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A B S T R A C T

The addition of far-red (FR, 700–800 nm) radiation to standard growth light triggers a set of photomorphogenic
responses collectively termed shade avoidance syndrome. Recent research showed that additional FR increased
fruit yield in greenhouse tomato production. However, the mechanism behind this increase is not clear; nor is it
known whether there is a trade-off between growth and defense against plant diseases in tomato under addi-
tional FR. The aims of this study were 1) to quantify the effect of additional FR on tomato fruit growth, 2) to
explain this effect based on underlying growth components and 3) to examine the FR effect on resistance against
the necrotrophic fungus Botrytis cinerea. Tomato (Solanum lycopersicum ‘Moneymaker’) plants were grown for
four months with 30 or 50 μmolm−2 s−1 of FR added to 150 μmolm−2 s−1 red+blue or white background LED
lighting. Growth and development parameters were recorded, and a growth component analysis was conducted.
Bioassays for resistance against B. cinerea were conducted on leaf samples collected from each light treatment.
Additional FR increased total fruit dry mass per plant by 26–45%. FR affected multiple growth components,
among which the fraction of dry mass partitioned to fruits was the most prominent with a 15–35% increase.
Truss appearance rate was increased 11–14% by FR while instantaneous net photosynthesis rate was not af-
fected. FR also resulted in more severe disease symptoms upon infection with B. cinerea. In conclusion, addi-
tional FR increases tomato fruit production mainly by increasing dry mass partitioning to fruits, rather than
improving photosynthesis or increasing total plant biomass. However, FR also reduces resistance of tomato
leaves against B. cinerea.

1. Introduction

The shade avoidance syndrome (SAS), a set of adaptive changes that
plants deploy when exposed to light with a low red (R, 600–700 nm) to
far-red (FR, 700–800 nm) ratio, is among the most intensively studied
set of plant responses to changes in their light environment. Plants
perceive changes in the R: FR ratio via a family of photoreceptors
named phytochromes, which exist as two photo-interconvertible iso-
forms: the biologically inactive red-light absorbing form (Pr) and the
biologically active far-red-absorbing form (Pfr) (Chen et al., 2005). Pfr
translocates to the nucleus and mediates different photomorphogenetic
responses (Ruberti et al., 2012). Typical SAS responses such as stem
elongation (Huber and Wiggerman, 1997), leaf hyponasty (Michaud

et al., 2017; Pantazopoulou et al., 2017), reduced branching (Finlayson,
2007), and accelerated flowering (Devlin, 1998) have been studied
intensively in Arabidopsis thaliana (for review, see Casal, 2012). Unlike
in nature, where a low R: FR ratio often coincides with a decrease in
photosynthetic photon flux density (PPFD), recent research typically
features the addition of FR in a defined background light. The devel-
opment of efficient light-emitting diodes (LEDs) in the past decade also
stimulated the study of FR responses in a wide range of crop species
including ornamental crops (Park and Runkle, 2017), leafy vegetables
(Li and Kubota, 2009; Zhen and van Iersel, 2017) and fruit crops (Hao
et al., 2017). Frequently, a positive FR effect on plant dry mass pro-
duction is reported. To explain this, some authors demonstrated that
additional FR may alter plant architecture to increase light interception
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(Kalaitzoglou et al., 2019), while in other studies additional FR was
shown to increase leaf net photosynthesis rates (A) (Zhen and van
Iersel, 2017; Cao et al., 2018) or whole-plant photosynthesis (Park and
Runkle, 2017). However, it is also worth noting that the FR effect on
photosynthesis varies between studies (Kim et al., 2019; Zhang et al.,
2019). Additional FR was also reported to affect dry mass partitioning
among plant organs, often increasing partitioning to shoot over root
(Keiller and Smith, 1989; Page et al., 2009). In contrast to the abun-
dance of research on relatively young plants, detailed studies of FR
effects during the fruiting stage of crops such as tomato (Solanum ly-
copersicum) are less frequent. Recently, Kalaitzoglou et al. (2019) re-
ported that additional FR increased total dry mass of tomato plants in
the vegetative growth stage, as well as the fruit number per plant, fruit
fresh weight per plant and average fruit fresh weight. Similarly, Zhang
et al. (2018) reported higher total plant dry mass and higher fruit yield
in tomato under additional FR radiation. However, neither study pro-
vided sufficient insights on how additional FR increases fruit growth in
the fruiting stage of the crop, which is a key step in understanding the
FR induced yield improvement in fruit crops like tomato.

Besides the increase of plant growth under additional FR, the pro-
motion of SAS may negatively impact plant immunity (McGuire and
Agrawal, 2005; Izaguirre et al., 2006). FR has been reported to down-
regulate both salicylic-acid and jasmonic-acid-induced plant defense
responses in A. thaliana (De Wit et al., 2013). Botrytis cinerea, a ne-
crotrophic fungal pathogen causing grey mold disease in many plant
species, has been studied intensively due to its destructive effects on
crop production (reviewed by Van Kan, 2006). In A. thaliana, exposure
to a low R:FR light reduced plant resistance against B. cinerea (Cerrudo
et al., 2012; Cargnel et al., 2014). Although no direct FR effect on to-
mato resistance against B. cinerea is known, reduced constitutive de-
fenses and reduced jasmonic-acid-induced direct defenses have been
reported under low R:FR light conditions (Cortés et al., 2016). Taken
together, it is reasonable to expect that additional FR may reduce the
resistance of tomato against B. cinerea.

Growth component analysis, which is an analysis that subdivides
growth into underlying morphological and physiological components
(Jolliffe and Courtney, 1984), can be a useful tool to evaluate the
contribution of these processes to fruit growth (Higashide and
Heuvelink, 2009). Here, we aimed to identify and quantify the key
components of tomato fruit growth as affected by additional FR and
study whether additional FR affects resistance against B. cinerea in
fruiting tomato plants grown with supplemental LED lighting. We hy-
pothesized that additional FR would accelerate plant development
(flowering, truss appearance rate), increase total fruit dry mass and
fraction of dry mass partitioned to fruits and decrease plant defense
against B. cinerea. To test these hypotheses, we conducted an experi-
ment with tomato plants for four months in a greenhouse with different
levels of FR added to different LED light combinations. Growth com-
ponents were monitored and bioassays were conducted to evaluate
plant resistance against B. cinerea.

2. Material and methods

2.1. Plant materials and growth conditions

The experiment was conducted at Wageningen University (52 °N,
6 °E, Wageningen, the Netherlands.). Tomato (Solanum lycopersicum
‘Moneymaker’) seeds were sown in the greenhouse (20 °C, relative hu-
midity 80%) on 28 Nov. 2016 and germinated under natural light. On
15 Dec. 2016, uniform seedlings were transplanted into black 7.5-liter
plastic pots filled with river sand and moved into another greenhouse.
The greenhouse was divided into 15 compartments separated by
double-sided light-impermeable white plastic sheet. In each compart-
ment, 14 plants were placed on two gutters, including two border plants
at both ends. Plant density was 4 plants m−2. Climate in the greenhouse
was controlled by greenhouse climate control computer (Hoogendoorn,

Vlaardingen, The Netherlands). Measured day/night temperature was
22 ± 0.5/18 ± 0.3 °C (mean ± standard deviation) until plants
started flowering (35 days after transplanting). Thereafter, tempera-
tures were adjusted to 20 ± 0.7/16 ± 0.3 °C to facilitate fruit set.
Temperature was recorded every 10min with PT500 temperature sen-
sors (Hoogendoorn) placed in the center of each plot. Measured daily
average relative humidity was 78 ± 5% and CO2 partial pressure was
408 ± 11 µbar. The plants were irrigated with nutrient solution
(electrical conductivity 2.1 dSm-1, pH 5.5) containing 1.2mM NH4

+,
7.2 mM K+, 4.0mM Ca2+, 1.8mM Mg2+, 12.4mM NO3-, 3.3mM SO4

2-

, 1.0 mM PO4
2-, 35 μM Fe3+, 8.0 μM Mn2+, 5.0 μM Zn2+, 20 μM B,

0.5 μM Cu2+, 0.5 μM MoO4
2-. The EC and pH level of the nutrient so-

lution were measured twice a week and the nutrient solution was re-
freshed frequently. Manual pollination with an electronic bee (Vibri
Vario, Royal Brinkman, Gameren, the Netherlands) was applied three
times per week. Side shoots and same number of old leaves were re-
moved weekly from all plants.

2.2. Light treatments and experimental set-up

Five overhead light treatments were applied: white (W), white
+30 µmol m−2 s-1 FR (WFR30), red+ blue (RB), red+ blue +30 µmol
m−2 s-1 FR (RBFR30) and RB +50 µmol m−2 s-1 FR (RBFR50) (Fig. 1,
Table 1). The spectral distribution and photon flux density of the sup-
plementary light was measured with a spectroradiometer (USB 2000 +
UV-VIS, Ocean Optics, Duiven, the Netherlands), on 6 evenly dis-
tributed locations in each plot at the top of the canopy. Phytochrome
photostationary state (PSS) in each treatment was calculated based on
the measured spectra as the ratio of Pfr to the total of Pfr and Pr ac-
cording to Sager et al. (1988). The RBFR50 treatment was included
because it had the same PSS value as WFR30 (Table 1). The blue, red
and far-red spectra in this experiment peaked at 453 nm, 666 nm and
735 nm, respectively. Photoperiod was set to 16 h (0400 h–2000 h). On
average, solar daily photosynthetic photon flux density (PPFD,
400–700 nm) contributed 12% to the total daily PPFD integral during
the whole experiment at canopy level (Fig. S2).

All supplementary lighting was provided by LED modules (W:
GreenPower LED-TL-DR/W-MB-VISN, RB: GreenPower LED -TL-DR/B-
150, FR: GreenPower LED -PM-FR-150, Philips, Eindhoven, the
Netherlands). The height of the LEDs was adjusted weekly to maintain
the desired PPFD at the top of the canopy (150 µmol m−2 s-1, Table 1).
When the LEDs reached the maximal height of the greenhouse, the top
of the canopy was lowered weekly, as is usual in a modern high wire
cultivation system. A spectroradiometer was used to ensure that both
PPFD and PSS values were kept constant every time the height of lamps
or that of the plants was adjusted. The experiment was set up as a
randomized complete block design, where the five light treatments
were repeated in three blocks.

2.3. Non-destructive measurements

2.3.1. Growth and development parameters
Numbers of leaves (length ≥ 1 cm) per plant, flowering buds per

truss, fully opened flowers per truss and set fruits (diameter ≥ 5mm)
per truss were recorded weekly for three plants per block.

2.3.2. Leaf net photosynthesis rate
Measurements of leaf net photosynthesis were performed using the

LI-6400XT photosynthesis system (Li-Cor Biosciences, Lincoln, NE,
USA). Acclimation of leaf net photosynthesis rate (A) to FR was assessed
using CO2 (A/Ci) and light response curves (A/PPFD), by means of the
leaf chamber fluorometer (leaf area: 2 cm2) with the built-in RB LED
light source. Instantaneous A under the treatment spectra was ad-
ditionally assessed using a transparent leaf chamber (leaf area: 6 cm2).
Conditions in the chamber were: 400 µbar CO2 partial pressure,
0.9–1.2 kPa leaf-to-air vapor pressure deficit, 25 °C cuvette
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temperature, and 400 µmol s−1 air flow rate, unless described other-
wise. The third or fourth leaflet of the fifth leaf (counting from the top
of plant, the first leaf being longer than 5 cm) of one plant per plot was
used for measurements. Measurements were conducted for two time
periods (1) from 16 to 23 Jan. 2017 (32–39 days after transplanting)
and (2) from 19 to 24 Feb. 2017 (66–71 days after transplanting).

2.3.2.1. A/Ci curves. Leaves were first adapted to 500 µbar CO2 and
1500 µmol m−2 s-1 PPFD for 10–15min, after which CO2 partial
pressure was increased to 2000 µbar. Then, CO2 was reduced to
1500, 1000, 800, 600, 400, 200, 100, 50 and 40 µbar, with each step
taking ∼5min. Data was logged every five seconds, and averages of six
stable values at each CO2 step were calculated. PPFD was maintained at
1500 µmol m−2 s-1. Parameters of a biochemical photosynthesis model
(Farquhar et al., 1980), namely the maximum rate of carboxylation of
Rubisco (Vcmax), maximum electron transport rate at 1500 µmol m−2 s-1

PPFD (J1500), and maximum rate of triose phosphate use (TPU) were
estimated by using the fitting procedure by Sharkey et al. (2007).

2.3.2.2. A/PPFD curves. Directly after A/Ci curve measurements, CO2

partial pressure was adjusted to 400 µbar, and PPFD remained at
1500 µmol m−2 s-1 until A and stomatal conductance were stable. Then,
PPFD was reduced stepwise to 1000, 800, 600, 400, 200, 150, 100, 50
and 30 µmol m−2 s-1. Data were logged as described above. Quantum

yield (QY), a curvature parameter (Θ) and maximum A (Amax) were
determined by fitting a non-rectangular hyperbola (Ögren and Evans,
1993).

2.3.2.3. Instantaneous A. Opposite leaflets of those used in A/Ci and A/
PPFD curves were clamped into the transparent leaf chamber. After
waiting for approximately two minutes for CO2 partial pressures and
water vapor to equilibrate, data were logged for 30 s, as described
above. This was repeated at 1000 h, 1200 h and 1400 h on the same
leaflets and the same day. Instantaneous A was later expressed as a
function of PPFD inside the transparent leaf chamber, which was 88.4%
of PPFD measured above the transparent leaf chamber.

2.4. Destructive measurements

On 30 Jan. 2017 (46 days after transplanting), 6 Mar. 2017 (81 days
after transplanting) and 24 Apr. 2017 (130 days after transplanting),
three replicate plants per compartment (experimental unit) were de-
structively measured. Total leaf area per plant (LI -3100 area meter, Li-
Cor) and fruit number were measured. Leaves, stem, fruits and roots
were separated and dried in the oven for 72 h at 105 °C to obtain the dry
mass. The number and dry mass of harvested ripe fruits and removed
old leaves was recorded and included in the calculation of total fruit dry
mass and total plant dry mass.

Fig. 1. Spectral composition of light treatments provided by light-emitting diodes (LEDs) measured at the top of the canopy. (A) 150 µmol m−2 s-1 background light
of red/blue (RB) without far red (FR), with 30 or 50 µmol m−2 s-1 FR. (B) 150 µmol m−2 s-1 background light of white (W) LEDs, without FR, or with 30 µmol m−2 s-1

FR.

Table 1
Photosynthetic photon flux density (PPFD), photon flux density (PFD) of blue, green, red, and far red, ratios of red: blue, red: far red and phytochrome photosta-
tionary state (PSS) value of the LED supplementary light in the five light treatments measured at the canopy level in the absence of solar radiation.

Parameter Unit Light Treatment

W WFR30 RB RBFR30 RBFR50

PPFD µmol m−2 s−1 153 ± 8 144 ± 9 155 ± 9 146 ± 9 146 ± 8
Blue µmol m−2 s−1 25 ± 3 23 ± 3 9 ± 2 8 ± 3 9 ± 1
Green µmol m−2 s−1 38 ± 4 34 ± 3 3 ± 0.2 4 ± 0.1 3 ± 0.2
Red µmol m−2 s−1 86 ± 4 79 ± 7 141 ± 8 133 ± 6 136 ± 8
Far red µmol m−2 s−1 1 ± 0.1 30 ± 3 3 ± 0.3 28 ± 1 49 ± 2
Red: blue 3 ± 0.3 3 ± 0.1 16 ± 0.4 17 ± 0.3 16 ± 0.4
Red: far red 79 ± 4 3 ± 0.1 49 ± 5 5 ± 0.1 3 ± 0.1
PSS 0.87 0.80 0.88 0.84 0.80

1All values are means ± s.e.m. s.e.m of PSS was very small (0.001–0.002) and is therefore not shown.
2For the calculations of ratios, PFD was integrated over 100 nm intervals for blue (400–500 nm), green (500–600 nm), red (600–700 nm) and far red (700–800 nm).
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2.5. Growth component analysis

Effects of light treatment on plant growth were analyzed by separ-
ating growth in its underlying components (Fig. 2). Fruit dry mass
(FDM) was analyzed as the product of total plant dry mass (TDM) and
fraction of dry mass partitioned to fruits (Ffruit). Ffruit was further di-
vided into fruit number (FNplant) and fruit relative sink strength (FSS,
fruit sink strength relative to total sink strength of fruit and vegetative
organs). FSS was not directly measured but can be evaluated by ex-
amining individual ripe fruit dry mass (IFDM). FNplant can be explained
by truss appearance rate (TAR) and fruit number per truss (FNtruss). All
comparisons were based on the destructive harvests 46 and 130 days
after transplanting, unless described otherwise. Instantaneous A was
the average of the two measurement periods in January and February.
Leaf area index (LAI), total leaf number per plant (LNplant), and average
leaf area per leaf (LAleaf) were calculated from daily values estimated
from linear interpolation of the data measured 46, 81 and 130 days
after transplanting. TAR was calculated based on leaf appearance rate
assuming that after formation of every three leaves a truss was formed.

2.6. Bioassays with B. cinerea

The B. cinerea strain B.c 05.10 was maintained for two weeks under
natural daylight conditions on a half strength Potato Dextrose Agar
medium (BD Difco, Sparks, MD, USA). The spore suspension was pre-
pared according to Van Wees et al. (2013) and diluted to a final con-
centration of 1.5× 105 spores mL−1 in half strength Potato Dextrose
Broth (BD Difco) prior to inoculation. Leaflets of the sixth fully ex-
panded leaf from the top of the plants were detached and placed in a
12×12 cm petri dish on water-soaked filter paper (Sigma-Aldrich,
Zwijndrecht, the Netherlands). Leaflets from the same leaf rank were
randomly collected across the whole greenhouse on 25, 47 and 81 days
after transplanting with 10–30 leaflets per light treatment per harvest
time. Each harvest time was considered a block in the statistical ana-
lysis. The adaxial side of the leaflets was drop-inoculated several times
with 5 µl of B.c 05.10 spore suspension. Infected leaflets were placed
under white LED (GreenPower LED-RM-W, Philips, Eindhoven, the
Netherlands) with a photoperiod of 16 h at a PPFD of 150 µmol m-2 s−1.
Pictures were taken three days after inoculation and lesion areas were
measured using ImageJ (Version 1.52e, Schneider et al., 2012).

2.7. Statistical analysis

Light effects on total fruit dry mass, dry mass partitioning to organs
and lesion size after B. cinerea infection were tested using analysis of
variance (ANOVA). Photosynthetic parameters were derived from two
measurement periods, where each period was considered a block in the
ANOVA. Homogeneity and normality of residuals in the ANOVA were
tested using Bartlett’s test and the Shapiro-Wilk test, respectively. When
data did not fulfil the assumptions, they were log transformed and the
tests on residuals were repeated. If the log-transformed data failed to
satisfy the assumptions, the Kruskal-Wallis test was used to analyses the
original non-transformed data. Fisher’s protected least significant dif-
ference (LSD) test was used as post-hoc test for the parameters with
significant treatment effect in ANOVA while Dunn’s test was used for
the data analyzed with the Kruskal-Wallis test. For the data used in the
growth component analysis, each component was analyzed with simple
linear regression with FR PFD as the regressor. A slope significantly
different from zero indicated a significant FR effect. Each regression
was conducted with W and RB as two groups and differences in the
model were tested between the two groups. A common slope was as-
sumed if slopes of the two groups were not significantly different. All
statistical analyses were performed in Genstat (18th Edition, VSN
International Ltd., Hemel Hempstead, UK) except for Dunn’s test, which
was performed using the “dunn.test” package in R (Version 3.5.0, R
Core Team, 2013). All tests were conducted at α=0.05.

3. Results

3.1. Growth component analysis

During the generative growth period (46–130 days after trans-
planting), adding 30 µmol m−2 s-1 of far red (FR) to white (W) or
red+ blue (RB) background light resulted in 33% and 26% higher total
fruit dry mass, respectively (Fig. 3A). Adding 50 µmol m−2 s-1 of FR in
an RB background increased total fruit dry mass by 45%. Similar effect
was observed for the individual ripe fruit dry mass (Fig. 3B).

In both RB and W backgrounds, adding 30 µmol m−2 s-1 of FR sig-
nificantly increased the fraction of dry mass partitioned to fruits (Ffruit),
and truss appearance rate (TAR, Fig. 4A, B). These two components
further increased when FR was increased from 30 to 50 µmol m−2 s-1

(Fig. 4C). FR increased significantly (9–10%) the leaf number per plant
(LNplant) during this period, however only in the RB background

Fig. 2. General scheme of a top-down growth component analysis of total fruit dry mass. Abbreviations and units are included in brackets. Dashed lines indicate that
the component was estimated instead of being directly measured.
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(Fig. 4). No significant effect of additional FR was found for other
components. Absolute values of all components are shown in Table S1.

3.2. Additional FR shifts dry mass partitioning towards fruits and stem at
the expense of leaves

After 130 days of growth with additional FR in a W or RB back-
ground, the fraction of dry mass partitioned to fruits and stem in-
creased, whereas that partitioned to the leaves was reduced (Fig. 5).
There were no significant differences in the fraction of dry mass par-
titioned to roots between light treatments (Fig. 5D). Similar patterns
were observed 46 and 81 days after transplanting (Fig. S1).

3.3. Acclimation to additional FR tends to reduce leaf photosynthetic
capacity

No difference was observed in net photosynthesis rate (A) measured
with a RB light source in the A/Ci or the A/PPFD curve when comparing
plant grown in W and RB without FR, while plants grown under addi-
tional FR showed lower A (Fig. 6). This difference was most clear at
higher light intensities (Fig. 6A) and CO2 partial pressures (Fig. 6B).
Quantum yield (QY) was not significantly affected by growth under
additional FR, except that compared to RB, RBFR30 resulted in a sig-
nificantly lower QY (Fig. 6A, inset). Additional FR significantly reduced
the maximum electron transport rate in W background (J1500, Fig. 6B,
inset). Other parameters derived from the fitted model were not

Fig. 3. Effects of additional far red on cumulative fruit dry mass (A) and individual ripe fruit dry mass(B) in white or red+blue background light during generative
growth (46–130 days after transplanting). Error bars represent s.e.m. Different letters denote significant differences according to Fisher’s protected LSD test
(α=0.05).

Fig. 4. Effects of additional far red in white (A) or red+ blue (B, C) background light on the growth components 46–130 days after transplanting. Abbreviations in
this figure: FDM (fruit dry mass), TDM (total dry mass), Ffruit (dry mass partitioning to fruits), A (leaf net photosynthesis), LAI (leaf area index), FNplant (total fruit
number per plant), IFDM (individual ripen fruit dry mass), LNplant (leaf number per plant), LAleaf (leaf area per leaf), TAR (truss appearance rate), FNtruss (fruit
number per truss). Dashed lines indicate that the parameter was based on estimation. Asterisks denote significant effects of additional FR as tested by linear
regression (* P < 0.05, ** P < 0.01, *** P < 0.001). Fruit sink strength was not determined.
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significantly different, although reduction in Amax (P=0.056) and TPU
(P=0.052) when grown under additional FR was close to significant.
Instantaneous A, which is the net photosynthesis rate measured under
actual growth light, was not significantly affected by the light

treatments, neither as absolute rates nor when normalized for PPFD
during the measurement (Table S1).

Fig. 5. Effects of additional far red in white or red+ blue background light on the fraction of dry mass partitioned to fruits (A), leaves (B) stem (C) and roots (D).
Error bars represent s.e.m. Different letters denote significant differences for the dry mass fraction of the same organ according to Fisher’s protected LSD test
(α=0.05).

Fig. 6. Light (A) and CO2 (B) response curves of tomato leaves grown in white (W) or red+blue (RB) background, with 0, 30 or 50 µmol m−2 s-1 far-red (FR)
radiation. The insets show the effects of additional FR on quantum yield (QY) and electron transport rate (J1500) with W or RB background light. During mea-
surements, all leaves were illuminated by RB light. Error bars represent s.e.m. Different letters denote significant differences according to Fisher’s protected LSD test
(α=0.05).
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3.4. Plants grown with additional FR show reduced resistance against B.
cinerea

In the RB background, additional FR resulted in significantly larger
lesion size, which further increased as FR increased from 30 to
50 µmol m−2 s-1. In the W background, lesion size was not significantly
affected by the addition of 30 µmol m−2 s-1 FR, although there was a
tendency for lesion size to increase with increased FR.

4. Discussion

4.1. Additional FR increases fruit growth mainly by increasing dry mass
partitioning to fruits

Additional FR in both W and RB backgrounds increased total fruit
dry mass (Fig. 3A), confirming earlier findings in experiments that used
either continuous or end-of-day FR treatments (Hao et al., 2016;
Kalaitzoglou et al., 2019; Zhang et al., 2019). FR has been shown to
increase leaf area, especially in the early stage of plant growth (Cao
et al., 2018; Kalaitzoglou et al., 2019). In the present study we observed
a similar but smaller FR effect (Fig. 4), which could be a result of the
difference in developmental stage and the fact that we used a less ex-
treme FR treatment in this compared to previous experiments. Despite a
negative FR effect on photosynthetic capacity, total plant dry mass was
not significantly affected by additional FR (Fig. 4). This may be the
result of an improved light distribution within the plant canopy as the
elongated internodes under additional FR led to a more open plant
architecture, which allowed radiation to penetrate deeper into the ca-
nopy (Zhang et al., 2019). This is further supported by a model simu-
lation showing that increasing internode length indeed increases ca-
nopy light absorption in the upper part of the canopy and increased
canopy photosynthesis rate by up to 10% (Sarlikioti et al., 2011).

Exposure to FR may increase the efficiency of photosystem II elec-
tron transport by balancing the excitation of both photosystems,
thereby increasing net photosynthesis rate and decreasing non-photo-
chemical quenching in the short term; this has been described as the
Emerson enhancement effect (Emerson et al., 1957; Pettai et al., 2005;
Zhen and van Iersel, 2017). Here, we observed a tendency towards a
decreased photosynthetic capacity and a reduced efficiency for CO2

fixation per unit leaf area in FR acclimated leaves when these were
measured using a light source containing only RB light (Fig. 6). This
negative effect may be related to a lower chlorophyll content per unit
leaf area, which was often reported in plants grown with additional FR
(Tucker, 1981; Heraut-Bron et al., 2000; Kalaitzoglou et al., 2019).
When measured with a transparent chamber exposed to the different
treatment spectra, we found no significant effect of FR on A (Figs. 4 and
S1), which was similar to the results reported by Zhang et al. (2019).
Previous FR acclimation studies showed positive (Kalaitzoglou et al.,
2019), negative (Barreiro et al., 1992) or no effects on A (Kasperbauer,
1988; Chow et al., 1990). In the present study, we observed a higher
specific leaf area under additional FR (Table S2), which is in line with
decreased photosynthetic capacity per unit leaf area. Here, we argue
that the FR effect on total plant growth via affecting photosynthesis, on
the long run, is rather limited. A low R:FR is a signal for light compe-
tition and plants may respond by optimizing their architecture for
better light interception. For young tomato plants, the increase in total
plant dry mass under additional FR mainly resulted from an increased
light interception due to a higher total leaf area index (Kalaitzoglou
et al., 2019). In a fruiting tomato canopy, which usually has a leaf area
index higher than three and typically intercepts about 90% incident
light (Heuvelink et al., 2018), total light interception can only be im-
proved marginally. This is in accordance with our finding that total
plant dry mass was not significantly affected by FR during generative
growth. Further, we speculate that the positive short-term effect
(Emerson enhancement effect) and slightly negative long-term accli-
mation effect of additional FR on A may cancel each other out.

Additional FR significantly increased the fraction of dry mass par-
titioned to fruits during generative growth (Fig. 4), which was at the
expense of partitioning to leaves. This reduced partitioning to leaves is
in accordance with a meta-analysis on young plants by Poorter et al.
(2012), which associated low R:FR with a decreased leaf mass fraction,
in that case accompanied by increased stem mass fraction. Similar
changes of partitioning patterns were also reported by Kalaitzoglou
et al. (2019). Recently, Kim et al. (2019) showed a tendency that an
increased fraction of dry mass was partitioned to tomato fruits when
additional FR was provided in an intra-canopy R lighting, however the
effect was not statistically significant. In contrast, Zhang et al. (2019)
showed small negative effects of additional FR on dry mass partitioning
to fruits when overhead additional FR was provided, while RB was
provided as intra-canopy lighting. In that research, additional FR in-
creased leaf dry mass remarkably and hence influenced the partitioning
pattern. Also, for a fully-grown tomato canopy, whose uppermost leaf
layer is responsible for most of the light capture (Acock et al., 1978),
intra-canopy lighting may result in different responses to FR compared
to that of a plant grown solely under overhead supplemental lighting.
To our knowledge, this is the first study to demonstrate a FR induced
increase in dry mass partitioning to fruits in an overhead LED crop
production system.

4.2. Possible mechanisms of how FR may increase dry mass partitioning to
fruits

In the present study, we show that during generative growth, ad-
ditional FR significantly increases the fraction of dry mass partitioned
to fruits in both light backgrounds (Fig. 5). In tomato, fruit load may
influence fraction of dry mass partitioned to fruits (Heuvelink, 1997). In
this study, fruit number per plant tended to increase by 7–16% (Fig. 4,
Table S1). Following the concept of sink strength as a determinant of
dry mass partitioning (Marcelis, 1996; Heuvelink, 1997), this could
increase the fraction of dry mass partitioned to fruits by up to 11%
(Table S3). Hence, increased fruit number can only partly explain the
observed 22–42% increase in fraction of dry mass partitioned to the
fruits (Fig. 4, Table S1). Collectively, this points to the possibility that
additional FR may affect dry mass partitioning by increasing individual
fruit sink strength, which is the intrinsic capacity to compete for pho-
tosynthetic assimilates (Heuvelink, 1997). To our knowledge, no direct
effect of additional FR on fruit sink strength has been reported, but we
may derive some clues from existing studies. For example, individual
fruit size or mass, which is an indication for fruit sink strength, were
shown to be increased by additional FR (Hao et al., 2016; Kim et al.,
2019). In the present study, we have also observed a significant in-
crease in individual ripe fruit dry mass under additional FR (Fig. 3B).
Further, phytochromes in tomato fruits have been shown to be involved
in the transcriptional regulation of genes crucial for sink activity
(Bianchetti et al., 2018; Fridman, 2003; Kocal et al., 2008). Taking
these lines of evidence together, we argue that higher individual fruit
sink strength may be an important reason for improved fruit growth
under FR. Indeed, a decreased leaf sink strength may also partly con-
tribute to the increase in fraction of dry mass partitioned to fruits.
However, should that be the case, we would expect the dry mass par-
titioning to stem and roots to be increased to a similar extent as that in
fruits, which was not observed in the present study. These results
warrant further investigation into the direct effects of additional FR on
fruit sink strength.

4.3. Additional FR alters the trade-off between growth and defense

The FR-induced SAS is a strategy that FR-sensitive plants use to
ensure reproductive success. The deployment of such a strategy implies
a change in the allocation of resources between different physiological
processes. The trade-off between growth and defense, often titled “the
dilemma of plants” (Herms and Mattson, 1992), is one of the most well-
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studied allocation trade-offs. In our study, we observed that tomato
plants grown under additional FR showed reduced resistance against B.
cinerea (Fig. 7). Early works on the effects of canopy density on plant
defense against fungal diseases already provided hints for a decreased
resistance under high density (low R:FR, for review, see Ballaré, 2014).
However, a decreased R:FR is only part of the consequences of a higher
planting density. Further work demonstrated the effect of light spec-
trum, including additional FR, on growth and sporulation of B. cinerea
(Schumacher, 2017). Research on A. thaliana showed that exposure to
low R:FR reduced resistance against B. cinerea (Cerrudo et al., 2012; De
Wit et al., 2013; Cargnel et al., 2014). Also, it has been reported that
inactivation of phyB in tomato downregulates direct defenses via the
jasmonic acid pathway (Cortés et al., 2016), which is closely linked to
plant defense against fungal diseases like B. cinerea. These results imply
that phytochrome mediated FR responses may play important roles in
regulating plant’s balance between growth and defense.

5. Conclusions

Our results demonstrate that additional FR in supplementary
lighting significantly increases tomato fruit dry mass production. This
increase is mainly due to the increase in the fraction of dry mass par-
titioned to fruits, rather than increased photosynthesis or a higher plant
biomass. However, additional FR also comes with some negative ef-
fects. The larger lesion size observed on leaf samples collected from
plants grown under additional FR suggests that additional FR during
growth can reduce tomato resistance against B. cinerea.
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