the phenotype to the wild type level. Similarly as in the PBZ treatment, PBZ/NDGA
treatment reverted the growth phenotype to wild-type levels (Figure 5). Taken together, these
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results show that by applying proper GA4/ABA ratio to the wild type is possible to reach higher
biomass (same level as L14) while by applying PBZ to the transgenic lines it is possible to revert
the phenotype to the wild type-level.

Plant architecture and photosynthesis under constant and fluctuating light regimes
To more clearly dissect the role of altered plant development and architecture of the transgenic
lines and the photoprotective and antioxidant effects of increased carotenoid accumulation, two
experiments in controlled environment chambers were performed. Except for differences in the
light regime, all other environmental parameters such as day length (16 h), temperature (22 °C
during the day, 18 °C during the night) and relative humidity (75 % during the day, 70 % during
the night) were kept constant.
One set of plants was grown at a constant light intensity of 350 µmol photons m-2 s-1. Here, wild-

type tobacco did not show any symptoms of oxidative stress (Schottler et al., 2017). Because
further increases in light intensity to 1000 µmol photons m-2 s-1 resulted only in moderate
symptoms of photooxidative stress (Schottler et al., 2017), the second set of plants was exposed to
a combination of high and fluctuating light conditions. At the beginning and end of the day, for
one hour, gradual increases and decreases of the light intensity from zero to the maximum light
intensity of 1500 µmol photons m-2 s-1 and vice versa were applied. During the rest of the
photoperiod, sinusoidal fluctuations in light intensity between the maximum of 1500 and the
minimum light intensity of 200 µmol photons m-2 s-1 were applied in cycles of 30 min, thus

necessitating the continuous activation and inactivation of photoprotective mechanisms.
In both light regimes, the transgenic DcLCYB1-expressing lines showed a more pronounced
growth advantage relative to the wild type than in the greenhouse or the polytunnel. The
transgenic plants displayed an at least two-fold increase in plant height, bigger leaf area, longer
internodes, early flowering and fewer leaf generations when compared with the wild type (Figure
6a-c). Biomass analysis was performed when the transgenic lines started to flower, usually 44
days after germination. At that time point, they showed an increase in dry weight of around 30 %
(in constant light) and 37 % (in fluctuating light) relative to the wild type.
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To precisely determine the extent of stress caused by the fluctuating light treatment, and because
changes in chlorophyll content (Figure 1b) and photosynthetic gene expression (Figure 3b-d)

observed in previous experiments suggested major changes in the composition of the
photosynthetic apparatus of the transgenic lines, we performed a detailed analysis of
photosynthetic parameters under both light regimes. To examine if differences in photosynthesis
are established early in leaf development, we measured the youngest fully expanded leaf pair
present at the onset of flowering. These leaves (“young leaves”) had just fully established their
photosynthetic apparatus and were photosynthetically most active. To determine possible
differences occurring during later stages of leaf ontogenesis, we also measured the fifth true leaf,
which had developed immediately after transfer to the two different light regimes, and therefore,
was of the same age, but in very different ontogenetic states in the wild type and the three
transgenic lines (“mature leaf”). We determined the chlorophyll content per leaf area, the
chlorophyll a/b ratio, and the maximum quantum efficiency of PSII in the dark-adapted state
(FV/FM) on intact leaves. Linear electron transport capacity (ETRII) was determined from light

response curves of linear electron transport (Figure S5a-d), and was corrected for leaf
absorptance, as measured with an integrating sphere between 400 and 700 nm wavelength.
Subsequently, thylakoids were isolated and the accumulation of the three major redox-active
complexes of the photosynthetic electron transport chain (PSII, Cytb6f and PSI) and the mobile
redox carrier protein plastocyanin (PC) was spectroscopically determined. Finally, complex
contents were re-normalized to a leaf area basis.
Young leaves of the transgenic lines grown under constant light were only slightly or not at all
affected in chlorophyll a/b ratio, chlorophyll content and FV/FM. However, there was a slight

reduction in their ETRII (Figure 6d). In line with this reduction in ETRII, accumulation of Cytb6f
and PC was slightly lower in young leaves of the transgenic lines, while the contents of both
photosystems were not significantly altered, except for a minor reduction in line L14 (Figure 6e).
In mature wild-type leaves, accumulation of both photosystems was unaltered, relative to young
wild-type leaves, but a marked reduction of their Cytb6f content occurred, which is paralleled by a
reduction of linear electron transport capacity and generally observed as a consequence of
increasing leaf age in tobacco (Schottler et al., 2007; Schottler et al., 2017). Mature leaves of
transgenic lines showed a slight increase in chlorophyll a/b ratio and chlorophyll content, relative
to the wild type. Furthermore, in L15, significant increases in FV/FM and ETRII occurred (Figure
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6d). In line with the increased chlorophyll content and a/b ratio, the contents of both PSII and
Cytb6f were significantly increased in all three lines, relative to the wild type, while for PSI, this

increase was only significant in lines L14 and L16 (Figure 6e). Consequently, the typical
ontogenetic decrease in linear electron transport capacity and Cytb6f content did not occur in the
transgenic lines.
Young leaves of transgenic lines grown under fluctuating light showed a reduction in their
chlorophyll a/b ratio, but no changes for chlorophyll content, FV/FM and ETRII (Figure 6d). Also,

except for a mild reduction in PC, which was significant only in lines L14 and L15 (Figure 6e),
the accumulation of the photosynthetic complexes was unaltered in the transgenic lines. However,
mature leaves of all transgenic lines showed significant increases in all photosynthetic parameters,
relative to the wild type (Figure 6d). Especially chlorophyll content and ETRII exceeded wildtype levels by more than 50 and up to 111 %, respectively, and also the chlorophyll a/b ratio and
FV/FM were significantly increased. In line with their strongly reduced chlorophyll content and
ETRII, mature wild-type leaves showed an at least 50 % reduction of all redox-active complexes
and PC, relative to young wild-type leaves. By contrast, mature leaves of all three transgenic lines
retained much (32 to 79 %) higher contents of all three complexes than the wild type, in line with
their higher chlorophyll content and ETRII. PC content increased only moderately (Figure 6e).
Retention of higher chlorophyll and photosynthetic complex contents as well as electron transport
capacity in the mature leaves of fluctuating light-grown transgenic lines suggest that they might be
better adapted to stressful fluctuating light conditions.
Finally, to investigate possible direct effects of the altered carotenoid accumulation on the
induction and strength of NPQ, we measured light response curves of qN. These are not different
between wild-type and transgenic plants in young leaves grown under constant or fluctuating light
conditions, but in mature leaves grown under constant light, the maximum qN under lightsaturated conditions is slightly increased (Figure S5e-h). The different activation of qN observed
in the mature leaves of transgenic plants under fluctuating light conditions is likely solely
attributable to these plants maintaining a higher electron transport capacity than the wild type.
Consequently, qN induction is shifted to a higher actinic light intensity.
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Discussion
Previously reported genetic manipulations of carotenoid biosynthesis in Solanaceae by
heterologous expression of bacterial or daffodil LCYB isoforms (Wurbs et al., 2007), or by
overexpression of the endogenous LCYB enzyme from tobacco (Shi et al., 2015), resulted in no or
only moderate effects on carotenoid composition and accumulation, and no broader effects on
general plant development and biomass production were reported. This is fundamentally different
from tobacco lines transformed with the gene encoding the carrot LCYB1 enzyme. Transgenic
tobacco lines not only had a strongly increased carotenoid accumulation, but also showed a
completely altered plant habitus. Accelerated plant growth resulted in early flowering and higher
biomass accumulation (Moreno et al., 2016). Previously, this phenotype was only reported for
low-light conditions. In the course of this work, we have confirmed that the growth phenotype is
robust and even more pronounced under fluctuating environments in greenhouses (Figures 1 and
2), and under light stress conditions in controlled environment chambers with a fluctuating light
regime (Figure 6b). Therefore, expression of DcLCYB1 in crops may provide a suitable strategy
to accelerate plant development and increase biomass production under field conditions. However,
to explore the potential in crops, a better understanding of the molecular basis of the phenotype is
essential.
The transgenic lines accumulate increased amounts of several carotenoid species (Figure 1b).
This altered carotenoid accumulation could either be directly responsible for the observed growth
phenotypes (e.g., by conferring increased protection against oxidative stress), or alternatively,
indirectly alter plant development. To distinguish between these possibilities, we grew plants
under controlled environment conditions, either using constant moderate light of 350 µmol
photons m-2 s-1, where tobacco does not suffer from oxidative stress (see (Schottler et al., 2017) for
a more detailed photosynthetic characterization of tobacco plants grown at different actinic light
intensities), or exposing plants to very high and fluctuating light intensities (Figure 6a, b).
Fluctuating light conditions result in increased production of ROS, both in the form of singlet
oxygen at the acceptor side of PSII, and as the superoxide radical at the acceptor side of PSI. Both
can strongly damage the photosynthetic apparatus. Because the biogenesis of at least the Cytb6f

and PSI is restricted to young tobacco leaves, and irreversibly lost in mature leaves (Schottler et
al., 2007; Krech et al., 2012; Hojka et al., 2014), a lower rate of oxidative damage and of
subsequent degradation of damaged complexes in the transgenic lines could have a substantial
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impact on photosynthesis and senescence induction, especially in mature leaves. Indeed,
fluctuating light resulted in oxidative stress in the wild type, as indicated by the decreased
maximum quantum efficiency of PSII in the dark-adapted state (FV/FM) that was apparent already
in young leaves (Figure 6d), and even more pronounced in mature leaves. More importantly,
while in wild-type plants under constant conditions, chlorophyll content and the contents of both
photosystems did not change from young to mature leaves and the Cytb6f content decreased only
moderately with leaf age, under fluctuating light conditions, the wild type lost more than 50 % of
total chlorophyll and both photosystems in mature leaves and the decrease in Cytb6f and
plastocyanin content was more pronounced (Figure 6d, e). This finding strongly suggests that, as
expected, these stressful conditions accelerated the normal leaf age-dependent loss of the
photosynthetic apparatus in the wild type (Schottler et al., 2004; Schottler et al., 2007).
Remarkably, the leaf age-dependent loss of photosynthetic complexes under fluctuating light
conditions was much less pronounced in the transgenic lines (Figure 6e). Because both singlet
oxygen and the superoxide radical can be efficiently quenched by carotenoids and xanthophylls in
the thylakoid membrane, the increased carotenoid and xanthophyll abundance in the transgenic
lines may be a major contributor to the retention of the photosynthetic apparatus of the transgenic
lines.

Under both controlled environment conditions, the transgenic lines displayed similar
morphological alterations, with the exception that under fluctuating conditions, increases in dry
weight and plant height were slightly more pronounced (Figure 6c). This points to two
independent mechanisms playing a role in accelerated development and increased biomass
accumulation of the transgenic lines: (i) an effect already present under constant moderate light,
where oxidative stress and a protective function of the increased amounts of carotenoids are
unlikely to play a role, and (ii) an additional, presumably smaller, effect from the longer retention
of photosynthetic complexes and a high electron transport capacity in mature leaves under
fluctuating light conditions. The latter is due to increased carotenoid accumulation conferring
better protection of the photosynthetic electron transport chain from oxidative destruction, thus
resulting in the small additional increase in biomass production under fluctuating light conditions.
We speculated that the major effect on increased biomass accumulation and accelerated plant
development is attributable to alterations in metabolic pathways that are connected to carotenoid
biosynthesis, especially the biosyntheses of the phytohormones ABA (directly derived from
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violaxanthin and neoxanthin) and GA (branching at the level of GGPP). Several phenotypic
characteristics of the transgenic lines are reminiscent of plants with increased GA contents such as
the increased length of internodes (Depuydt and Hardtke, 2011). GAs also influence cell division
and flowering (Achard and Genschik, 2009; Nelissen et al., 2012), again consistent with the
phenotype seen in our transgenic plants (early flowering, enlarged leaf area). Furthermore, key
genes of GA and ABA biosynthesis were upregulated, including GA20ox and GA3ox, a key
regulator of GA biosynthesis (Hedden and Thomas, 2012; Gupta and Chakrabarty, 2013) and
NCED, a key gene involved in ABA biosynthesis (Seiler et al., 2011), suggesting increases in
hormone contents. Indeed, analysis of phytohormone accumulation revealed that both the contents
of ABA and GAs (and some of their biosynthesis intermediates) were strongly increased. It is well
known that ABA and GA antagonistically mediate numerous physiological processes (Shu et al.,
2016). However, none of the typical phenotypes observed in plants accumulating increased
amounts of ABA (such as reduced organ size) are observable in our transgenic lines. Since the
ratio between different plant hormones is more important than the absolute contents (Weiss and
Ori, 2007), this is likely explained by the GA concentration being more strongly increased in the
transgenic DcLCYB1 lines than the ABA level (contents of GA4 increased 3-fold, while those of

ABA only increased 2-fold). To further dissect the major contribution of the hormonal component
to the growth phenotype, we performed hormone and inhibitor experiments in 10-day old tobacco
seedlings. Interestingly, exogenous GA4/ABA application in a 3:2 ratio (the same ratio found in
our transgenic lines) resulted in increased plant biomass (similar to the best-performing transgenic
line L14) and modified plant architecture of the wild type. To a lesser extent, this effect was also
seen with GA4 application alone (Figures 5 and S4). In addition, application of a GA
biosynthesis inhibitor (PBZ) reverted the growth phenotype of the transgenic lines to wild typelike growth, while ABA application did not (Figure 5). These key results support the critical
importance of GA4 in the explanation of the growth phenotype, but also show the importance of
the GA4/ABA interaction for plant growth.
Furthermore, overexpression of GA20ox in tobacco and other plant models resulted in higher GA

content, increased plant size, higher biomass, and increased photosynthetic efficiency by
modifying plant architecture and producing an optimal arrangement of leaves along the enlarged
internodes, thereby avoiding self-shading of leaves (Coles et al., 1999; Biemelt et al., 2004;
Nelissen et al., 2012; Daviere and Achard, 2013; Do et al., 2016; Jeon et al., 2016; Voorend et al.,
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2016). This supports the conclusion that elevated GA levels (Figure 4b, c) may largely explain the
developmental phenotype observed in our transgenic lines. However, since β-carotene levels
increased in our transgenic lines, the possibility of a β-carotene-derived apocarotenoid
contributing to the observed growth phenotype cannot be ruled out. Recently, apocarotenoids (β-

cyclocitral and zaxinone) influencing plant growth and development were reported (Dickinson et
al., 2019; Wang et al., 2019). For instance, β-cyclocitral and its metabolic product β-cyclocitric
acid (β-ccA) were reported to enhanced high light and drought tolerance in Arabidopsis and
tomato (D'Alessandro et al., 2018; D'Alessandro et al., 2019). However, our apocarotenoid
profiling revealed only slight decreases in several apocarotenoid species, while β-cyclocitral and
zaxinone remained unchanged in the transgenic lines, probably excluding their involvement in the
observed growth phenotype.
Interestingly, our phenotype resembles a phenotype observed in tobacco, Arabidopsis and
dandelion plants expressing the Helianthus annuus (sunflower) HaGGPPS gene (Tata et al.,
2015). GGPPS catalyze the conversion of DMAPP and IPP to GGPP, the common precursor of
GA, chlorophyll and carotenoid pathways. Expression of HaGGPPS produced bigger plants with
longer internodes, an early flowering phenotype and increased flower and seed production through
increased GA content. However, a reduction in carotenoid content and no changes in chlorophyll
content were observed (Tata et al., 2015). In contrast, in our tobacco lines, beside the increase in
GA content and the associated phenotypic advantages, we also obtained increased chlorophyll and
carotenoid content. Crosstalk between the isoprenoid precursor biosynthesis and the carotenoid
pathway was previously reported, as well as regulation of PSY at the transcriptional level
(Carretero-Paulet et al., 2006; Cazzonelli and Pogson, 2010; Ruiz-Sola and RodriguezConcepcion, 2012). One example is the upregulation of PSY in de-etiolated Arabidopsis seedlings
which activates a feedback mechanism that results in the accumulation of DXS (RodriguezVillalon et al., 2009). Therefore, it seems probable that a feedback mechanism involving key
carotenoid and MEP enzymes (PSY, LCYB, and DXS) is occurring in our tobacco lines in order to
provide more GGPP for carotenoid, GAs and chlorophyll biosynthetic pathways. Interestingly, this
feedback regulation on key carotenogenic genes upon (over-) expression (e.g. LCYB, PDS, ZDS)

or silencing (e.g. LCYE, ZDS, PDS) of other carotenogenic genes were previously reported in
Arabidopsis (Qin et al., 2007), carrot (Moreno et al., 2013; Flores-Ortiz et al., 2020), tobacco (Shi
et al., 2014; Shi et al., 2015; Moreno et al., 2016), potato (Diretto et al., 2006) and tomato
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(McQuinn et al., 2018; McQuinn et al., 2020). Thus, suggesting a tight transcriptional control in
the carotenoid pathway and supporting the idea of a feedback regulatory mechanism within
different plastid isoprenoid pathways (perhaps via phytohormones).

The observed changes in gene expression (Figure 3) may be in part a direct consequence of the
altered phytohormone levels. Enhanced GA and ABA contents were previously reported to modify
the expression of photosynthesis-related genes in Arabidopsis (Shu et al., 2013; Yamburenko et
al., 2013; Shu et al., 2016). Interestingly, exogenous ABA application induced PSY expression in
Arabidopsis roots, leading to an increase in carotenoid accumulation (Meier et al., 2011; Ruiz-Sola
et al., 2014). Furthermore, a recent study showed that PSY2 expression was induced in carrot
plants treated with ABA (Simpson et al., 2018). In addition, characterization of the DcPSY2
promoter revealed three ABA and GA regulatory elements (Simpson et al., 2018). Thus, higher
GA and ABA contents in our tobacco lines might be responsible for the increased PSY expression
(and probably also the expression of other carotenoid genes) and the elevated carotenoid content.
However, it is also possible that the altered plant habitus contributes to the observed changes in
gene expression. This is because the mature leaves (used for qRT-PCR analyses) were already
shaded by the younger leaves in the wild type. Shading and the concurrent changes in light quality
(i.e., enrichment in far-red light) repress some photosynthesis-related genes and activate leaf
senescence programs (Rousseaux et al., 1996; Sakuraba et al., 2014). Furthermore, the delayed
ontogenetic repression in photosynthesis and its gene expression might arise from metabolic
changes associated with faster growth of the transgenic lines. This could result in a higher sink
demand of the growing tissues, possibly resulting in lower accumulation of soluble sugars in
source leaves. High levels of glucose and fructose are known to negatively affect photosynthetic
gene expression by means of “sugar sensing” (Koch et al., 1996; Pego et al., 2001), and are major
factors in the ontogenetic loss of the Cytb6f in tobacco (Schöttler et al., 2015). Therefore, besides
the direct effects of altered phytohormone levels on gene expression, at least the more efficient
usage of photoassimilates for the accelerated plant growth, and reduced light intensity gradients
and shading of the mature leaves due to longer internodes, might be additional factors in the
increased photosynthetic gene expression and delayed leaf senescence of the transgenic lines.
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While the phenotype of the transgenic lines can largely be associated to the altered phytohormone
levels, it remains unclear why expression of the LCYB1 gene from carrot, but not expression of
other LCYB enzymes from bacteria or plants (or overexpressing the endogenous LCYB gene)

leads to clear developmental phenotypes (Wurbs et al., 2007; Apel and Bock, 2009; Shi et al.,
2015). One possibility are cultivar-specific effects. In our previous and current study N. tabacum cv.
Xanthi was selected, while in the other studies, cv. Petit Havana was used, which has a habitus
similar to the transgenic DcLCYB1 lines analyzed here, in that it has fewer leaf generations but larger
leaves, relatively long internodes, and flowers early. Therefore, it is possible that similar changes in
phytohormone accumulation might have occurred in the transplastomic plants, but did not result in a
discernable phenotype. Furthermore, neither transcript analyses nor phytohormone profiling were
performed in these transformants, so a similar metabolic signature might have been overlooked.

Transformation experiments of Petit Havana with DcLCYB1 or Xanthi with NtLCYB might help
resolve this issue.
Another possible explanation could lie in different biochemical properties of the enzymes. In
carrot, DcLCYB1 operates in both leaves and storage roots (Moreno et al., 2013), which synthesize
massive amounts of carotenoids (especially β-carotene) (Just et al., 2007; Just et al., 2009).
Therefore, LCYB1 may be less susceptible to feedback inhibition by β-carotene (and perhaps

other regulatory mechanisms) and could have a stronger impact on isoprenoid metabolism.
In summary, transgenic expression of DcLCYB1 in tobacco led to alterations in several pathways
related to isoprenoid metabolism, including the phytohormones GA and ABA. Our finding that the
growth phenotype of the transgenic lines is associated to the phytohormone levels, raises the
interesting question whether introduction of DcLCYB1 into crops could be a viable approach

towards increasing biomass production and crop yield. Faster crop development conferred by
altered phytohormone contents could be advantageous in seasonal crops, in that it can reduce the
harvesting time and also protect plants from abiotic stresses. It will be interesting to determine
how crops expressing DcLCYB1 compare with other transgenic approaches to improve

photosynthesis and modify plant architecture (Ort et al., 2015). In general, the findings reported
here should increase general awareness of the complex consequences that even seemingly simple
manipulations of a well-characterized biosynthetic pathway can entail. It also seems possible that
unexpected changes in phytohormone balance (and their effect) have not been sufficiently
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considered in the interpretation of previous transgenic manipulations of carotenoid metabolism
(Kromdijk et al., 2016).
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Methods
Plant material and growth conditions
Tobacco transgenic lines corresponding to the T4 generation of our previously published T1
generation of DcLCYB1-expressing lines (Moreno et al., 2016) were used in this work. Tobacco

(Nicotiana tabacum cultivar Xanthi NN) wild type and transgenic lines were raised from seeds
germinated in Petri dishes containing MS medium supplemented with 30 g/L sucrose (Murashige
and Skoog, 1962) and kanamycin (100 mg/mL). After 14 days, the seedlings were transferred to
autotrophic growth conditions on soil. They were first kept under long-day conditions in low light
(16 h light of 150 µmol photons m-2 s-1 intensity) for 2 weeks and then transferred to larger pots

(18 cm diameter). On the following day, plants were transferred to the greenhouse or a growth
chamber and exposed to the different environmental conditions. For growth-related measurements
(plant height, leaf surface, flower and leaf numbers), sampling and seed production, plants were
grown in standard plant growth chambers, greenhouse and polytunnel conditions. In the controlled
environment chambers, either constant light intensity (16 h day length, 350 µmol photons m-2 s-1,
22/18 ºC day/night, 75/70 % relative humidity day/night) or fluctuating light intensity (16 h day
length with sinusoidal cycles of 1500 µmol photons m-2 s-1 and 200 µmol photons m-2 s-1 every 30
min, 22/18 ºC day/night, 75/70 % relative humidity day/night) was used. Plants grown in the
polytunnel did not have a controlled environment (temperature, light, humidity and photoperiod is
determined by the daily weather) and the only difference to a field experiment is that the plants
were not growing directly in the soil but in pots (18 cm diameter) with the same soil used in the
greenhouse and were regularly irrigated.
Plant fitness analysis under semi-controlled and non-controlled conditions
Biomass analyses were performed under four different growth conditions according to Moreno et
al. (Moreno et al., 2016). In the controlled environment chambers, 5-8 tobacco plants per
transgenic line and wild type were used for biomass analysis. To assess plant biomass in semicontrolled conditions, 8-10 plants per transgenic line and wild type growing in the greenhouse
were used.
The light in the greenhouse was a combination of solar light and artificial light which moves along
the platforms where the plants were randomly located to ensure homogenous lighting for all plant
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lines. Plants were grown in 18 cm diameter pots, randomized and spaced 50 cm for all
experiments. For the biomass experiments, plants (leaves and stem) were harvested after 18 days
of growth in soil and the fresh weight was determined. For plants growing in the polytunnel (noncontrolled conditions), the light intensity was determined by the solar light and the temperature
was fluctuating during day and night according to the environmental conditions between
15.05.2017 and 31.05.2017 in Potsdam, Germany. Weather conditions were recorded and reported
in Table S2 and S3 for the greenhouse and polytunnel, respectively. For the biomass experiments
10-13 plants (leaves and stem) were harvested after 14 days of growth and fresh weight was
recorded. Leaves and stems were dried to constant weight at 70 ºC in a custom-built drying oven
with a condenser to further dry the recirculated air. In all growth experiments, several parameters
(plant height, leaf surface, leaf number, internode length) were recorded at 4 different time points
prior to the final biomass assessment. In addition, as an end point biomass measurement, flower
number and later total seed weight (per plant) were recorded at the end of the life cycle (~ 3
months) of transgenic and wild-type plants.
RNA isolation, cDNA synthesis and qRT-PCR experiments
Total RNA was extracted from frozen powder of tobacco leaves of 5-week-old T4 plants (for
climate conditions in the greenhouse, see Table S3) using the Nucleo Spin RNA extraction kit
(Macherey-Nagel, Germany). Genomic DNA traces were eliminated by a 15 min DNase I
treatment. Prior to reverse transcription, isolated RNAs were tested for the presence of
contaminating DNA by a standard PCR using 1 ng of RNA as template. If no DNA amplification
was observed, cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. qRT-PCR was performed in a
LightCycler 480 (Roche, Mannheim, Germany) using SYBR green I Master mix according to the
manufacturer’s instructions. Three independent lines and three technical replicates per line were
analyzed. The relative transcript levels were determined using the formula (1+E)-Ct, where E is
the binding efficiency of the primers (Pfaffl, 2001). To ensure correct normalization of the
investigated genes, the expression levels of three reference genes (ACTIN, UBIQUITIN, PDF2)
(Moreno et al., 2018) were initially tested. Because expression of ACTIN was most stable between
the wild type and all three transgenic lines, ACTIN was selected to normalize all further qPCR
data. Primers used in this work were newly designed or synthesized from previous works, as
shown in Table S4 (Schmidt and Delaney, 2010; Albus et al., 2012; Kromdijk et al., 2016;
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Moreno et al., 2016; Armarego-Marriott et al., 2019). Gene symbols, protein names and a brief
description of the gene functions (UniProt Consortium, 2018) are provided in Table S5.
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UHPLC analysis of pigments
For UHPLC analysis of pigments, samples of 100 ± 2 mg of ground frozen leaf tissue were
extracted with 1.25 mL HPLC grade acetone. A stainless steel ball was added to the mixture and
the samples incubated for 20 min at 30 °C with rotation at 1400 rpm in the dark. After
centrifugation (5417R centrifuge, Eppendorf, Hamburg, Germany) for 5 min at 15,294 g and 4 °C,
the upper phase was collected in a new microcentrifuge tube and stored on ice in darkness. The
acetone extraction was repeated two more times, using 250 μL of acetone each time and
combining the three upper phases. Following centrifugation for 5 min at 15,294 g and 4 °C to
precipitate any remaining insoluble material, 600 μL of the acetone extracts were transferred to
glass LC vials. Samples were analyzed using a UPLC Class H system (Waters, Milford, USA)
equipped with an autosampler, Quaternary Solvent Manager, and PDA detector. Separation of
plant pigments injected in a volume of 2 L was performed using a reversed-phase column
(Acquity UPLC® BEH C18, 2.1 x 50 mm, 1.7 mm; Waters, Ireland) maintained at 28 °C by a
linear gradient of acetonitrile:water 80:20 (mobile phase A) and acetonitrile/tetrahydrofuran 80:20
(mobile phase B) at a flow rate 0.5 mL min-1, from 100:0 A/B (v/v) to 0:100 A/B (v/v) over 6 min.

Finally, the column was washed with 100 % of mobile phase B (0.5 min) and re-equilibrated to the
initial conditions (0:100 A/B, v/v) for 1 min. Plant pigments of interest were detected at 450 nm
(carotenoids) and at 640/665 nm (chlorophylls), respectively, using the PDA detector. Four
biological replicates were analyzed and data were processed using the Empower® 3 software

(Waters, Manchester, UK).
ABA measurements
Plant tissue samples (of 15 mg fresh weight) were ground using 2.8-mm zirconium oxide beads
(Next Advance Inc., Averill Park, USA) with a MM 301 vibration mill at a frequency of 27 Hz for
3 min (Retsch GmbH & Co. KG, Haan, Germany). Internal standard mixtures, containing 20
pmoL each of (-)-7´,7´,7´-2H3-phaseic acid; (-)-7´,7´,7´-2H3-dihydrophaseic acid; (-)-8´,8´,8´-2H3neophaseic acid; (+)-4,5,8´,8´,8´-2H5-ABAGE; (-)-5,8´,8´,8´-2H4-7´-OH-ABA (National Research

Council, Saskatoon, Canada) and (+)-3´,5´,5´,7´,7´,7´-2H6-ABA (OlchemIm Ltd., Czech Republic)
and 1 mL ice-cold methanol/water/acetic acid (10/89/1, v/v) were added to each sample. After 1 h
of shaking in the dark at 4 °C, the homogenates were centrifuged (20,000 g for 10 min at 4 °C).
After collection of the supernatant, the pellets were re-extracted in 0.5 mL extraction solvent for
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30 min. The combined extracts were purified by solid-phase extraction on an Oasis® HLB
cartridge (60 mg, 3 mL, Waters, Milford, USA), then evaporated to dryness using a CentriVap®
Acid-Resistant benchtop concentrator (Labconco Corp., USA) and finally analysed by UHPLC-(/+)ESI-MS/MS (Tureckova et al., 2009).
GA measurements
Sample preparation and analysis of GAs was performed according to the method described in
Urbanová et al. (Urbanova et al., 2013) with some modifications. Briefly, tissue samples of 15 mg
FW (fresh weight) were finely ground using 2.8-mm zirconium oxide beads (Next Advance Inc.,
Averill Park, USA) in a MM 301 vibration mill (Retsch GmbH & Co. KG, Haan, Germany) at a
frequency of 27 Hz for 3 min with 1 mL of ice-cold 80 % acetonitrile containing 5 % formic acid
as extraction solution. The samples were then extracted overnight at 4 °C using a benchtop
laboratory rotator Stuart SB3 (Bibby Scientific Ltd., Staffordshire, UK) after adding 17 internal
GAs standards ([2H2]GA1, [2H2]GA3, [2H2]GA4, [2H2]GA5, [2H2]GA6, [2H2]GA7, [2H2]GA8,

[2H2]GA9, [2H2]GA15, [2H2]GA19, [2H2]GA20, [2H2]GA24, [2H2]GA29, [2H2]GA34, [2H2]GA44,

[2H2]GA51 and [2H2]GA53 , OlChemIm Ltd., Czech Republic). The crude extracts were centrifuged
at 36,670 g at 4 °C for 10 min, and the supernatants further purified using mixed mode SPE

cartridges (Waters, Milford, USA) and analyzed for GA content by UHPLC-(-ESI)-MS/MS. Data
were acquired and processed by the Masslynx 4.2 software (Waters, Milford, USA), and GA
levels were calculated on the basis of the standard isotope dilution method (Rittenberg and Foster,
1940).

Hormone and inhibitor treatments
Transgenic DcLCYB1 and wild type plants were raised from seeds as described above. Ten-day
old seedlings were transferred to new MS media supplemented with sucrose (3 %; mock), GA4 (1
μM), ABA (2 μM), GA4/ABA (3 μM/2 μM) or paclobutrazol (PBZ, 1 μM). Five biological

replicates per line were grown in the same petri dish and plant phenotype and biomass (F.W.) were
recorded after 7 days of treatment. Hormones and inhibitors were purchased from Sigma-Aldrich.
Concentrations of hormones and inhibitors were modified from previously reported studies that
used micro molar ranges of GA and PBZ (Blazquez et al., 1998; Eriksson et al., 2006; Ribeiro et
al., 2012), NDGA (Awan et al., 2017), and ABA (Wang et al., 2011; Sun et al., 2014).
Quantification of apocarotenoids using UHPLC-MS
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Analysis of apocarotenoids from tobacco leaves was performed on a Dionex Ultimate 3000
UHPLC system with an ACQUITY UPLC BEH C18 column (100 * 2.1 mm, 1.7 mm) coupled

with a Q-Orbitrap-MS (Q-Exactive plus MS, Thermo Scientific) with a heated-electrospray
ionization source according to the protocol published in the work by Mi et al (Mi et al., 2018).
Briefly, tobacco leaves were harvested, lyophilized, and powdered. Approximate 20 mg tissue
powder spiked with internal standards (IS) mixture (including D1-β-cyclocitral, D3-β-ionone, D3β-apo-11-carotenal,

D3-3-OH-β-apo-13-carotenone,

D3-β-apo-13-carotenone,

D3-β-apo-15-

carotenal, D3-β-apo-14’-carotenal, D3-β-apo-12’-carotenal, D3-β-apo-10’-carotenal, and D3-β-apo-

8’-carotenal; 2 ng each standard) was extracted with methanol containing 0.1% BHT twice in an
ultrasound bath, followed by the centrifugation. The supernatant was collected and dried under
vacuum. The residue was re-dissolved in150 L of acetonitrile and filtered through a 0.22 mm

filter for LC-MS analysis. Apocarotenoid standards (Buchem B.V., Apeldoorn, Netherlands) were
used to validate the identification of apocarotenoids from tobacco leaves using UHPLC-MS.
Photosynthesis measurements
Light response curves of chlorophyll-a fluorescence parameters of intact plants were measured at
22 °C using a DUAL-PAM-100 instrument (Heinz Walz GmbH, Effeltrich, Germany) after 20
min of dark adaptation. Then, the light intensity was step-wise increased from 0 to 2500 µmol
photons m-2 s-1, with a measuring time of 150 s for each light intensity under light-limited and of
60 s under light-saturated conditions. Measurements were performed and analyzed according to
published procedures (Baker et al., 2007). Linear electron transport rates were corrected for leaf
absorptance, which was calculated from leaf transmittance and leaf reflectance spectra between
400 and 700 nm wavelength as 100 % minus transmittance (%) minus reflectance (%). Spectra
were measured using an integrating sphere attached to a V650 photometer (Jasco Inc., GroßUmstadt, Germany). The spectral bandwidth was set to 1 nm, and the scanning speed was 200 nm
min-1. Measurements of leaf chlorophyll content and the chlorophyll a/b ratio were done with a

Jasco V-630 photometer (Jasco GmbH, Groß-Umstadt, Germany) in 80 % (v/v) acetone (Porra et
al., 1989).
Thylakoid membranes were isolated as described previously (Schottler et al., 2004). The contents
of PSII and the b6f were determined from difference absorbance signals of cytochrome b559 (PSII)
and the cytochromes b6 and f in destacked thylakoids equivalent to 50 µg chlorophyll mL-1

(Kirchhoff et al., 2002). All cytochromes were fully oxidized by the addition of 1 mM potassium

This article is protected by copyright. All rights reserved

Accepted Article

hexacyanoferrate (III). Then, the high-potential form of cytochrome b559 and cytochrome f were

reduced by the addition of 10 mM sodium ascorbate. Finally, 10 mM sodium dithionite was used
to reduce the low potential form of cytochrome b559 and the two b-type hemes of cytochrome b6.
Using a V-550 spectrophotometer equipped with a head-on photomultiplier (Jasco GmbH, GroßUmstadt, Germany), at each of the three redox potentials, absorbance spectra were measured
between 575 and 540 nm wavelength with a spectral bandwidth of 1 nm and a scanning speed of
100 nm min-1. Difference spectra were calculated and finally deconvoluted as described

(Kirchhoff et al., 2002; Lamkemeyer et al., 2006). PSI was quantified from light-induced
difference absorbance changes of P700. Thylakoids equivalent to 50 µg chlorophyll mL-1 were
solubilized in the presence of 0.2 % (w/v) n-dodecyl-β-D-maltoside. After the addition of 10 mM
sodium ascorbate as electron donor and 100 µM methylviologen as electron acceptor, P700
photooxidation was achieved by the application of a light pulse of 250 ms length (2000 µmol
photons m-2 s-1). Measurements were performed with the plastocyanin-P700 version of the DualPAM instrument (Heinz Walz GmbH, Effeltrich, Germany). Plastocyanin contents, relative to PSI,
were determined in intact leaves and then recalculated based on the absolute PSI quantification
performed in isolated thylakoids (Schottler et al., 2007).

Data availability
All relevant data can be found within the manuscript and its supporting materials.

Acknowledgements
We are extremely grateful with Dr. Aleksandra Skirycz for supporting an independent research
project to be completed in her research group at the Max-Planck-Institut für Molekulare
Pflanzenphysiologie (MPI-MP). We thank Prof. Lothar Willmitzer for support and advice and the
head of the Green Team Dr. Karin Köhl and its members (Britta Hausmann, Florian Hundert, Dirk
Zerning and Laura Westpahl) for plant cultivation. We are deeply thankful to Dr. Claudia Stange
for providing the T2 generation seeds from transgenic DcLCYB1 lines, and to Dr. Sabine Kahlau
for providing some primers for qRT-PCR experiments. The hormone measurements were
supported from European Regional Development Fund Project “Centre for Experimental Plant

This article is protected by copyright. All rights reserved

Accepted Article

Biology” (No. CZ.02.1.01/0.0/0.0/16_019/0000738) and the Czech Science Foundation (1810349S).

This article is protected by copyright. All rights reserved

Accepted Article

Author contributions: J.C.M. conceived the project; J.C.M. performed qPCR experiments;
J.C.M. and S.K. performed biomass experiments; S.A. and J.C.M. performed carotenoid
extraction, UPLC measurements and data analysis; M.A.S. and W.T. performed photosynthetic
measurements and analysis; J.M. and S.A. performed apocarotenoid profiling and data analysis.
V.T. and D.T. performed hormone measurements and analysis; J.C.M. wrote the article with input
from M.A.S. and R.B.

Conflict of interest
The authors declare no competing interests.

Supplemental Material
Figure S1. Growth-related parameters of wild type and transgenic DcLCYB1 tobacco lines

growing under semi- and non-controlled conditions.
Figure S2. Biomass-related parameters in transgenic DcLCYB1 lines.
Figure S3. ABA and GA metabolism.
Figure S4. Phenotype of DcLCYB1 transgenic and wild type plants subjected to hormone and
inhibitor treatments.
Figure S5. Light response curves of linear electron transport (ETRII) and NPQ (qN) from wild
type and DCLCYB1-expressing transgenic tobacco plants grown under constant and fluctuating
light.

Table S1. Growth conditions inside the greenhouse facilities (01.03.2017-30.04.2017).
Table S2. Growth conditions inside the greenhouse facilities during tobacco biomass experiments
(04.-22.05.2017).
Table S3. Growth conditions in the polytunnel during tobacco biomass experiments (17.29.05.2017).

This article is protected by copyright. All rights reserved

Accepted Article

Table S4. Primers sequences used for qPCR experiments.
Table S5. List of genes analysed in qRT-PCR experiments. The encoded proteins and their

functional annotation are also given.

This article is protected by copyright. All rights reserved

Accepted Article

References
Achard P, Genschik P (2009) Releasing the brakes of plant growth: how GAs shutdown DELLA proteins. J
Exp Bot 60: 1085-1092

Albus CA, Salinas A, Czarnecki O, Kahlau S, Rothbart M, Thiele W, Lein W, Bock R, Grimm B, Schottler
MA (2012) LCAA, a novel factor required for magnesium protoporphyrin monomethylester
cyclase accumulation and feedback control of aminolevulinic acid biosynthesis in tobacco. Plant
Physiol 160: 1923-1939

Apel W, Bock R (2009) Enhancement of carotenoid biosynthesis in transplastomic tomatoes by induced
lycopene-to-provitamin A conversion. Plant Physiol 151: 59-66

Armarego-Marriott T, Kowalewska L, Burgos A, Fischer A, Thiele W, Erban A, Strand D, Kahlau S, Hertle
A, Kopka J, Walther D, Reich Z, Schottler MA, Bock R (2019) Highly Resolved Systems Biology to
Dissect the Etioplast-to-Chloroplast Transition in Tobacco Leaves. Plant Physiol 180: 654-681

Assmann SM, Jegla T (2016) Guard cell sensory systems: recent insights on stomatal responses to light,
abscisic acid, and CO2. Curr Opin Plant Biol 33: 157-167

Awan SZ, Chandler JO, Harrison PJ, Sergeant MJ, Bugg TD, Thompson AJ (2017) Promotion of
Germination Using Hydroxamic Acid Inhibitors of 9-cis-Epoxycarotenoid Dioxygenase. Front Plant
Sci 8: 357

Baker NR, Harbinson J, Kramer DM (2007) Determining the limitations and regulation of photosynthetic
energy transduction in leaves. Plant Cell and Environment 30: 1107-1125

Barros T, Kuhlbrandt W (2009) Crystallisation, structure and function of plant light-harvesting Complex II.
Biochim Biophys Acta 1787: 753-772

Biemelt S, Tschiersch H, Sonnewald U (2004) Impact of altered gibberellin metabolism on biomass
accumulation, lignin biosynthesis, and photosynthesis in transgenic tobacco plants. Plant Physiol
135: 254-265

Blazquez MA, Green R, Nilsson O, Sussman MR, Weigel D (1998) Gibberellins promote flowering of
arabidopsis by activating the LEAFY promoter. Plant Cell 10: 791-800

Borghi L, Liu GW, Emonet A, Kretzschmar T, Martinoia E (2016) The importance of strigolactone
transport regulation for symbiotic signaling and shoot branching. Planta 243: 1351-1360

Carretero-Paulet L, Cairo A, Botella-Pavia P, Besumbes O, Campos N, Boronat A, Rodriguez-Concepcion
M (2006) Enhanced flux through the methylerythritol 4-phosphate pathway in Arabidopsis plants
overexpressing deoxyxylulose 5-phosphate reductoisomerase. Plant Mol Biol 62: 683-695

This article is protected by copyright. All rights reserved

Accepted Article

Cazzonelli CI, Pogson BJ (2010) Source to sink: regulation of carotenoid biosynthesis in plants. Trends
Plant Sci 15: 266-274

Coles JP, Phillips AL, Croker SJ, Garcia-Lepe R, Lewis MJ, Hedden P (1999) Modification of gibberellin
production and plant development in Arabidopsis by sense and antisense expression of gibberellin
20-oxidase genes. Plant J 17: 547-556

Cramer WA, Zhang H, Yan J, Kurisu G, Smith JL (2006) Transmembrane traffic in the cytochrome b6f
complex. Annu Rev Biochem 75: 769-790

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR (2010) Abscisic acid: emergence of a core signaling
network. Annu Rev Plant Biol 61: 651-679

D'Alessandro S, Havaux M (2019) Sensing beta-carotene oxidation in photosystem II to master plant
stress tolerance. New Phytol 223: 1776-1783

D'Alessandro S, Ksas B, Havaux M (2018) Decoding beta-Cyclocitral-Mediated Retrograde Signaling
Reveals the Role of a Detoxification Response in Plant Tolerance to Photooxidative Stress. Plant
Cell 30: 2495-2511

D'Alessandro S, Mizokami Y, Legeret B, Havaux M (2019) The Apocarotenoid beta-Cyclocitric Acid Elicits
Drought Tolerance in Plants. iScience 19: 461-473

Dall'Osto L, Cazzaniga S, Havaux M, Bassi R (2010) Enhanced photoprotection by protein-bound vs free
xanthophyll pools: a comparative analysis of chlorophyll b and xanthophyll biosynthesis mutants.
Mol Plant 3: 576-593

Dashdorj N, Zhang H, Kim H, Yan J, Cramer WA, Savikhin S (2005) The single chlorophyll a molecule in the
cytochrome b6f complex: unusual optical properties protect the complex against singlet oxygen.
Biophys J 88: 4178-4187

Daviere JM, Achard P (2013) Gibberellin signaling in plants. Development 140: 1147-1151
Depuydt S, Hardtke CS (2011) Hormone signalling crosstalk in plant growth regulation. Curr Biol 21: R365373

Dickinson AJ, Lehner K, Mi J, Jia KP, Mijar M, Dinneny J, Al-Babili S, Benfey PN (2019) beta-Cyclocitral is a
conserved root growth regulator. Proc Natl Acad Sci U S A 116: 10563-10567

Diretto G, Tavazza R, Welsch R, Pizzichini D, Mourgues F, Papacchioli V, Beyer P, Giuliano G (2006)
Metabolic engineering of potato tuber carotenoids through tuber-specific silencing of lycopene
epsilon cyclase. BMC Plant Biol 6: 13

Do PT, De Tar JR, Lee H, Folta MK, Zhang ZJ (2016) Expression of ZmGA20ox cDNA alters plant
morphology and increases biomass production of switchgrass (Panicum virgatum L.). Plant
Biotechnol J 14: 1532-1540

This article is protected by copyright. All rights reserved

Accepted Article

Eriksson S, Bohlenius H, Moritz T, Nilsson O (2006) GA4 is the active gibberellin in the regulation of LEAFY
transcription and Arabidopsis floral initiation. Plant Cell 18: 2172-2181

Felemban A, Braguy J, Zurbriggen MD, Al-Babili S (2019) Apocarotenoids Involved in Plant Development
and Stress Response. Front Plant Sci 10: 1168

Flores-Ortiz C, Alvarez LM, Undurraga A, Arias D, Duran F, Wegener G, Stange C (2020) Differential role
of the two zeta-carotene desaturase paralogs in carrot (Daucus carota): ZDS1 is a functional gene
essential for plant development and carotenoid synthesis. Plant Sci 291: 110327

Fraser PD, Bramley PM (2004) The biosynthesis and nutritional uses of carotenoids. Prog Lipid Res 43:
228-265

Gupta R, Chakrabarty SK (2013) Gibberellic acid in plant: still a mystery unresolved. Plant Signal Behav 8
Hedden P, Thomas SG (2012) Gibberellin biosynthesis and its regulation. Biochem J 444: 11-25
Hojka M, Thiele W, Toth SZ, Lein W, Bock R, Schottler MA (2014) Inducible Repression of NuclearEncoded Subunits of the Cytochrome b6f Complex in Tobacco Reveals an Extraordinarily Long
Lifetime of the Complex. Plant Physiol 165: 1632-1646

Jeon HW, Cho JS, Park EJ, Han KH, Choi YI, Ko JH (2016) Developing xylem-preferential expression of
PdGA20ox1, a gibberellin 20-oxidase 1 from Pinus densiflora, improves woody biomass
production in a hybrid poplar. Plant Biotechnol J 14: 1161-1170

Just BJ, Santos CA, Fonseca ME, Boiteux LS, Oloizia BB, Simon PW (2007) Carotenoid biosynthesis
structural genes in carrot (Daucus carota): isolation, sequence-characterization, single nucleotide
polymorphism (SNP) markers and genome mapping. Theor Appl Genet 114: 693-704

Just BJ, Santos CA, Yandell BS, Simon PW (2009) Major QTL for carrot color are positionally associated
with carotenoid biosynthetic genes and interact epistatically in a domesticated x wild carrot cross.
Theor Appl Genet 119: 1155-1169

Kanazawa A, Kramer DM (2002) In vivo modulation of nonphotochemical exciton quenching (NPQ) by
regulation of the chloroplast ATP synthase. Proc Natl Acad Sci U S A 99: 12789-12794

Kirchhoff H, Mukherjee U, Galla HJ (2002) Molecular architecture of the thylakoid membrane: lipid
diffusion space for plastoquinone. Biochemistry 41: 4872-4882

Krech K, Ruf S, Masduki FF, Thiele W, Bednarczyk D, Albus CA, Tiller N, Hasse C, Schottler MA, Bock R
(2012) The plastid genome-encoded Ycf4 protein functions as a nonessential assembly factor for
photosystem I in higher plants. Plant Physiol 159: 579-591

Kromdijk J, Glowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK, Long SP (2016) Improving
photosynthesis and crop productivity by accelerating recovery from photoprotection. Science
354: 857-861

This article is protected by copyright. All rights reserved

Accepted Article

Lamkemeyer P, Laxa M, Collin V, Li W, Finkemeier I, Schottler MA, Holtkamp V, Tognetti VB, IssakidisBourguet E, Kandlbinder A, Weis E, Miginiac-Maslow M, Dietz KJ (2006) Peroxiredoxin Q of
Arabidopsis thaliana is attached to the thylakoids and functions in context of photosynthesis.
Plant J 45: 968-981

McQuinn RP, Gapper NE, Gray AG, Zhong S, Tohge T, Fei Z, Fernie AR, Giovannoni JJ (2020) Manipulation
of ZDS in tomato exposes carotenoid- and ABA-specific effects on fruit development and ripening.
Plant Biotechnol J

McQuinn RP, Wong B, Giovannoni JJ (2018) AtPDS overexpression in tomato: exposing unique patterns of
carotenoid self-regulation and an alternative strategy for the enhancement of fruit carotenoid
content. Plant Biotechnol J 16: 482-494

Meier S, Tzfadia O, Vallabhaneni R, Gehring C, Wurtzel ET (2011) A transcriptional analysis of carotenoid,
chlorophyll and plastidial isoprenoid biosynthesis genes during development and osmotic stress
responses in Arabidopsis thaliana. BMC Syst Biol 5: 77

Mi J, Jia KP, Wang JY, Al-Babili S (2018) A rapid LC-MS method for qualitative and quantitative profiling of
plant apocarotenoids. Anal Chim Acta 1035: 87-95

Moreno JC, Cerda A, Simpson K, Lopez-Diaz I, Carrera E, Handford M, Stange C (2016) Increased
Nicotiana tabacum fitness through positive regulation of carotenoid, gibberellin and chlorophyll
pathways promoted by Daucus carota lycopene beta-cyclase (Dclcyb1) expression. J Exp Bot 67:
2325-2338

Moreno JC, Martinez-Jaime S, Schwartzmann J, Karcher D, Tillich M, Graf A, Bock R (2018) Temporal
Proteomics of Inducible RNAi Lines of Clp Protease Subunits Identifies Putative Protease
Substrates. Plant Physiol 176: 1485-1508

Moreno JC, Pizarro L, Fuentes P, Handford M, Cifuentes V, Stange C (2013) Levels of lycopene betacyclase 1 modulate carotenoid gene expression and accumulation in Daucus carota. PLoS One 8:
e58144

Murashige T, Skoog F (1962) A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue
Cultures. Physiol Plant 15: 473-497

Murchie EH, Niyogi KK (2011) Manipulation of photoprotection to improve plant photosynthesis. Plant
Physiol 155: 86-92

Nelissen H, Rymen B, Jikumaru Y, Demuynck K, Van Lijsebettens M, Kamiya Y, Inze D, Beemster GT
(2012) A local maximum in gibberellin levels regulates maize leaf growth by spatial control of cell
division. Curr Biol 22: 1183-1187

This article is protected by copyright. All rights reserved

Accepted Article

Nelson N, Yocum CF (2006) Structure and function of photosystems I and II. Annu Rev Plant Biol 57: 521565

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Muller M, Holzwarth AR, Jahns P (2010) Identification of a
slowly inducible zeaxanthin-dependent component of non-photochemical quenching of
chlorophyll fluorescence generated under steady-state conditions in Arabidopsis. Biochim Biophys
Acta 1797: 466-475

Nisar N, Li L, Lu S, Khin NC, Pogson BJ (2015) Carotenoid metabolism in plants. Mol Plant 8: 68-82
Niyogi KK, Truong TB (2013) Evolution of flexible non-photochemical quenching mechanisms that
regulate light harvesting in oxygenic photosynthesis. Curr Opin Plant Biol 16: 307-314

Olson JA (1996) Benefits and liabilities of vitamin A and carotenoids. J Nutr 126: 1208S-1212S
Ort DR, Merchant SS, Alric J, Barkan A, Blankenship RE, Bock R, Croce R, Hanson MR, Hibberd JM, Long
SP, Moore TA, Moroney J, Niyogi KK, Parry MA, Peralta-Yahya PP, Prince RC, Redding KE,
Spalding MH, van Wijk KJ, Vermaas WF, von Caemmerer S, Weber AP, Yeates TO, Yuan JS, Zhu
XG (2015) Redesigning photosynthesis to sustainably meet global food and bioenergy demand.
Proc Natl Acad Sci U S A 112: 8529-8536

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res 29: e45

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of Accurate Extinction Coefficients and
Simultaneous-Equations for Assaying Chlorophyll-a and Chlorophyll-B Extracted with 4 Different
Solvents - Verification of the Concentration of Chlorophyll Standards by Atomic-Absorption
Spectroscopy. Biochim Biophys Acta 975: 384-394

Qin G, Gu H, Ma L, Peng Y, Deng XW, Chen Z, Qu LJ (2007) Disruption of phytoene desaturase gene
results in albino and dwarf phenotypes in Arabidopsis by impairing chlorophyll, carotenoid, and
gibberellin biosynthesis. Cell Res 17: 471-482

Rao AV, Rao LG (2007) Carotenoids and human health. Pharmacol Res 55: 207-216
Ribeiro DM, Araujo WL, Fernie AR, Schippers JH, Mueller-Roeber B (2012) Action of gibberellins on
growth and metabolism of Arabidopsis plants associated with high concentration of carbon
dioxide. Plant Physiol 160: 1781-1794

Rittenberg D, Foster GL (1940) A NEW PROCEDURE FOR QUANTITATIVE ANALYSIS BY ISOTOPE DILUTION,
WITH APPLICATION TO THE DETERMINATION OF AMINO ACIDS AND FATTY ACIDS. Journal of
Biological Chemistry: 737-744

Rodriguez-Concepcion M, Stange C (2013) Biosynthesis of carotenoids in carrot: an underground story
comes to light. Arch Biochem Biophys 539: 110-116

This article is protected by copyright. All rights reserved

Accepted Article

Rodriguez-Villalon A, Gas E, Rodriguez-Concepcion M (2009) Phytoene synthase activity controls the
biosynthesis of carotenoids and the supply of their metabolic precursors in dark-grown
Arabidopsis seedlings. Plant J 60: 424-435

Rousseaux MC, Hall AJ, Sanchez RA (1996) Far-red enrichment and photosynthetically active radiation
level influence leaf senescence in field-grown sunflower. Physiologia Plantarum 96: 217-224

Ruiz-Sola MA, Arbona V, Gomez-Cadenas A, Rodriguez-Concepcion M, Rodriguez-Villalon A (2014) A
root specific induction of carotenoid biosynthesis contributes to ABA production upon salt stress
in arabidopsis. PLoS One 9: e90765

Ruiz-Sola MA, Rodriguez-Concepcion M (2012) Carotenoid biosynthesis in Arabidopsis: a colorful
pathway. Arabidopsis Book 10: e0158

Sakuraba Y, Jeong J, Kang MY, Kim J, Paek NC, Choi G (2014) Phytochrome-interacting transcription
factors PIF4 and PIF5 induce leaf senescence in Arabidopsis. Nat Commun 5: 4636

Schmidt GW, Delaney SK (2010) Stable internal reference genes for normalization of real-time RT-PCR in
tobacco (Nicotiana tabacum) during development and abiotic stress. Molecular Genetics and
Genomics 283: 233-241

Schottler MA, Flugel C, Thiele W, Bock R (2007) Knock-out of the plastid-encoded PetL subunit results in
reduced stability and accelerated leaf age-dependent loss of the cytochrome b6f complex. J Biol
Chem 282: 976-985

Schottler MA, Kirchhoff H, Weis E (2004) The role of plastocyanin in the adjustment of the photosynthetic
electron transport to the carbon metabolism in tobacco. Plant Physiol 136: 4265-4274

Schottler MA, Thiele W, Belkius K, Bergner SV, Flugel C, Wittenberg G, Agrawal S, Stegemann S, Ruf S,
Bock R (2017) The plastid-encoded PsaI subunit stabilizes photosystem I during leaf senescence in
tobacco. J Exp Bot 68: 1137-1155

Schwarz N, Armbruster U, Iven T, Bruckle L, Melzer M, Feussner I, Jahns P (2015) Tissue-specific
accumulation and regulation of zeaxanthin epoxidase in Arabidopsis reflect the multiple functions
of the enzyme in plastids. Plant Cell Physiol 56: 346-357

Seiler C, Harshavardhan VT, Rajesh K, Reddy PS, Strickert M, Rolletschek H, Scholz U, Wobus U,
Sreenivasulu N (2011) ABA biosynthesis and degradation contributing to ABA homeostasis during
barley seed development under control and terminal drought-stress conditions. J Exp Bot 62:
2615-2632

Shen JR (2015) The Structure of Photosystem II and the Mechanism of Water Oxidation in Photosynthesis.
Annu Rev Plant Biol 66: 23-48

This article is protected by copyright. All rights reserved

Accepted Article

Shi Y, Guo J, Zhang W, Jin L, Liu P, Chen X, Li F, Wei P, Li Z, Li W, Wei C, Zheng Q, Chen Q, Zhang J, Lin F,
Qu L, Snyder JH, Wang R (2015) Cloning of the Lycopene beta-cyclase Gene in Nicotiana tabacum
and Its Overexpression Confers Salt and Drought Tolerance. Int J Mol Sci 16: 30438-30457

Shi Y, Wang R, Luo Z, Jin L, Liu P, Chen Q, Li Z, Li F, Wei C, Wu M, Wei P, Xie H, Qu L, Lin F, Yang J (2014)
Molecular cloning and functional characterization of the lycopene epsilon-cyclase gene via virusinduced gene silencing and its expression pattern in Nicotiana tabacum. Int J Mol Sci 15: 1476614785

Shu K, Chen Q, Wu Y, Liu R, Zhang H, Wang P, Li Y, Wang S, Tang S, Liu C, Yang W, Cao X, Serino G, Xie Q
(2016) ABI4 mediates antagonistic effects of abscisic acid and gibberellins at transcript and
protein levels. Plant J 85: 348-361

Shu K, Zhang H, Wang S, Chen M, Wu Y, Tang S, Liu C, Feng Y, Cao X, Xie Q (2013) ABI4 regulates primary
seed dormancy by regulating the biogenesis of abscisic acid and gibberellins in arabidopsis. PLoS
Genet 9: e1003577

Standfuss J, Terwisscha van Scheltinga AC, Lamborghini M, Kuhlbrandt W (2005) Mechanisms of
photoprotection and nonphotochemical quenching in pea light-harvesting complex at 2.5 A
resolution. EMBO J 24: 919-928

Sun H, Hu X, Ma J, Hettenhausen C, Wang L, Sun G, Wu J, Wu J (2014) Requirement of ABA signallingmediated stomatal closure for resistance of wild tobacco to Alternaria alternata. Plant Pathology
63: 1070-1077

Sun T, Yuan H, Cao H, Yazdani M, Tadmor Y, Li L (2018) Carotenoid Metabolism in Plants: The Role of
Plastids. Mol Plant 11: 58-74

Tata SK, Jung J, Kim YH, Choi JY, Jung JY, Lee IJ, Shin JS, Ryu SB (2015) Heterologous expression of
chloroplast-localized geranylgeranyl pyrophosphate synthase confers fast plant growth, early
flowering and increased seed yield. Plant Biotechnol J

Tureckova V, Novak O, Strnad M (2009) Profiling ABA metabolites in Nicotiana tabacum L. leaves by ultraperformance liquid chromatography-electrospray tandem mass spectrometry. Talanta 80: 390399

UniProt Consortium T (2018) UniProt: the universal protein knowledgebase. Nucleic Acids Res 46: 2699
Urbanova T, Tarkowska D, Novak O, Hedden P, Strnad M (2013) Analysis of gibberellins as free acids by
ultra performance liquid chromatography-tandem mass spectrometry. Talanta 112: 85-94

Voorend W, Nelissen H, Vanholme R, De Vliegher A, Van Breusegem F, Boerjan W, Roldan-Ruiz I, Muylle
H, Inze D (2016) Overexpression of GA20-OXIDASE1 impacts plant height, biomass allocation and
saccharification efficiency in maize. Plant Biotechnol J 14: 997-1007

This article is protected by copyright. All rights reserved

Accepted Article

Wang JY, Haider I, Jamil M, Fiorilli V, Saito Y, Mi J, Baz L, Kountche BA, Jia KP, Guo X, Balakrishna A, Ntui
VO, Reinke B, Volpe V, Gojobori T, Blilou I, Lanfranco L, Bonfante P, Al-Babili S (2019) The
apocarotenoid metabolite zaxinone regulates growth and strigolactone biosynthesis in rice. Nat
Commun 10: 810

Wang YL, Ma FW, Li MJ, Liang D, Zou J (2011) Physiological responses of kiwifruit plants to exogenous
ABA under drought conditions. Plant Growth Regulation 64: 63-74

Weiss D, Ori N (2007) Mechanisms of Cross Talk between Gibberellin and Other Hormones. Plant
Physiology 144: 1240-1246

Wurbs D, Ruf S, Bock R (2007) Contained metabolic engineering in tomatoes by expression of carotenoid
biosynthesis genes from the plastid genome. Plant J 49: 276-288

Yamburenko MV, Zubo YO, Vankova R, Kusnetsov VV, Kulaeva ON, Borner T (2013) Abscisic acid
represses the transcription of chloroplast genes. J Exp Bot 64: 4491-4502

Zhu XG, Long SP, Ort DR (2010) Improving photosynthetic efficiency for greater yield. Annu Rev Plant Biol
61: 235-261

Zwanenburg B, Blanco-Ania D (2018) Strigolactones: new plant hormones in the spotlight. J Exp Bot 69:
2205-2218

This article is protected by copyright. All rights reserved

Accepted Article

Figure legends
Figure 1. Expression of DcLCYB1 causes an increase in plant growth and pigment content in

tobacco plants. (a) Life cycle of tobacco wild type and transgenic L14, L15 and L16 lines (T4
generation of DcLCYB1-expressing stable transgenic lines) grown in semi-controlled conditions in
the polytunnel. (b) Expression levels of the DcLCYB1 transgene and carotenoid contents in wild
type and transgenic tobacco lines (7-8 leaf stage/35 days after sowing/d.a.s; L14, L15 and L16)
measured by qRT-PCR and UPLC, respectively. Columns and bars represent the means and the
±SEM for the qRT-PCR (three biological and three technical replicates; n = 9) and UPLC (n = 4)
experiments. wt: wild type; D.W.: dry weight; d.a.s.: days after sowing.

Figure 2. Plant growth parameters in semi-controlled (greenhouse) and non-controlled
conditions (polytunnel). (a) Wild type and transgenic L14, L15 and L16 lines (DcLCYB1expressing plants) grown for 18 days under semi-controlled conditions (light intensity: 144-1000
µmol photons m-2 s-1; temperature: 20-28 ºC; R.H. 64 %) in the greenhouse. (b) Wild type and

transgenic lines growing for 14 days under non-controlled conditions (light intensity: 127-1800
PAR; temperature: 11.5-38 ºC; R.H. ~58 %). (c) Plant height, leaf area and biomass (dry weight)
of wild type and transgenic tobacco plants grown in semi-controlled (46-days old plants) or noncontrolled conditions (42-days old plants). Columns and bars represent the means and the ±SEM
(n = 8-13), respectively. (d) Flower and seed production (total seed weight per plant) of wild type
and transgenic DcLCYB1 transgenic tobacco lines grown under semi-controlled conditions. (e)
Flower and seed production (total seed weight per plant) of wild type and transgenic DcLCYB1

transgenic tobacco lines grown under non-controlled conditions. Columns and bars represent the
means ±SEM (n = 3). Paired and non-paired two-tailed Student’s t-test was performed to compare
transgenic lines with the wild type. *: p < 0.05, **: p < 0.001, ***: p < 0.0001. Scale bars: 10 cm.
wt: wild type.

Figure

3.

Expression

analysis

of

carotenoid-

and

photosynthesis-related

genes.

(a) Expression analysis of carotenoid, MEP, xanthophyll, ABA and GA pathway genes.
(b) Expression analysis of LHCs, and tetrapyrrole and chlorophyll biosynthetic genes.
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(c) Expression analysis of photosystem II subunits. (d) Expression analysis of photosystem I and
cytochrome b6f complex subunits. A general upregulation pattern was observed for the majority of
the analyzed genes. The expression of ACTIN was used as housekeeping gene for normalization.

Columns and bars represent the means (three biological and three technical replicates) ±SEM (n =
9). Paired and non-paired two-tailed Student’s t-test was performed to compare transgenic lines
with the wild type. *: p < 0.05, **: p < 0.001, ***: p < 0.0001. Car: carotenoids; MEP: 2-Cmethyl-D-erythritol 4-phosphate; Chl: chlorophyll; Xan: xanthophylls; ABA: abscisic acid; GA:
gibberellins; LHCs: light harvesting complexes. Gene abbreviation, protein name and a brief
description of each gene measured by qRT-PCR is provided in Table S5.

Figure 4. Abscisic acid, gibberellin and apocarotenoid contents in DcLCYB1-expressing
transgenic tobacco lines. (a) ABA contents in wild type and DcLCYB1-expressing transgenic
tobacco lines (7-8 leaf stage) measured by UHPLC-ESI(-/+)-MS/MS, as described in the Materials
and Methods section. (b, c) GA1 and GA4 contents in wild type and transgenic tobacco lines (7-8
leaf stage) measured by UHPLC-MS/MS. Four to five biological replicates and three technical
replicates were analyzed (n = 12-15). Unpaired Student’s t-test was performed to compare
transgenic lines with the wild type. *: p < 0.05, ***: p < 0.0001. Letters indicate significance
differences between transgenic lines. (d, e) Non-hydroxylated and hydroxylated apocarotenoid

species were quantified in the 4th leaf from 5-week old tobacco leaves of wild type and transgenic

lines using an UHPLC-MS system. Columns and bars represent the means ±SEM (n = 6).
Unpaired Student’s t-test was performed to compare transgenic lines with the wild type. *: p <
0.05, **: p < 0.01.

Figure 5. Hormone and hormone biosynthesis inhibitor treatments. 10-day old tobacco wild
type and transgenic DcLCYB1 seedlings were treated with GA4 (1 μM), ABA (2 μM), GA4/ABA
(3 μM/2 μM) or paclobutrazol (PBZ, 1 μM) for 7 days. Columns and bars represent the means

±SEM (n = 5). Unpaired Student’s t-test was performed to compare transgenic lines with the wild
type. *: p < 0.05, **: p < 0.01, ***: p < 0.005. Letters indicate significance differences between
treated transgenic lines and mock-treated lines.
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Figure 6. Plant growth and photosynthetic parameters under constant and fluctuating light
conditions. (a) Wild type and transgenic lines L14, L15 and L16 grown for 44 days under fully
controlled constant light conditions (temperature: 22 ºC (day)/18 ºC (night); R.H. 75/70 %
day/night) in a plant growth chamber with constant light (light intensity: 350 µmol photons m-2 s-

1).

(b) Wild type and transgenic lines grown for 44 days under fully controlled fluctuating light

conditions (1500 µmol photons m-2 s-1/30 min and 200 µmol photons m-2 s-1/30 min for 16 h; 8 h

darkness). (c) Plant height, leaf surface and biomass (measured as dry weight) of wild type and
transgenic tobacco plants grown in fully controlled conditions under constant or fluctuating light.
(d) Photosynthetic parameters (chlorophyll a/b ratio, chlorophyll content, Fm/Fm and ETRII)
measured in young and mature leaves of tobacco plants grown in fully controlled conditions under
constant or fluctuating light. (e) Photosynthetic complex content (PSI, PSII, Cytb6f and PC)
measured in young and mature leaves of tobacco plants grown under constant or fluctuating light
conditions. Columns and bars represent the means ±SEM for the biomass parameters (n = 5-8) and
for photosynthetic measurements (n = 6). Paired and non-paired two-tailed Student’s t-test was
performed to compare transgenic lines with the wild type. *: p < 0.05, **: p < 0.001, ***: p <
0.0001. Scale bars: 10 cm. wt: wild type. Young: young leaf; mature: mature leaf; PSI:
photosystem I; PSII: photosystem II; ETRII: electron transport rate in PSII; PC: plastocyanin;
Cytb6f: cytochrome b6f complex.
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