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Abstract
Phytochromes (PHYs) have long been associated with classic photomorphogenic responses and recently implied with 
the regulation of plant productivity. We aimed to characterize these links in an important agronomic crop such as tomato 
(cv. Moneymaker) by evaluating biomass partitioning and morphophysiological parameters related to productivity under 
distinct light conditions in phyA, phyB1 and phyB2 tomato mutants. Under sun, PHY mutants presented lower leaf biomass 
during the vegetative phase the same way as the wild type (WT) under shading treatment. However, no difference regarding 
fruit biomass ratio (harvest index) was registered between WT and PHY mutants. phyA was the shortest genotype with 
lesser lateral branches and smaller xylem vessels and alongside phyB1, presented lesser leaf area. Net photosynthesis rate 
and photosystem II maximum potential quantum efficiency were not affected by phytochrome loss under sun condition. 
Nevertheless, PHY mutants showed lesser chlorophyll a content and stomata conductance and transpiration rates. Together, 
our data reveal that despite some morphophysiological and developmental impairments and the differences in biomass 
accumulation associated with the distinct PHYs under distinct light conditions, the plant harvest index is not affected by 
individual PHY losses under sun condition.
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1  Introduction

Light is the primary energy resource used by plants for 
their growth and survival. To withstand a photodynamical 
environment, plants optimize the light harvesting through a 
plethora of morphophysiological responses encompassing 
alterations in plant architecture, biomass reallocation and 
photosynthesis-related processes. Many core mechanisms 
related to plant growth and development in response 
to the environmental light conditions are controlled by 
photoreceptors such as the phytochromes (Sharrock 2008).

Phytochromes (PHYs) comprise a small family of plant 
photoreceptors, which are responsive to red and far-red light 
spectrum. PHYs are synthesized in the cytosol as the inactive 
red-absorbing Pr form in the dark and converted into the 
active far-red-absorbing Pfr form after exposure to red light 
(Han et al. 2007). The active Pfr form is translocated into the 
nucleus triggering a complex signaling cascade through the 
interaction with a wide plethora of light signaling partners 
and transcriptional regulation of photoresponsive genes 
(Chen and Chory 2011; Wang and Wang 2015).
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PHYs are  st rongly associated with  c lass ic 
photomorphogenic responses such as photocontrol of 
seed germination, stem elongation, leaf development and 
transition to flowering (Kami et al. 2010). PHYs are also 
implied with the regulation of important aspects of plant 
productivity due to their light-dependent roles (Krahmer 
et  al. 2018). Arabidopsis thaliana (L.) Heynh. PHY 
mutants present growth deficiencies mainly associated 
with the negative impacts of PHY deficiency upon 
chlorophyll levels, carbon assimilation rate and resource 
allocation, directly affecting plant biomass and carbon 
partitioning metabolism (Strasser et al. 2010; Yang et al. 
2016). Despite the evidences of the association of PHYs 
with plant productivity, few studies concerning this 
relationship have been carried out in important agronomic 
species such as tomato (Solanum lycopersicum L.).

In tomato, PHYs are represented by five members: 
SlPHYA, SlPHYB1, SlPHYB2, SlPHYE and SlPHYF 
(Alba et al. 2000). Deficiency of SlPHYA leads to reduced 
photosynthetic electron transport rates, lower levels of 
starch in vegetative tissues and impaired shoot biomass 
accumulation (Kharshiing and Sinha 2016). SlPHYA is also 
responsible for the control of carbon flux related processes, 
especially in dark-grown seedlings, optimizing growth rate 
and biomass partitioning according to the light availability 
(Carlson et  al. 2019). SlPHYB1 is mainly expressed in 
vegetative tissues and SlPHYB2, in the fruit pericarp (Hauser 
et al. 1997; Bianchetti et al. 2017), and therefore, their 
impacts on the productivity must be analyzed throughout 
the tomato life cycle. SlPHYE functions are associated with 
shade avoidance responses (Schrager-Lavelle et al. 2016) 
and specific roles for SlPHYF remains elusive. Mutants for 
both SlPHYE and SlPHYF are not yet available in tomato 
backgrounds.

Despite the impacts of the different PHYs on plant 
development, the light intensity and the spectra quality are 
also important factors that interfere in the effective action of 
PHYs upon photomorphogenic responses (Shinomura et al. 
2000; Chen et al. 2004), leading to the investigation of the 
effects of these photoreceptors over the morphophysiology 
of plants grown under sun and shading conditions. Light 
limitation or lower-red–far-red wavelength ratio (R-to-FR 
ratio) are environmental promoters of the stem growth, 
leading to the allocation of relatively more biomass into 
these organs (Poorter et al. 2012; Cagnola et al. 2012), 
presumably driving the resources away from agriculturally 
important organs such as leaves and fruits. In tomato, 
negative impacts of shading upon fruit yield depend upon 
the levels of light limitation (Abdel-Mawgoud et al. 1996; 
Sandri et al. 2003). As for the light quality, low R-to-FR 
ratios increased the accumulation of biomass into the 
stems at the expense of leaves. However, fruit production 
was improved under these light conditions possibly due to 

a positive impact on flowering acceleration (Kalaitzoglou 
et al. 2019).

Being a fruit-bearing crop, unraveling the light and PHY 
influence over the plant morphophysiology and dynamics 
of biomass allocation into the harvestable organs is of 
fundamental importance for the tomato yield improvement. 
In this study, we evaluated biomass partitioning and 
morphophysiological parameters related to productivity of 
phyA, phyB1 and phyB2 tomato mutant plants under sun and 
partial shading light conditions. Our data reveal that, despite 
the differences in biomass accumulation and partitioning 
between the organs during the vegetative phase in the 
different light conditions, the ratio between fruit biomass 
and total plant biomass (harvest index) is not affected in the 
tomato PHY mutants.

2 � Materials and methods

Plant material and treatments  – The experiment was 
performed in the greenhouse of the Universidade Federal de 
Goiás’ Botany Department (Goiânia, Brazil, 716 m altitude, 
16° 35′ 39″ S, 49° 17′ 16″ W). Seeds of wild-type (WT), 
phyA, phyB1 and phyB2 tomato phytochrome mutants 
(Solanum lycopersicum cv. Moneymaker) were sown in 
germination trays containing Bioplant® substrate under the 
sun (conditions described below). After emergency, 1-week-
old seedlings similar in size and vigor were transplanted 
to 10-L pots containing dark red latosol with the following 
features: pH 5.2, 2.3 mg kg−1 disponible P, 50 mg kg−1 K, 
5.7 cmolc kg−1 Ca, 0.5 cmolc kg−1 Mg, 9.4 cmolc kg−1 cation 
exchange capacity and 30 g kg−1 organic matter. Pots were 
daily watered, and the substrate was supplemented monthly 
with 5 g NPK 10:10:10 and bimonthly with Dimy® foliar 
fertilizer 1:10.

The plants were grown in greenhouse with transparent 
cover, considered the sun treatment (1050 μmol m−2 s−1 
average photon flux density, 29–44 °C day, 22–26 °C night, 
35–60% relative air humidity), and in shaded environment 
with black polyethylene screens, considered the shading 
treatment (660 μmol m−2 s−1 average photon flux density, 
29–33  °C day, 22–26  °C night, 53–70% relative air 
humidity). The effective PAR radiation was measured by a 
line quantum sensor (LI-191, LI-COR Biosciences) at noon 
at the average plant height.

Morphometric and plant biomass analyses  – Height, lateral 
branch number and leaf area were measured in five plants 
of each genotype and light treatment 45 days after treatment 
(DAT). For leaf area analysis, all leaves of the plant were 
measured by LI-3100 leaf area meter (LI-COR Biosciences).

At the end of the vegetative (45 DAT) and reproductive 
(130 DAT) stages, five plants of each genotype and treatment 
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were harvested for plant biomass measurements. The plants 
were divided into roots, stems, leaves and fruits and dried 
under 65 °C until constant biomass weight.

Anatomical analyses  – At 37 DAT, leaflets of the 6th or 7th 
node and stem portions between the 5th and 6th node from 
base to apex from five plants of each genotype and light 
treatment were collected and fixed in 50% FAA solution 
(formaldehyde, acetic acid and ethanol) for 48 h and later 
transferred to 50% ethanol.

Paradermal sections of the middle third leaf blades 
were performed to measure stomatal density and index in 
both abaxial and adaxial surfaces using Image-Pro Plus 
software®. All stomata present in five random fields of 
approximately 0.077 mm2 were counted for each biological 
replicate. The stomatal index was performed following the 
equation: stomatal index (SI) = [NE/(CE + NE)] × 100, in 
which NE is the stomatal number and CE is the number of 
epidermal cells.

A transversal section of the stem portions was performed 
in microtome (Leica RM2245), and the five biggest xylem 
vessel tubes were measured (Zhang et al. 2016) using Image-
Pro Plus software.

Gas exchange, f luorescence measurements and 
photosynthetic pigments quantification  – Photosynthetic 
rate (A, µmol CO2 m−2 s−1), stomatal conductance (gs, mol 
H2O m−2 s−1) and transpiration rate (E, mmol H2O m−2 s−1) 
were measured with a portable LI-6400XTR infrared gas 
analyzer (LI-COR Biosciences, Lincoln, NE, USA) between 
8:00 a.m. and 10:30 a.m. on the 6th or 7th fully expanded 
leaves from base to apex of five plants of each genotype and 
light treatments at 37 DAT. Measurements were taken 1 min 
after stabilization of gas exchange parameters. Equipment 
was configured as described by Alves et  al. (2016). 
Photosystem II potential photochemical efficiency (Fv/
Fm) was measured with a portable fluorometer (Hansatech 
PEA MK2 model, Kings Lynn, England) on the same 
leaves chosen for the gas exchange analysis. Measurement 
protocol and Fv/Fm derived calculations were performed as 
described by Alves et al. (2016). Following gas exchange 
and fluorescence measurements, the same leaves were 
harvested for chlorophyll a and b quantification through pure 
acetone extraction according to Lichtenthaler (1987).

Statistical analyses  – The design of the experiment was 
completely randomized. Data were analyzed using two-way 
ANOVAs followed by Tukey’s HSD post hoc test (α = 0.05).

3 � Results

Light conditions perceived via phytochromes alter 
photosynthate partitioning patterns in tomato  – 
Phytochromes regulate biomass accumulation, and the 
photosynthate partitioning control is also dependent upon the 
environmental radiation conditions. Loss of phytochromes 
resulted in contrastingly lower biomass content during the 
vegetative phase (Fig. 1a, Online Resource 1). Despite being 
lighter, at 45 DAT, the phytochrome mutants cultivated 
under sun displayed an increased accumulation of biomass in 
the roots and stems and decreased accumulation in the leaves 
(related to total dry mass) compared to WT. Nevertheless, 
under shading conditions, all tomato genotypes presented 
the same partitioning pattern between the organs despite a 
slight increase in root biomass for the phytochrome mutants 
(Fig. 1b–d). Therefore, the shading treatment influenced 
the biomass partitioning patterns as much as the loss of 
phytochromes did.

Differences in the total biomass content were still 
remarkable in the reproductive stage for the phyA and phyB1 
mutant (Fig. 1e). Once there was no fruit set in tomato 
plants cultivated under shading, at the 130 DAT, end of 
reproductive stage, we could assess biomass partitioning 
only in plants cultivated under sun aiming to check a 
possible allocation into the fruits. All phytochrome mutants 
presented higher allocation of biomass only in the leaves 
(Fig. 1h) and no differences regarding fruit biomass ratio 
(harvest index) were registered between the WT and the 
mutants (Fig. 1i). We conclude that, despite the distinct 
biomass partitioning pattern between the organs during the 
vegetative phase, the plant harvest index was not affected in 
the studied phytochrome mutants.

Light conditions and distinct phytochromes differentially 
affect tomato plant architecture and anatomical traits  – A 
crop yield is directly dependent upon the plant architecture 
and anatomical traits, such as stomata density and xylem 
vessels area, once they could limit light absorption, carbon 
gain through assimilation and the distribution of resources 
through the plant. We investigated the impact of light 
conditions and phytochrome loss upon these traits in tomato.

Under shading, all tomato genotypes were taller than 
under sun (Fig. 2a). phyA was the shortest regardless of 
the light conditions, also presenting lesser lateral branches 
(Fig. 2b). All phytochrome mutants presented lesser leaf 
area than the WT under shading. However, only phyA and 
phyB1 mutants presented lesser leaf area when cultivated 
under sun (Fig. 2c).

All genotypes presented higher stomata density (SD) 
and stomata index (SI) in the abaxial leaf surface under 
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Fig. 1   Biomass accumulation 
and photosynthate partitioning 
analyses of wild-type (WT) 
tomato plants and phytochrome 
mutants (phyA, phyB1 and 
phyB2) under sun and shade 
conditions after 45 days (A–D) 
and 130 days of treatment 
(E–I). Bars indicate standard 
deviation (n = 5). Groups not 
connected by same letters are 
significantly different (ANOVA/
Tukey’s HSD post hoc test, 
α = 0.05)
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sun conditions, except phyB1, for which no differences 
were either registered between sun and shading conditions 
(Table  1). As for the adaxial surface, all phytochrome 
mutants cultivated under sun presented lower SI than WT. 
Under shading conditions, tomato plants presented reduced 
adaxial SD and SI, except for phyA, for which these stomata 
parameters were the same as when cultivated under sun. 
These results indicate that distinct phytochromes influence 
stomata development in the adaxial and abaxial surface of 
tomato leaves according to the light conditions.

phyA xylem vessels are more irregular when compared to 
other genotypes (Fig. 3) and they are also smaller, regardless 
of the light conditions (Fig. 3, Table 1).

Fig. 2   Morphometric analyses of wild-type (WT) tomato plants 
and phytochrome mutants (phyA, phyB1 and phyB2) under sun and 
shade conditions after 45 days of treatment. A Plant height (cm). B 
Number of lateral branches. C Total leaf area (cm2). Bars indicate 
standard deviation (n = 5). Groups not connected by same letters are 
significantly different (ANOVA/Tukey’s HSD post hoc test, α = 0.05)
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Phytochrome loss and shading conditions impact tomato 
photosynthetic traits  – The remarkably differences 
registered in the biomass accumulation and growth patterns 
between the tomato genotypes and light treatments could be 
associated with changes in certain aspects of photosynthesis-
related process such as carbon assimilation, gas exchanges, 
PSII quantum efficiency and chlorophyll content.

Under sun conditions, there were no registered differences 
between the genotypes regarding the net photosynthesis 
rate, but, under shading, phyB1 and phyB2 mutants 
presented higher rates than WT (Fig. 4a). Phytochrome 
mutants showed lesser rates of stomatal conductance and 
transpiration under sun. Under shading, phyB2 presented the 
highest transpiration rates (Fig. 4b–c).

PSII maximum potential quantum efficiency was not  
affected by the phytochrome loss. However, under shading  
conditions, phyA and phyB2 PSII maximum potential  
quantum efficiency was reduced (Fig. 4e).

Phytochrome mutants presented less chlorophyll a content  
under sun conditions when compared to WT. However,  
under shading conditions, phyA and phyB1 accumulated the  
highest levels of chlorophyll a. Although lower, phyB2 did  
not change its chlorophyll a content due to light conditions,  
indicating a strong influence of PHYB2 on chlorophyll  
a accumulation (Fig. 5a). Shading conditions increased  
chlorophyll b content for all the genotypes, though phyB1  

and phyB2 mutants presented the lowest levels regardless of  
the light conditions (Fig. 5b).

4 � Discussion

Phytochromes are key players integrating the light 
signaling environmental conditions and plant development, 
coordinating the influence of the surrounding light 
signaling and modifying plant architecture and metabolic 
responses to better achieve the energy resource. As part 
of a multigenic family and coordinating distinct aspects 
of plant development influenced by light, such as growth, 
photosynthesis and resource allocation, we assessed the 
impacts of distinct light regimes on the phenotypes of 
tomato phytochrome mutants.

Mutations of distinct phytochromes and the influence of 
its light-dependent activation, simulated in this work by the 
shade conditions, led to an overall reduction in the vegetative 
biomass accumulation due to differences regarding plant 
growth and metabolic processes.

During the tomato vegetative phase, there is an allocation 
of biomass primarily on leaves, which, associated with 
the plant architecture, results in higher carbon gain to be 
reallocated into the fruits during the reproductive stage. 
The loss of phytochromes, however, leads into a different 

Fig. 3   Representative  
micrographies of transverse  
sections of stems of wild-type  
(WT) tomato plants (A) and  
phytochrome mutants phyA (B),  
phyB1 (C) and phyB2 (D) under  
sun conditions. Bar = 200 µm
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allocation pattern, accumulating biomass preferably in the 
roots and stems. Under shade conditions, WT allocation 
pattern is the same as the phytochrome mutants, indicating 
the role of light intensity over the modulation of active 
phytochromes in the control of biomass allocation.

PHYB2 overexpression in tomato leads to less biomass 
allocation into the stems and roots, while PHYB1 
overexpression results in the accumulation of biomass 
in the roots in detriment of the stems (Husaineid et  al. 
2007). Other photomorphogenic tomato mutants such as 
the light-hyperresponsive high pigment 1 (hp1) increases 
biomass accumulation in the roots and leaves, while the 
phytochromobilin-deficient mutant aurea prioritizes 
allocation into the fruits (Melo et  al. 2014). PHY 
overexpression effects and light-dependent exaggerated 
responses were, therefore, found to be opposed to the ones 
registered for the PHY mutations in this work concerning 
biomass allocation. The effectiveness of the phytochromes 
in the photosynthate partitioning regulation can also be 
assessed for other species in the works of Boccalandro et al. 
(2003), Schittenhelm et al. (2004) and Foreman et al. (2011).

Lesser total biomass accumulation in the end of the 
reproductive stage was registered for the phyA and phyB1 
mutants (Fig. 1e). A wide plethora of factors may explain 
this response. For phyA, we registered lower height (Fig. 2a), 
lesser lateral branches (Fig. 2b), leaf (Fig. 2c) and xylem 
vessels area (Fig. 3, Table 1) and lower stomata conductance 
(Fig.  4b) and transpiration (Fig.  4c). Likewise, phyB1 
mutant presented lesser leaf area and stomata density and 
index (Fig. 2c, Table 1) as well as lower chlorophyll a 
and b content (Fig. 5a, b) and lower stomata conductance 
and transpiration. For the phyB2 mutant, the registered 
impairments in the chlorophyll content seemed to be 
balanced by the higher leaf area, resulting in a total biomass 
accumulation comparable to the WT.

The lower height, branching and leaf area are directly 
related to the lower biomass accumulation. Leaf area growth 
is a critical parameter of plant productivity once dry weight 
growth of field crops is linearly related to the amount of 
intercepted light by leaves (Gifford et al. 1984).

As regulators of gas exchange in the leaves, stomata 
play important roles in determining plant productivity 
through carbon gain and therefore impacting biomass 
accumulation (Lawson and Blatt 2014; Qu et al. 2017). The 
lower stomata conductance and transpiration presented by 
the tomato phytochrome mutants can be associated with the 
corresponding lower stomata density and index in both leaf 
surfaces, especially for phyB1. In Arabidopsis, PHYB is 
required for a light-mediated stomata development (Casson 
and Hetherington 2014) and phyB mutants display lower 
stomata density and index (Boccalandro et al. 2009). Our 
findings suggest that in tomato, this role is mainly performed 
by PHYB1. As for the phyA mutant, the lower stomata 

Fig. 4   Gas exchange and fluorescence parameters of wild-type (WT) 
tomato plants and phytochrome mutants (phyA, phyB1 and phyB2) under 
sun and shade conditions after 45 days of treatment. A Net photosynthesis 
rate (A, in µmol CO2 m−2 s−1). B Stomata conductance (gs, in mol H2O 
m−2 s−1). C Transpiration rate (E, in mmol H2O m−2 s−1). D Photosystem 
II maximum potential quantum efficiency (Fv/Fm). Bars indicate standard 
deviation (n = 5). Groups not connected by same letters are significantly 
different (ANOVA/Tukey’s HSD post hoc test, α = 0.05)
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conductance and transpiration registered are explained by a 
reduced stem water conductivity associated with the smaller 
xylem vessels area (Fig. 3, Table 1) and this limited sap 
flow may also have consequences for the water distribution 
through the plant (Auge et al. 2012).

Higher net photosynthesis rates due to higher availability 
of PAR radiation, as observed in this work, are a very 
common physiological response (Markesteijn et al. 2007; 
Ulqodry et al. 2014), and it was expected to occur once 
the shading conditions were simulated by a reduction of 
approximately 50% of the sun radiation. Light intensity is 
one of the main factors that influence stomata conductance 
affecting the efficiency of carboxylation (Costa and Marenco 
2007). Despite lower levels of stomata conductance and 
transpiration of the tomato phytochrome mutants, net 
CO2 uptake remained unchanged under sun conditions. 
Limitations of photosynthesis rate by stomata conductance 
are more prominent under stressful conditions (Farquhar 
and Sharkey 1982), and in our experiment, plants were well 
watered and regularly fertilized and specific measurements 
were taken only in the morning. Phytochromes are also 
related to other mechanisms that influence CO2 plant 
balance such as biosynthesis of Rubisco subunits (Nishimura 
et al. 2008) and respiration and photorespiration enzymes 
(Igamberdiev et al. 2014), requiring further investigations to 
elucidate their influences over the net CO2 uptake.

Under shading, the registered differences indicate that 
the limiting factor to the photosynthesis is more related to 
the gas exchange capacity than the carboxylation efficiency 
as both can hinder net photosynthesis rate (Tenhunen et al. 
1984). Corroborating these observations, no variation in the 
maximum potential quantum yield of the photosystem II was 
registered, except for a slight decrease registered in the phyA 
and phyB2 mutants under shade conditions.

Along with stomata resistance and photosystem quantum 
efficiency, the content of photosynthetic pigments is also 

an important factor of photosynthetic performance and 
consequent biomass accumulation. As ratified in this 
work by the lower contents of chlorophyll a of the tomato 
phytochrome mutants grown under sun, PHYA  and 
PHYB have a regulatory role in the control of chlorophyll 
biosynthesis (Castillon et al. 2007; Brouwer et al. 2014).

The overall biomass reduction of phytochrome-deficient 
mutants is also registered for Arabidopsis thaliana, and it 
is associated with the lower levels of proteins, chlorophyll 
content and lower expression of genes responsible for the 
control of cell wall synthesis (Yang et al. 2016). Brassica 
rapa L. phyB mutants also presented lower weight associated 
with lower chlorophyll levels and stomata index (Arsovski 
et al. 2018). For tomato, reduced growth for phyA mutant 
was associated with alterations in the photosynthetic 
electron transport rates, resulting in changed starch 
regulation (Kharshiing and Sinha 2016). It is important to 
note that phytochromes may act redundantly in the control 
of some physiological responses (Franklin et al. 2003). 
For example, due to duplication of PHYB in tomato (Pratt 
et al. 1995), specific alterations are only noticeable in the 
phyB1phyB2 double mutant (Weller et al. 2000). Therefore, 
the determination of the roles of each phytochrome in the 
mechanisms underlying tomato plant growth and harvest 
index must be further investigated by employing double and 
triple mutants.

We conclude that, in tomato, despite the differences 
in biomass accumulation due to morphoanatomical and 
physiological changes related to the loss of phytochromes 
and distinct light regimes, the overall plant harvest index is 
not affected under sun.

Fig. 5   Photosynthetic pigments chlorophyll a (A) and chlorophyll b (B) of wild-type (WT) tomato plants and phytochrome mutants (phyA, 
phyB1 and phyB2) under sun and shade conditions after 45 days of treatment. Bars indicate standard deviation (n = 5). Groups not connected by 
same letters are significantly different (ANOVA/Tukey’s HSD post hoc test, α = 0.05)
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