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Application of light-emitting diode technology has opened opportunities to optimize light spectrum for crop
production greenhouses and vertical farms. In addition to photosynthetically active radiation, far-red (FR) light
has shown potential for enhancing leaf photosynthesis. However, additional FR also alters the red to far-red ratio
(R:FR) and induces a shade-avoidance response (SAR) that changes leaf nitrogen, thickness and mass. These
acclimations can potentially also alter the resistance to CO2 diffusion, which can limit photosynthesis. Tomato
plants were grown with and without additional FR at two light levels. Changes in photosynthetic responses to
light and CO2 diffusion resistance, as well as leaf mass, thickness and nitrogen content were assessed. At low light
additional FR strongly reduced leaf maximum photosynthesis, leaf mass, thickness and nitrogen, and increased
the resistance to CO2 diffusion. These effects were to a much lesser extent present in plants grown at high light
intensity. Tomato leaves grown under low light intensity supplemented with FR, show much stronger SAR and a
larger increase in CO2 diffusion resistance than plants grown under high light, which negatively influences their
photosynthesis at increasing light intensity. Only if the negative effects of sensitivity to FR and SAR response can
be avoided, supplemental FR light may be beneficial to enhance photosynthesis in greenhouse and vertical farm
systems.

1. Introduction
The application of energy efficient light-emitting diodes (LED) has
become more common in protected cultivation systems over the past
decades. It has sparked renewed interest in research on the effects of
light quality on crop productivity in controlled environments, as LED
lighting allows manipulation of the light spectrum to promote plant
photosynthesis and growth.
The part of the spectrum called photosynthetically active radiation
(PAR, 400–700 nm) is considered as the main driver of photosynthesis,
while far-red light (FR, 700–800 nm) is generally considered nonphotosynthetic. Recently, several studies have shown that FR can
drive photosynthesis to a certain extent when applied in addition to PAR
(Zhen and Bugbee, 2020; Zhen and van Iersel, 2017). This has given rise
to the idea that supplementing PAR light with FR light may be useful for
increasing photosynthesis and productivity. However, additional FR
light also affects the ratio of red (R) to FR (R:FR), which triggers a series
of morphological responses, known as the shade avoidance response
(SAR) (Trupkin et al., 2014). This response includes stem and petiole

elongation, steeper leave angles, reduced branching and early flower
induction (Schrager-Lavelle et al., 2016; Trupkin et al., 2014). A shade
leaf generally is thinner and has a larger leaf area, with a lower mass per
unit area, chlorophyll content, chlorophyll a/b ratios, reduced photo
synthetic electron transport capacity, Rubisco content and consequently
lower photosynthetic capacity per unit leaf area than sun leaves
(Anderson, 1986; Evans and Poorter, 2001; Li et al., 2014; Marchiori
et al., 2014). When shaded, the SAR responses naturally allow the plant
to compete and maximize the capture of light to increase reproductive
success (Devlin et al., 1998; Huber and Wiggerman, 1997; Michaud
et al., 2017; Yang et al., 2016). In crop production settings, plants ideally
do not compete with each other. So additional FR could be beneficial by
driving photosynthesis on the one hand, but could also be counterpro
ductive by triggering SAR and competition on the other hand. In a
controlled light environment, light intensity and R:FR can be altered
independently. This opens the opportunity to optimize R:FR and light
intensity to maximize photosynthetic efficiency.
Apart from light, photosynthesis depends on the capture of CO2 from
the air, which is then converted into carbohydrates by Rubisco and RuBP
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in the Calvin-Benson-Bassham cycle inside the chloroplast. The ease at
which CO2 diffuses from the air inside the sub-stomatal cavity into the
chloroplasts to supply Rubisco is a limiting step in this process and is
called mesophyll conductance (gm). It has been recognized as an
important limitation in many species (Flexas et al., 2012, 2008) and any
improvement of gm has been predicted to increase photosynthetic rate,
as well as improve water use efficiency (Long et al., 2015; Lundgren and
Fleming, 2020).
There are a number of leaf mesophyll components that CO2 must pass
on its diffusion path, such as the cell wall, plasma membrane, cytosol,
chloroplast envelopes and chloroplast stroma, each of which presents a
resistance to CO2 diffusion. One of the largest physical determinants of
gm is the surface area of the cells exposed to the intercellular airspace
(Sm) and the surface area that is occupied by chloroplasts (Sc) through
which CO2 can diffuse towards the site of Rubisco. Sm is determined to a
large extent by the leaf thickness and cell packing, the same factors that
largely determine leaf mass per area (LMA). Leaf thickness has been
shown to control maximum photosynthetic capacity (Oguchi et al.,
2003), which suggests that thicker leaves are favorable for maximal
photosynthesis. On the one hand, herbaceous plants with thicker leaves
have higher gm through larger Sm and Sc (Galmes et al., 2013a, 2013b;
Terashima et al., 2006). On the other hand, thicker leaves have greater
airspace resistance that can eventually limit CO2 diffusion (Parkhurst,
1994). This indicates that there is a limit to increasing photosynthesis
and gm with regard to leaf thickness for herbaceous species. A
meta-analysis of LMA and gm showed that LMA sets an upper limit on gm,
but also that most herbaceous species have a low LMA and high gm
(Flexas et al., 2008; Galmes et al., 2013b; Parkhurst, 1994; Terashima
et al., 2006). In tobacco, a positive relation was observed between LMA
and gm (Evans et al., 1994; Galmes et al., 2013a). However, a negative
relation was found in tomato cultivars and wild relatives (Muir et al.,
2017, 2014). This discrepancy implies that gm and LMA may be altered
independently to a certain extent in herbaceous species. LMA can be
altered by both light intensity and R:FR under LED lighting and could
potentially be used to manipulate gm to increase photosynthetic effi
ciency. Several studies have grown plants at relatively high light in
tensity (>500 µmol m− 2 s− 1 PAR), while light intensities for shade
leaves and as applied by LED lighting in protected cultivation are
generally much lower. It therefore raises the question if R:FR can be used
under relatively low light intensity to change LMA, as well as leaf
thickness, to positively affect gm and photosynthetic efficiency.
To increase our understanding of how changes in R:FR by supple
mental FR light affect LMA, gm and photosynthetic efficiency, this study
investigated the effect of low light intensity and supplemental FR light in
tomato, an important herbaceous greenhouse crop. We hypothesize that
supplemental FR reduces photosynthetic efficiency, in particular at low
light intensity. Tomato plants were grown in controlled conditions
under LED lighting with four light treatments, consisting of combina
tions of two light levels and two R:FR ratios. Photosynthetic efficiency
and capacity, gm, LMA and other leaf traits were measured on youngest
fully expanded leaves, to assess treatment effects. Light intensity had a
positive effect on leaf thickness, LMA, gm and photosynthesis and a
positive relation was found between both LMA and gm and gm and
photosynthetic capacity. However, low R:FR had a relatively large
negative effect on photosynthetic efficiency of plants grown at low light
intensity, accompanied by a low LMA, leaf thickness and gm. Therefore,
supplemental FR reduced LMA, gm and photosynthetic efficiency at low
light intensity in tomato plants.

(electric conductivity (EC) 2.0 Ds/m at 25 ◦ C, pH 5.5). Trays were placed
in darkness at 4 ◦ C for 24 h for homogeneous seed imbibition and
thereafter placed in a climate chamber for germination at 20 ◦ C, 70%
RH, 400 ppm CO2 and 16 h of photoperiod. Light was supplied by white
LEDs (Greenpower LED research module, 15 W white; Philips, the
Netherlands) at a light intensity of 150 µmol m− 2 s− 1 Photosynthetically
Active Radiation (PAR). After 10 days of germination 40 homogeneous
seedlings (fully expanded cotyledons stage) were selected and trans
planted into four light-separated sub-compartments (2 × 5 plants per
sub-compartment) located in the same climate chamber, where they
were grown for 4–5 weeks. Sub-compartments varied in light intensity
and amount of FR (see Light treatments). Plants were grown on a hy
droponic system (collated deep flow system) where the nutrient solution
(see above) was circulated for 15 min every half hour and pH and EC
were regularly checked. The nutrient solution was replaced upon
reaching 10% deviation from setpoint of either pH or EC. Relative hu
midity, temperature and photoperiod were maintained as described
above.
2.2. Light treatments during growth
In total four growth light treatments were given, consisting of
treatments with a relatively low light intensity of 75 µmol m− 2 s− 1 (LL)
and with a relatively high light intensity of 300 µmol m− 2 s− 1 PAR (HL),
combined with either no FR light (LFR) or additional FR light (HFR).
PAR was provided by white LEDs (Greenpower LED research module
white, 15 W; Philips, Eindhoven) and additional FR by FR LEDs
(Greenpower LED production module far red, 33 W; Philips, Eind
hoven). Light emission spectra of both LED-light sources are given in
Suppl. Fig. 1. Due to almost complete absence of FR in the white LEDs,
calculated R:FR approaches infinity. Therefore instead of R:FR the
phytochrome photostationary state (PSS) calculated according to Sager
et al. (1988) was used to characterize the FR-level of the light treat
ments. PSS takes all wavelengths of an incident light spectrum
(400–800 nm) into account and their relative involvement in conver
sions between inactive (Pr) and active (Pfr) phytochromes forms and vice
versa. As a result PSS also accounts for the phytochrome inactivating
effect of blue wavelengths, which are relatively abundant in the emis
sion spectrum of white LEDs. In the growth light treatments with addi
tional FR (HFR) PSS was 0.5–0.6 and without additional FR (LFR) PSS
was 0.82. Light intensity and PSS were weekly checked at apex level per
light treatment using an spectroradiometer (SS-110, Apogee In
struments, Logan, UT, USA) and adjusted if needed.
2.3. Concurrent measurements of gas exchange and carbon isotope
discrimination of CO2 (Δ13C) to quantify mesophyll conductance
Gas exchange measurements were made by clamping the youngest
fully expanded leaf (on the 4th node) of a plant into an open gas ex
change system (LI-6400XT, LI-COR, NE, USA), using a 6 cm2 cuvette
with integrated red-blue LED light source (6400–02, LI-COR). Light in
tensity was set to a photon flux density (PFD) of either 1250 (LL HFR
grown plants), 1500 (LL LFR grown plants) or 2000 µmol m− 2 s− 1 (all HL
grown plants) with 10% blue light. CO2 concentration of the air entering
the leaf chamber was maintained at 400 µmol mol− 1 and the oxygen
concentration at 2% (to minimize the fractionation effect of photores
piration). Flow rate was 350 µmol s− 1 and leaf temperature maintained
at 25 ◦ C. Air vapour pressure inside the leaf chamber was ~2.34 kPa.
Simultaneously, the flow of air for carbon isotope discrimination
analysis through the reference line and exhaust air of the leaf cuvette
(sample line) was maintained at (200 ml min− 1) and CO2 was purified
using two parallel cryogenic CO2 trapping lines, essentially as described
by Kromdijk et al. (2010). Leaves were monitored until net CO2 assim
ilation rate (An) and stomatal conductance (gs) had reached a steady
state. At steady state, samples of CO2 were collected and gas exchange
parameters were recorded for a period of 15 min. The samples were

2. Materials and methods
2.1. Plant material and growth conditions
Seeds of Solanum lycopersicum cv Moneymaker were sterilized with
alcohol (70%) and bleach (3%), rinsed with tap water and sown in trays
with vermiculite wetted with a standard nutrient solution for tomato
2
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collected and sealed in glass tubes using a butane gas torch and stored
until analysis, after Borland et al. (1993).
For analysis, the collected sealed glass tubes were broken under
vacuum and CO2 was recollected in sample vials using a cryogenic
trapping line. Carbon isotope composition of the collected CO2 was then
analysed using a dual-inlet isotope ratio mass spectrometer (SIRA series
II, VG Isotech, modified by Provac Ltd, Crewe, UK).
Observed Δ13C was calculated from measured gas exchange and
isotope composition on the basis of the 13C/12C ratios of CO2 in the
reference (δ13 Cref ) and sample air (δ13 Csam ), as described by Evans JR
et al. (1986):
Δ13 C =

ξ=

1000 +

1000 ξ (δ13 Csam − δ13 Cref )
δ13 Csam −
ξ (δ13 Csam − δ13 Cref )

Cref
Cref − Csam

(1)
(2)

where Cref is the CO2 concentration of reference air and Csam of the
sample air.
Mesophyll conductance (gm) was calculated as described by Evans
and von Caemmerer (2013), with 29‰ for the Rubisco fractionation
factor (b) and 12‰ for the photorespiration fractionation factor (f).
Mesophyll resistance (rm) was calculated by taking the inverse of gm.
Measurements were done at 2% O2 to ensure that the influence of f on
the calculation of gm is small.

Fig. 1. Photographs of the habit of plants grown at 4 different light intensi
ty × far red combinations, showing clear differences in plant morphology. LL
HFR (A), LL LFR (B), HL HFR (C), HL LFR (D) with LL is low intensity (75 μmol
PAR m− 2 s− 1), HL high intensity (300 μmol PAR m− 2 s− 1) and LFR is low far red
content (PSS 0.82) and HFR high far red content (PSS = 0.55).

where An is corrected for respiratory loss (Rd ) and divided by the
absorbed photon flux (αI), with α as the leaf absorbance.

2.4. Photosynthetic light response curve

2.5. Leaf transmission and reflectance

After sampling for Δ13C determination, rapid photosynthesis light
response curves were measured on 2–4 plants per light treatment. PAR
supplied by the red-blue LED light source (10% blue) was step-wise
reduced to a minimum of ~50 µmol m− 2 s− 1 in 10–13 light steps,
starting at either 2000 (HL-LFR and HL-HFR), 1500 (LL-LFR) or 1250
(LL-HFR) µmol PAR m− 2 s− 1. At each light intensity step, leaves were
monitored until net assimilation rate (An) visually reached steady state
(usually within 100–200 s) after which a measurement was recorded.
The control and settings for gas-composition, leaf temperature and air
humidity were similar as described (above) for the concurrent gas ex
change measurements during CO2 sampling for Δ13C determination.
A non-rectangular hyperbola (Eqs. 1 and 3) (Herrmann et al., 2020;
Thornley, 1976), respectively) was fitted on the measured An per
(absorbed) light intensity and with a constant dark respiration (Rd) to
estimate the maximum rate of CO2 fixation (Amax), the maximum
quantum yield of CO2 assimilation at limiting light (ϕ) and a scaling
constant for the curvature (θ).
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
)
(
An = Rd − ϕ∙Iabs + Amax −
(ϕ∙Iabs + Amax )2 − 4∙ϕ∙Iabs ∙Amax
(3)
2∙Θ

Immediately after measurement of gas exchange, a leaf punch
(7.07 cm2) was taken from measured area of the leaf. This leaf punch
was used for measurement of absorptance (α) from 450 to 700 nm, with
a dual-channel spectrometer and integrating spheres (Ocean Insights,
Rostock, Germany) and a halogen light source (24 V/250 W, type
7748XHP, Philips, the Netherlands). The transmittance (τ) and reflec
tance (R) for each leaf was used to determine α = (1–R– τ) and total
absorbance for the PAR spectrum was calculated, after Webster et al.
(2016). Total absorbed light was calculated by combining the percent
age of actinic light emitted by the blue (470 nm) and red (640 nm) LEDs
in the leaf gas exchange cuvette with α for the respective peak wave
lengths, as described by (Naidu and Long, 2004).
2.6. Leaf mass per area, nitrogen content and leaf thickness
After measurement of transmission and reflectance, two leaf punches
(14.14 cm2 total area) were dried at 70 ◦ C for at least 3 days and
weighed. From this, the leaf dry mass per area (LMA) was calculated.
The dried leaf material was then ground to a fine powder and measured
for N content with an elemental analyzer using the Dumas Combustion
Method (EA1108 CHN336O, Fisons Instruments).
Leaf thickness was estimated in the growth chamber just before
mesophyll conductance measurements with a MultispeQ using protocol
RIDES (PhotosynQ inc, East Lancing, MI, USA).

Fitting was done using the curve_fit() function from the scipy library
in Phyton 3.9. The 95% confidence intervals of the estimated parameters
were calculated from standard errors obtained from the covariance
matrix as supplied by curve_fit, as well as the 95% prediction band of
each fitted curve, after clustering and simultaneously fitting all datasets
per light treatment. To avoid overfitting and too much influence of the
low number of light steps in the linear phase of light response curves in
some light treatments, Rd was fixed at 0.5 μmol m− 2 s− 1 for all light
treatments. Additionally, similar curve fitting was done on all datasets of
individual plants to be able to further statistically analyze effects and
interaction between light intensity and FR on estimated maximum
photosynthesis (Amax) by two way Anova.
The quantum yield of CO2 assimilation (not light-limited), ΦCO2 , was
determined according to Genty et al. (1989):
ΦCO2 =

An + Rd
αI

2.7. Statistical analysis
Statistical analyses were performed in R using a two-way analysis of
variance followed by a Tukey’s HSD post-hoc test to analyse the effects
of light intensity and FR on LMA, leaf N content, gm, gs and Amax. ΦCO2light curves were fitted using the loess (fit) function in R, with a 95%
confidence interval.
3. Results

(4)

Treatments with two light intensities and two far-red levels (FR) had
3
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Fig. 2. Boxplot of Leaf Mass per Area (LMA; n = 4, A), mean leaf thickness (n = 6, B), a boxplot of light absorptance (α; n = 4, C) and a boxplot of nitrogen content
per treatment (n = 4, D). Colours indicate growth light treatments as explained in Fig. 1: HL HFR (blue), HL LFR (orange), LL HFR (grey), LL LFR (yellow).

clear effects on the growth and morphology. Plants grown at low light
intensity (LL) were smaller and thinner (Fig. 1, A and B) than plants
grown at high light intensity (HL) (Fig. 1, C and D). Plants at LL had
visibly paler and smaller leaves, while plants at HL had visibly darker
and larger leaves. The plants grown at high far-red light (HFR) grew
taller at both LL and HL (Fig. 1, A and C respectively) than plants grown
at low far-red light (LFR) (Fig. 1, B and D). The combination of HFR and
LL resulted in plants that were elongated and tall (Fig. 1, A). Plants
grown at HFR and HL were elongated similarly, but had thicker stems
and leaves (Fig. 1, C). At LFR level and LL, plants did not elongate and
had thin stems (Fig. 1, B) and were of similar length to plants grown at
HL (and LFR), which had thicker stems (Fig. 1, D). Clear visible differ
ences in growth of the plants were observed in relation to the treatments
with LL and HL, combined with LFR and HFR.
The visible differences in growth of plants exposed to combinations
of light intensity and FR were also observed at the leaf level. The leaf
mass per area (LMA) was statistically significantly different between
leaves of plants grown at HL and at LL (p < 0.001), irrespective of LFR or
HFR (Fig. 2, A). HL grown plants had an LMA ranging from 19 to
35 g m− 2, while LL grown plants ranged from 10 to 17 g m− 2. However,

these differences were less observed in leaf thickness, where average leaf
thickness ranged from 0.8 to 1.2 mm (Fig. 2, B).
The absorptance of visible light (450–700 nm, αPAR) was only
significantly lower in leaves of plants grown under LL and HFR (Table 1;
Fig. 2, C). HL resulted in significantly higher αPAR than LL (p < 0.001;
0.79 and 0.83 for HFR and LFR in HL-grown leaves vs.0.71 and 0.78 for
HFR and LFR in LL grown leaves). The addition of FR significantly
lowered α PAR (p < 0.002). Still, there was no interaction effect for
light-intensity and FR (Table 1). It is noteworthy that the absorptance
for red (640 nm) and blue light (470 nm; αRB) was higher than αPAR for
plants from all treatments and that differences between and effects of
treatments were similar (Table 1). The spectral absorptance changes
observed between treatments were most prominent for the green part of
the spectrum (550 nm), where also the largest differences in reflectance
and transmittance were found (Suppl. Fig. 2). There was similarity be
tween the pattern of αPAR and LMA between treatments, where also
significant effects of light-intensity and FR were found, but no interac
tion (Table 1). The differences in leaf nitrogen content were largest
between HL and LL grown plants (Fig. 2, D), with lower nitrogen content
for HFR grown plants. There were significant effects of light and FR, but
4
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HL
HL
LL
LL
Light
FR
Light x FR

moderately significant interaction between light and FR (p = 0.088,
Table 1). The lower nitrogen content of leaves grown at LL confirm the
observation of visibly pale green leaves for these plants (Fig. 1, A and B).
The differences in leaf composition in response to the light intensity
and FR treatments were accompanied by marked changes in CO2
assimilation rate (An) in response to absorbed light (Fig. 3, A): CO2
assimilation rate at light saturation (Amax) was higher in HL than in LL
grown plants (Table 1, and Fig. 3, B and Table 2). The addition of FR
during growth strongly reduced Amax, but only in LL grown plants: in HL
plants the slightly lower Amax at HFR was not statically significantly
different from Amax at LFR (Table 1). A significant interaction effect was
found between FR and light intensity (p = 0.002). Estimates of ϕ and
their 95% confidence intervals for all light treatments are reported in
Table 2. Although estimates were higher ϕ for LL LFR grown plants
compared to others, the 95% confidence intervals for all treatments
were similar. Therefore, no clear differences could be observed between
treatments for estimates of ϕ. It is noticeable that 95% confidence in
tervals were relatively large for all ϕ estimates. Among other causes, it
was most likely due to a low number of observations in the (linear) lightlimited part of the LRC.
To further investigate the differences in An observed above, the
mesophyll conductance to CO2 (gm) was determined. For HL grown
plants, the gm ranged from 0.23 to 0.34 mol CO2 m− 2 s− 1 bar− 1, while for
LL grown plants this ranged from 0.10 to 0.25 mol CO2 m− 2 s− 1 bar− 1
(Fig. 3, C). The gm of LFR grown plants was relatively higher than of HFR
grown plants at the same light intensity. At HL, the difference between
HFR and LFR was small (Fig. 3, C; blue and orange, respectively), while
at LL this difference was larger (grey and yellow, for HFR and LFR
respectively). The observed differences between treatments were sta
tistically significant (p = 0.026), which suggests that there was an effect
of light intensity, as well as FR level on gm.
The pattern of gm in response to light intensity and FR level appears
similar to those previously observed for other parameters such as LMA
and Amax. Indeed, a correlation was observed between gm and LMA (R2
= 0.65; Fig. 4, A). The lowest observed gm, as found in LL HFR grown
plants, corresponded to the lowest LMA (Fig. 4, A; grey symbols) and the
highest gm to the highest LMA, as found for HL LFR grown plants (Fig. 4,
A; orange symbols). A stronger correlation was found for gm with Amax
(R2 = 0.89; Fig. 4, B). Here, the lowest and highest gm values were found
to correspond with the lowest and highest Amax, which were observed for
LL HFR and HL LFR grown plants, respectively (Fig. 4, B; grey and or
ange symbols, respectively). These correlations suggest an effect of light
intensity and FR level treatments on leaf morphology (LMA), Amax and
gm. In particular, the correlation between gm and Amax may be indicative
of a limitation to CO2 assimilation imposed by CO2 diffusion. However,
CO2 diffusion is co-limited by both gm and stomatal conductance (gs). To
further explore the possible differences in limitation by CO2 diffusion to
An as a result of the light intensity and FR levels, the combinations of
mesophyll resistance (rm) and stomatal resistance (rs) (being the inverse
of conductance) were investigated. Resistances were used here because
resistances can be summed, in contrast to conductances. The rs was
largest in LL HFR grown plants, which was nearly double the rs observed
for other treatments (Fig. 5, A; orange). Similarly, the rm of LL HFR
grown plants was twice as high compared to other treatments (Fig. 5, A;
blue). The sum of rm and rs clearly indicated that plants grown at LL and
HFR had the highest combined resistance to CO2, compared to other
treatments (Fig. 5, A). However, the relative contribution of rs and rm to
the total resistance was very similar between treatments, ranging from
55% to 59% for rm (Fig. 5, B; blue). Despite a doubling of total resistance
to CO2 for LL HFR grown plants, the relative contribution of mesophyll
and stomatal resistance remained surprisingly similar.
With regard to An and Amax a higher total resistance may lead to a
lower internal CO2 concentration at the site of Rubisco in the chloro
plast. Therefore, the drawdown of CO2 concentrations from the air (Ca)
to the intercellular airspace (Ci) and the chloroplasts inside the meso
phyll (Cc) were compared. There was a slightly larger total drawdown of

Values are means and standard deviations (in brackets, n = 4). Amax are averages of estimates obtained from rapid light-response curves, with Rd fixed at 0.5 mmol m− 2 s− 1. Light intensity on absorbed basis, calculated
from incident PAR and absorptance of red blue measuring light for each treatment. Per column, values followed by different letters differ significantly (p < 0.05). *** p < 0.001; ** p < 0.01; * p < 0.05.

0.244
0.300
0.109
0.217
0.000
0.000
0.026
(2.44)
(0.33)
(1.26)
(0.86)
***
***
**
31.3
34.8
12.3
23.8
0.000
0.000
0.002
0.83
0.86
0.76
0.82
0.000
0.001
0.125
0.79
0.83
0.71
0.78
0.001
0.002
0.195
(0.092)
(0.161)
(0.079)
(0.105)
*
ns
ns
1.04
1.24
0.78
0.98
0.036
0.094
0.972

(g m )
Treatment

HFR
LFR
HFR
LFR

− 2

(6.9)
(2.2)
(0.7)
(1.8)
***
*
ns

ab
a
c
bc

(mm)

Leaf thickness

ab
a
b
ab

(-)

α PAR

(0.02)
(0.03)
(0.04)
(0.03)
***
**
ns

a
a
b
a

(-)

α RB

(0.01)
(0.02)
(0.03)
(0.02)
***
**
ns

a
a
b
a

1.35
1.66
0.54
1.00
0.000
0.000
0.088

(g m )

− 2

N content

(0.11)
(0.09)
(0.05)
(0.06)
***
***
ns

a
b
c
d

(µmol m

Amax

− 2 − 1

s )

a
a
b
c

(mol m−

gm

s

2 − 1

bar− 1)

(0.009)
(0.036)
(0.011)
(0.014)
***
***
*

ab
b
c
a
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Table 1
Summary of a two-way analysis of variance of the effects of light intensity and far red in growth light on leaf mass per area (LMA), leaf thickness, absorptance for PAR and RB (α), leaf N content, maximum CO2 assimilation
rate (Amax) and mesophyll conductance to CO2 (gm).
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Fig. 3. Light response of net CO2 assimilation rate (An), lines indicate fitted curves with 95% prediction bands per light treatment with measured datapoints in
corresponding color. Black symbols are per light treatment measured additional datapoints of An at saturating light intensity (during cryo-sampling of CO2 for Δ13C of
plants when no rapid LRC was measured). For HL HFR: orange curve and • markers. n = 2 for LRC fitting, supplemented with 2 additional datapoints of Iabs, An
measurements at saturating light intensity (black • markers); for HL LFR: blue curve and + marker, n = 2 for LRC-fitting and 2 additional datapoints (2 black +
markers); for LL LFR: yellow curves and x-markers, n = 3 for fitting and one additional data point (1 black x marker); and for LL HFR: grey curve and datapoints (•)
n = 4 for fitting and no additional datapoints. Boxplots of photosynthetic capacity (Amax) (B) and of Mesophyll conductance (gm) for corresponding light treatments.
Statistical analysis for Amax and gm is presented in Table 1, curve fitting and statistical analysis for estimated parameters in Table 2.

CO2 in plants grown at HL (194 µbar), compared to those grown at LL
(181 µbar; Fig. 5, C). The drawdowns between Ci and Cc were very
similar (Fig. 5, C; blue), while the drawdowns between Ca and Ci were
slightly larger at HL compared to LL grown plants (Fig. 5, C; orange).
The effect on CO2 diffusion, α and An caused by the different growth
light intensities and FR levels can be assessed by the overall efficiency by
which An utilizes light; the quantum yield of CO2 fixation (ΦCO2). In
response to light intensity, plants had a similar ΦCO2 for a range of light
intensities for all treatments, except for plants grown at LL HFR (Fig. 5,
D; grey line and symbols). The combined effect of LL and HFR had a
negative effect on the efficiency of CO2 assimilation.

4. Discussion
Can supplemental FR light during growth be used under relatively
low light intensity to change LMA, gm and photosynthetic efficiency?
The tomato plants in this study showed clear differences in response to
growth light intensity and FR light, with effects on LMA, gm and
photosynthetic efficiency. Plants grown under HL and LFR had the
highest LMA, leaf thickness, α and nitrogen content per leaf area, while
the lowest values were found in LL and HFR grown plants. These dif
ferences were accompanied by corresponding higher Amax and gm in HL
LFR grown plants and lower values in LL HFR grown plants. Across all
6
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Table 2
Effects of Light Intensity and Far Red during growth on the maximum rate of CO2 fixation (Amax), the maximum quantum yield (ϕ) and the scaling constant for the
curvature (θ).
Amax
(µmol CO2 m−

Treatment
HL
HL
LL
LL

HFR
LFR
HFR
LFR

31.6
34.8
12.4
23.8

ϕ
2 − 1

s )
(25.9 – 37.4)
(30.0 – 39.5)
(10.4–14.3)
(21.3–26.4)

Θ

1
(µmol CO2 µmol PAR−abs
)

(-)

0.086
0.083
0.095
0.109

0.463
0.559
0.656
0.537

(0.038–0.134)
(0.050–0.116)
(0.045–0.144)
(0.070–0.148)

(− 0.210 to 1.136)
(0.167–0.951)
(0.311 – 1.002)
(0.240 – 0.835)

Parameters are estimates for Amax, ϕ and θ after simultaneously fitting all measured datasets of rapid light response curves per light treatment and their 95% confidence
intervals. Rapid light response curves were measured at 2% O2. Rd fixed at 0.5 μmol m− 2 s− 1 for fitting. Light intensity on absorbed basis, calculated from incident PAR
by the RB light source and the absorptance for red blue measuring light of each treatment (Table 2). Corresponding fitted curves and original data are shown in Fig. 3A.

CO2 diffusion resistance and reduced Amax, especially at low growth
light intensity.
Interestingly, largest relative decrease in ΦCO2 was found in LL and
HFR grown plants, which also showed the strongest SAR (Fig. 1A). A less
severe SAR was observed in HL HFR grown plants. This suggests that
light intensity can counteract the effects of SAR caused by supplemental
FR. SAR increases petiole and leaf length, decreases the leaf mass per
leaf area (LMA), and reduces both the leaf chlorophyll content and the
chlorophyll a:b ratio (Evans and Poorter, 2001; Sasidharan et al., 2010;
Smith and Whitelam, 1997). In line with this, LL HFR grown plants had
the lowest observed values of LMA, as well as leaf nitrogen content and α
(indicative of lowered leaf chlorophyll), compared to plants grown with
LFR. SAR also caused a large reduction of Amax and gm, which were
lowered by more than 50% compared to LFR grown plants (Figs. 3B and
4B, respectively). Previous studies have shown different effects on
photosynthesis of additional FR. An increase in photosynthesis was
observed in response to supplemental FR in tomato (Kalaitzoglou et al.,
2019), soybean (Yang et al., 2018). Others found no effect on photo
synthesis in tomato (Ji et al., 2019; Zhang et al., 2019) and lettuce (Jin
et al., 2021; Zou et al., 2019). Moreover, both (Ji et al., 2019) and
(Kalaitzoglou et al., 2019) concluded that the effect of FR on photo
synthesis in the long term was limited. A possible positive effect of FR on
photosynthesis as previously proposed (Zhen and Bugbee, 2020; Zhen
and van Iersel, 2017) was not seen in the current study, likely also due to
the absence of FR in the spectrum of the red blue light used during
measurement. Short-term increases in An by additional FR reported for
lettuce were up to 1.5 µmol m− 2 s− 1 (measured at 90 µmol m− 2 s− 1 FR
and 200 µmol m− 2 s− 1 PFD) (Zhen and van Iersel, 2017). Plants can
adapt to spectral changes in light by changing the relative size of the two
photosystems, to optimize the excitation balance and quantum effi
ciency of photosynthesis (Hogewoning et al., 2012). However, Amax was
lowered by HFR by 11.5 µmol m− 2 s− 1 in LL grown plants, a reduction of
nearly 50%. This decrease is an order of magnitude higher than the
short-term enhancement reported for additional FR. Even though no FR
was used during measurements, it is unlikely that its absence fully ac
counts for the reduction in Amax at saturating light intensity. It has been
reported that chlorophyll, nitrogen content and α in FR-acclimated
plants were lowered and that photosynthetic capacity decreased in the
long-term (Ji et al., 2019; Zou et al., 2019). In the current study, leaf N
content was strongly correlated with Amax (Suppl. Fig. 3) and lower leaf
nitrogen content was observed in response to supplemental FR. This
partly explains the reduction in Amax in the presence of FR and LL.
However, LMA and gm were both also reduced and contributed to a
reduction in Amax especially at LL (Evans et al., 1994; Galmes et al.,
2013a).
To further explain the observed effects of FR on Amax, conductance to
CO2 by stomata (gs) and mesophyll (gm) we assessed by their reciprocal,
the resistance (rs and rm, respectively) for their contribution to the total
CO2 diffusion resistance. Light treatments resulted in differences in rm
and rs, which were especially increased at LL with supplemental FR.
Remarkably, the relative contribution of rm and rs to the total resistance

Fig. 4. Correlation graphs between LMA and gm (A) and between Photosyn
thetic Capacity (Amax) and gm (B). Colors denote for treatments as described in
previous figures. (p < 0.001 and p < 0.001, for A and B respectively).

treatments, we found positive correlations between LMA and gm and
between Amax and gm. Particularly, LL HFR grown plants had a much
lower gm and significantly lower ΦCO2 at increasing light intensity
compared to plants of other light treatments. Inversely, mean mesophyll
and stomatal resistances to CO2 (rm and rs), measured at near-saturating
light intensity were larger in LL HFR grown plants compared to the other
growth light treatments (Fig. 5, A), but the relative contributions of rm
and rs to total CO2 diffusion resistance (Fig. 5, B) and the CO2 drawdown
between ambient air and intercellular spaces (Ca-Ci) and the chloroplast
(Ci-Cc) did not differ much from the other treatments (Fig. 5, C).
Therefore, supplemental FR during growth decreased LMA, increased
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D

Fig. 5. Mean mesophyll and stomatal resistances to CO2 (rm and rs) per light treatment at high light (A), corresponding relative contributions of rm and rs to total
resistance for CO2 diffusion (B) and CO2 drawdown between CO2 in the air (Ca), intercellular CO2 (Ci) and CO2 within the chloroplast (Cc) (C). Quantum yield of CO2
fixation (ΦCO2) in response to absorbed light intensity (D). Colours indicate growth light treatment, lines represent fitted curve with 95% confidence intervals
(grey ribbons).
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remained constant among the different treatments (Fig. 5B). Moreover,
the relative contribution of rm and rs, the total resistance and Amax
resulted in very similar Ci between treatments (Fig. 5C). The similar
contributions to total resistance of rs and rm has also been found in other
studies. A calculation of relative contribution of rm and rs of tobacco
leaves at different ages from Clarke et al. (2021) showed similar relative
contributions of rs and rm to total conductance (Suppl. Fig. 4). Indeed,
strong correlations between An and rm have previously been found
(Barbour et al., 2016; Evans and von Caemmerer, 1996; Evans et al.,
1994; Tosens et al., 2012). The widely found correlation indicates a tight
co-regulation of An and rm and potentially also rs. This could explain the
constant ratio between Amax, rm and rs found in both tomato and tobacco.
Still, rs and rm contributions were determined under steady-state con
ditions and at high light intensity, which do not reflect the actual
behaviour of rs. Although not directly applicable to controlled envi
ronments, this raises the question how rs changes in relation to rm under
more dynamic and realistic light conditions and how this impacts total
resistance.
Across treatments a positive correlation between LMA and gm was
found, which differs from previous studies where no additional FR was
used. Negative correlations between LMA and gm have been found for
species with sclerophyllous leaves and high LMA (Hassiotou et al.,
2009), and for tomato and tomato-relatives grown in field or greenhouse
conditions (Galmes et al., 2011; Muir et al., 2017; Muir et al., 2014). In
the current study, the addition of FR caused SAR and altered leaf
properties. The differences in LMA-gm relations may be explained by
these properties, as they define how LMA affects gm in relation to the
spatial arrangement of the mesophyll cells (Ren et al., 2019). To a large
extent, gm is determined by leaf anatomy (Evans et al., 2009; Pathare
et al., 2020; Terashima et al., 2011) and in particular mesophyll surface
area exposed to intercellular airspace (Sm) and chloroplast surface area
exposed to intercellular airspace (Sc). Both are dependent on the shape,
size and number of mesophyll cells per unit leaf area (Evans, 2021).
Similarly, LMA is determined by mesophyll cell number, shape, and
mass density, as well as leaf thickness, mesophyll cell layer thickness,
cell wall thickness and intercellular airspace (de la Riva et al., 2016;
John et al., 2017; Poorter et al., 2009; Veromann-Jurgenson et al.,
2017). An increase in LMA caused by more densely packed cells can
increase the chance of cell-to-cell contact. This will decrease Sm and
inevitably decrease gm (Flexas et al., 2008; Niinemets et al., 2009;
Weraduwage et al., 2016). A positive relation has been observed in to
mato plants for gm and leaf thickness (Galmes et al., 2013a) and leaf
thickness has been shown to control maximum photosynthetic capacity
(Oguchi et al., 2003). If leaf thickness is large enough to avoid excessive
cell–to-cell contact, it is possible to increase Sm and Sc and increase gm
(Peguero-Pina et al., 2017). Although mesophyll cell anatomy is not
investigated in the current study, HFR grown plants had thinner leaves
than LFR grown plants. This indicates that FR light induces smaller leaf
thickness and at LL this was accompanied by the greatest limitation of gm
to An. This raises the question whether the reduction in leaf thickness by
FR was mediated by reduced Sm and Sc, which would require further
detailed study of leaf mesophyll anatomy.
Given the effect of FR on LMA, Amax and gm, can FR light be used as a
tool to improve Amax in tomato? In previous studies on a range of
different species, no significant correlation between LMA and An was
found (Hassiotou et al., 2010; Nadal et al., 2018; Ren et al., 2019;
Veromann-Jurgenson et al., 2017). However, for species with leaves of
LMA lower than 100 g m− 2, increased LMA was accompanied by in
creases in Sm and Sc (Ren et al., 2019). In the current study, LMA of
tomato leaves varied from 10 to 35 g m− 2, which suggests that increased
LMA can have a positive effect on gm. Indeed, a positive correlation was
found for LMA with gm and was accompanied by improved Amax. There is
also room for enhancement of LMA in tomato. Increases in Sm and Sc
together with increased leaf thickness could potentially achieve higher
gm and higher Amax. Still, this would require either low levels of FR, or
insensitivity to FR to counteract the negative effects of FR observed in

this study. As FR is sensed in plants by phytochromes, phytochrome
mutants could be used to study the potential for improvement with a
lack of FR (sensing) on LMA, mesophyll cell anatomy, gm and Amax.
5. Conclusion
This study found that lowering R:FR during growth by supplemental
FR light at low light intensity (LL) caused a SAR and had a negative
effect on photosynthesis in tomato plants. Supplemental FR light at LL
negatively influences CO2 diffusion by increasing rm and rs, decreasing
photosynthesis rates and LMA. If SAR is avoided, supplemental FR may
potentially be beneficial for photosynthesis at LL. When the sensitivity
for FR can be removed, the lower canopy could be more similar to the LL
LFR treatment which was associated with lower rm and higher Amax and
could potentially increase photosynthesis. Further studies, e.g. with
phytochrome insensitive mutants, are needed to better understand the
role that phytochrome sensing plays in this negative effect of FR on LMA,
rm and An.
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