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Introduction
Brassinosteroids are steroid hormones discovered in plants in 1979. Animal steroid hormones like
corticoids and estrogens were known well before their discovery in plants. They play an important
role in the processes of differentiation and reproduction. The chemical similarity between
brassinosteroids and animal steroids hormones opened up the possibility that they may share a
similar mechanism of action. However this was not the case and brassinosteroids showed a
signaling mechanism quite different from animal steroids.
Brassinosteroids play an important role in regulating diverse developmental processes like shoot
and possibly root growth, stomatal development, vascular differentiation, anther and pollen
development (fig.1) and senescence. They also regulate plant responses to light and abiotic or
biotic stresses. At the physiological level, brassinosteroids have been shown to modify cell walls,
affect photoassimilation and partitioning and they are also thought to play a role in regulating
water fluxes across cells. However, in spite of their dramatic effects on growth and development,
they were discovered much later than the other growth regulators like auxins, gibberellins and
cytokinins, probably because of their low concentrations ranging from 0.01ng/g in leaves to 1ng/g
in pollen.
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Fig 1: Role of brassinosteroids in plant development (From: Yang et al., 2011).
In this module we study how this hormone is synthesized and metabolized, how the hormone signal
is transmitted to the nucleus to bring about a change in gene expression that leads to diverse
physiological changes in a plant.

Brassinosteroids biosynthesis
Brassinosteroids are synthesized from the sterol campesterol, an important constitutent of cell
membranes (Fig 2). Sterols are triterpenoids synthesized from the 30 carbon terpene precursor
squalene.
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Figure 2. Biosynthetic pathway of brassinosteroids. (http://what-when-how.com/molecularbiology/brassinosteroids-molecular-biology/)
The biosynthesis of BR from campesterol was studied by using mutant defective in BR synthesis, in
which a key enzyme in the biosynthetic pathway was non-functional. The accumulated
intermediates were then identified using gas chromatography and mass spectrometry. For
example, the mutant de-etiolated 2 (det2), which showed symptoms of BR deficiency like dwarfing,
delayed flowering and male sterility, was defective in the conversion of campesterol to
campestanol. The latter compound was however detected in the wild type plants. Hence
campestanol was regarded as an intermediate in the BR biosynthetic pathway. The DET2 gene
coded for a reductase, which was similar to a reductase identified in the sterol biosynthesis
pathway of animals, and was responsible for the reduction of campesterol to campestanol.
Similarly other dwarf mutants identified were constitutive photomorphogenesis and dwarfism (cpd)
and dwarf4 (dwf4), which showed defects in enzymes that belonged to the family of cytochrome
P450 mono-oxygenases. These enzymes catalysed hydroxylation of campestanol at C23 and
oxidation at C3 respectively, to form the important intermediate campesterone. Finally
castasterone was shown to be converted to brassinolide (BL), the most active BR in plants, in
several steps catalysed by different cytochrome P450 oxygenases. More than 70 different
brassinosteroids have been identified in plants, though only brassinolide and its precursor
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campesterone show biological activity. Biosynthesis of BR was seen to be regulated through a feedback mechanism (Zao and Li, 2012). Hence, exogenous application of BR was seen to inhibit the
expression of genes coding for BR biosynthesizing enzymes while application of the BR biosynthesis
inhibitor BZ (brassinazole), led to an induction of BR biosynthesis pathway genes. The highest levels
of BR are found in young actively growing tissues and the levels decrease in mature leaves or in
roots. At low concentrations BR is water soluble and is present in the extracellular domains as well
as in the cytoplasm.

Brassinosteroids inactivation
Biologically active BRs are inactivated by modifications like hydroxylation, glycosylation,
sulfonation, demethylation, epimerization, esterification, dehydrogenation and side-chain cleavage
at multiple positions (Bajguz 2007) (Fig 3). For example, BR inactivation was shown to occur by
sulphonation at the 22-OH group by a steroid sulfotransferase in Brassica napus(Rouleau et al.,
1999).The structural features that correlate to high brassinolide activity include(a) 6-oxo-7oxalactone (b)hydroxyl groups at 2, 3, 22 and 23rd carbon (c) alkyl substitution at 24th carbon v) A/Btrans ring conjunction (Zullo and Adam, 2002).

Fig 3 Modifications that lead to inactivation of BRs.

Endogenous BR levels are thought to be regulated through both, site-specific biosynthesis and
metabolism. Brassinosteroids are also known to exist in the form of conjugates with sugars or fatty
acids. Conjugated BRs are transported within the cell from their site of biosynthesis in the ER to the
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PM either through binding to transporter proteins or through vesicular trafficking (Deng et al.,
2007, Symons et al. 2008). Hence regulation of BR levels at the level of transport within a cell may
contribute to its activity. There is no conclusive evidence on long distance transport of BRs.

Brassinosteroids signaling
Besides mutant that were unable to synthesize BR, some mutants were identified that were
insensitive to BR, in the sense that they did not respond to exogenously applied BRs the way wild
type plants did. These were called BR insensitive mutants and the defects lay in the BR signaling
pathways. The bri1 (BR insenstive 1) mutants showed a phenotype similar to det1 mutants, that
were defective in BR synthesis. However while det1 mutants could be restored to wild type by
exogenous application of BR, the bri1 mutants were insensitive to BR application because they
failed to respond to exogenous BR. Several BR insensitive mutants were identified that showed
defects in the BR signaling pathway and led to the identification of BR receptors, signaling
intermediates and finally the transcription factors that lead to reprograming of gene expression in
the presence of BR (Fig 4).
Active

Inactive

Figure 4: BR signaling pathway. (From: Kim et al., 2009)

The BRI1 gene codes for a leucine-rich repeat (LRR) receptor-like kinase (RLK), and is a BR receptor.
It consists of an extracellular that perceives and binds to BR, a transmembrane domain that anchors
BRI1 in the plasma membrane and an intracellular domain that shows kinase activity. The
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extracellular domain also has a leucine zipper motif, which has a role to play in dimerization of
BRI1.
The BRI1 receptor was shown to be constitutively endocytosed indicating that it is continuously
turned over in the cell. This homodimer exists even in the absence of BR, but is maintained in the
inactive state by the C-terminal region as well a negative regulator called BRI1 kinase inhibitor BKI1.
On binding of BR to the BRI1 receptor, the C-terminal undergoes a change in its conformation and
activates the kinase that leads to autophosphorylation as well as phosphorylation of BKI1, which
overcomes their inhibitory effects. In the phosphorylated form, BRI1 binds to another receptor like
kinase called BR activating kinase 1 (BAK1). There is an interaction of the kinase domains of both
proteins and an enhancement of their kinase activities results in a fully activated BR receptor
complex. Autophosphorylation of tyrosine residues causing activation of receptor kinases is also
known to play a role in activating steroid receptor kinases in mammals (Oh, et al., 2009).
The activated BRI1 kinase is known to phosphorylate another kinase called BR signaling kinase
BSK1, which is released and in turn binds to a protein phosphatase involved in BR signaling called
BRI suppressor 1 or BSU1. This phosphatase is known to dephosphorylate a protein kinase called BR
insensitive 2 (BIN2) which belongs to a different group of kinases called glycogen synthase kinases.
When bin2 is mutated, the plants show an extreme dwarf phenotype, but the kinase activity of
mutated bin2 is higher than the wild type BIN2, indicating that bin2 is a gain-of-function mutation.
Hence BIN2 is a negative regulator of BR signaling. BSK1- BSU1 complex is shown to
dephosphorylate BIN2, causing the proteasome-mediated degradation of the latter.
The BIN2 kinase phosphorylates two types of transcription factors BES1 and BZR1, both being
positive regulators of BR responses. 14-3-3 proteins, which are known to bind to phosphorylated
proteins, are thought to be involved in the cytoplasmic retention of phosphorylated BES1/BZR by
binding to them. These transcription factors are inactive in the phosphorylated state. In the
presence of BR, the BSK1-BSU1 complex inactivates BIN2, and this leads to accumulation of
dephosphorylated forms of BES1 and BZR1, which are the active forms of the transcription factors.
The activated BES1/ BZR1 transcription factors (dephosphorylated) enter the nucleus and bind to
specific motifs in the promoters of BR-induced genes. They interact with other transcription factors
to bring about the expression of these target genes, which include the BR biosynthesis genes.
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Hence the BR signal leads to activation of genes involved in the promotion of cell elongation as well
as those involved in cross-talk between the BR signaling pathway and other signaling pathways.
Hence BR signaling in plants differs from the steroid signaling pathway in animals, where the
steroid hormone-receptor complex enters the nucleus and binds to DNA and alters gene activity
(Fig 5).

Fig 5: Steroid signaling pathway in animals and BR signaling pathway in plants.

Effects of Brassinosteroids on plant growth
All BR mutants show severely stunted growth, which indicates that BRs play an important role in
promoting elongation of shoots and possibly roots. Brassinosteroids are known to regulate the
expression of genes that play a role in cell elongation like cellulose synthase genes or genes coding
for xyloglucan endotransglycosylases, both of which contribute to cell wall synthesis (Yang CJ et al.,
2011). BRs are thought to contribute to cell elongation by cross talk with the auxin response
pathway (Fig 6). Like auxins, BRs regulate lateral root formation as well as root hair development.
These hormones were also shown to play a role in vascular differentiation and BR mutants show
reduced vascular elements in their stems. BRs affect leaf growth too and in rice, the angle of
inclination of leaves to the main axis was shown to be regulated by these hormones, a feature that
plays an important role in light perception by leaves.
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Fig 6. Auxin- Brassinosteroid crosstalk in signaling for plant growth.

Effects of Brassinosteroids in immune responses of plants
Brassinosteroids have been reported to play an important role in the expression of resistance to
diverse pathogens including viruses, bacteria and fungi (Nakashita et al., 2003). The mechanism of
BR action in inducing resistance does not seem to involve Salicylic acid induced systemic acquired
resistance or the Jasmonic acid mediated induced systemic resistance. An interesting mechanism
proposed for BR-induced resistance was through an alteration in the BR signaling components (Fig
7).

Figure 7: Model depicting a possible role for BR in immune responses of plants. (From: Wang, 2012)
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The BR activated kinase BAK1 was shown to bind either BRI1 as mentioned earlier, or to a receptor
of microbe associated ligands (MAMPs) called FLS2 (Wang, 2012). When the microbe-associated
ligand, flagellin, was bound to FLS2, the receptor recruited BAK1 and was phosphorylated (Fig 6).
The activated FLS2 in turn was shown to phosphorylate the receptor like kinase BIK1 present in the
cytoplasm, thus leading to further signal transduction, involving MAP kinases that led to the
expression of disease resistance. Hence while BR association with BRI1, which caused binding of
BRI1 to BAK1, was required for the expression of genes that played a role in BR induced growth
responses, binding of FLS2 to BAK1 led to the expression of immune responses. It was postulated
that in tissues like mature leaves, where BRI1 levels are low, BR activation of BRI1, may lead to
activation of BAK1, which could be recruited by FLS2 for expression of disease resistance rather
than for growth promotion.

Summary and conclusions
More than 70 different brassinosteroids have been identified in plants, though only brassinolide
and its precursor campesterone show biological activity. BRs are synthesized from the sterol
campesterol, an important constitutent of cell membranes. Endogenous BR levels are regulated
through both, site-specific biosynthesis and metabolism. Brassinosteroids are also known to exist in
the form of conjugates with sugars or fatty acids and are transported within the cell from their site
of biosynthesis in the ER to the PM either through binding to transporter proteins or through
vesicular trafficking. Regulation of BRs at the level of transport within a cell may contribute to its
activity. BR receptor BR1 is a leucine-rich repeat (LRR) receptor-like kinase (RLK). On binding of BR
to the BRI1 receptor, the C-terminal undergoes a change in its conformation and activates the
kinase that leads to autophosphorylation. In the phosphorylated form, BRI1 binds to another
receptor like kinase called BR activating kinase 1 (BAK1). BR signaling leads to activation of two
types of transcription factors BES1 and BZR1, both being positive regulators of BR responses.
BRs bring about the regulation of diverse developmental responses which include growth,
reproduction and immune responses.
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Introduction
Plants require light for growth and development. Through photosynthesis, plants are able to
convert light energy into chemical energy, which is used for their survival and growth. Light also
plays an important role in regulating important developmental processes in plants. Plants can
sense and respond to the duration, quality, intensity and direction of light and respond to it.
Photoperiod is the duration of daily illumination received by an organism. One of the most striking
developmental processes that depend on the photoperiod is flowering. We see different flowering
plants burst into blossom at specific periods of the year. For example, many of the temperate
trees bloom when the daylength increases and the temperatures are warmer during the spring
season. Many tropical plants especially trees are known to flower when the daylength reduces
during post-rainy season. Such seasonality in flowering time probably helps in restricting the
reproductive phase to a period that is suitable for pollination or seed dispersal by appropriate
agents. Whatever the purpose, the mechanism by which plants are able to perceive and respond
to photoperiod is by itself a fascinating process.
The photoperiod is perceived by photoreceptors called phytochromes and cryptochromes
together with circadian clock components, which measure the duration of light or darkness in a
day. The photoperiod signal is then transduced to bring about expression of genes involved in
transition of vegetative meristems to floral meristems.
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In this module, we study the structure and function of photoreceptors, their interaction with clock
components and finally how the light duration signal is transduced to bring about induction of
flowering.

Photoreceptors
Phytochromes
These photoreceptors perceive light in the red region (λ = 600-700 nm) of the spectrum and
modulate important physiological processes in plants, which include seed germination, seedling
photomorphogenesis, shade avoidance and flowering induction. For example, when seeds
germinate, they require daylight for attaining photosynthetic competence. Availability of daylight
can be sensed by the seeds through phytochromes, which then induce germination and make the
seedlings green and photosynthetically competent. If daylight is not available, the seedlings show
etiolation, in which the long slender shoots appear to search for light availability. Phytochromes
also enable plants that are shaded by another treein such a manner that the shaded plants can
approach light and carry out photosynthesis efficiently. These processes involve sensing of light
availability, its intensity and maybe its quality, but not its duration. They require contribution of
the circadian clock components to sense duration of light, as we shall see later.
How do phytochromes perceive the light signal and transduce it to cause alterations in the
expression patterns of genes involved in light responses?
A phytochrome consists of a soluble protein dimer and a chromophore called phytochromobilin (a
linear tetrapyrrole compound) (Fig 1) binds to each subunit towards the amino terminal, which is
the photosensory domain (Fig 2). The amino terminal also has a domain showing kinase activity,
which plays a regulatory role. The C terminal regions of both subunits have nuclear localization
and dimerization domains.
The chromophore is a photo-reversible isomer, which exists as Pfr (on absorption of red light of
660 nm) or Pr (on absorption of far red light of 730 nm) forms (Fig 1; Bae and Choi, 2008). The Pfr
is considered to be the biologically active form, which on excitation undergoes
autophosphorylation and migrates to the nucleus from the cytoplasm. When the PHY protein is
fused to GFP (green fluorescent protein) by introducing a gene construct 35S:PHY::GFP into plants,
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the movement of PHY from cytoplasm to nucleus can be observed by the occurrence of green
fluorescent speckles in the nucleus when the seedlings are exposed to light (Kevei et al., 2007).

Pr form

Pfr form

Fig1. Phytochromobilin chromophore of phytochrome

Fig 2. Phytochrome protein showing the photosensory domain (PHY), the PAS domains involved in
nuclear localization and the Histidine kinase related domain (HKRD) involved in
autophosphorylation (From: Jaio et al (2007)
There are 5 types of phytochromes seen in plants (PHY A, PHY B, PHY C, PHY D and PHY E). The
PHY A protein can only form a homodimer and the Pr isomer is light labile, while the other PHY
proteins can form heterodimers and both isomers are light stable.
Cryptochromes
These are blue light receptors in plants, which like phytochromes regulate a number of light
responses including germination and seedling growth morphology. However, cryptochromes,
along with another type of blue light receptors called phototropins, also bring about the regulation
of some responses that lead to stomatal guard cell movements and tropic or nastic leaf
movements.
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Cryptochromes consist of Flavin adenine dinucleotide (FAD) as the chromophore, along with
Methylenetetrahydrofolate (MTHF or Pterin) as the light harvesting component for FAD (Liu et al.,
2011) (Fig 3). The chromophores are bound to a protein domain called PHR that is similar in
structure to the enzyme photolyase, which plays a role in DNA repair in almost all organisms.
However cryptochromes do not show any photolyase activity. Energy from the blue wavelength of
light is used to reduce FAD to FADH2 thereby activating the cryptochrome. The C terminal domain
is called the CCT or DAS domain, which has kinase activity and brings about autophosphorylation
of the cryptochrome monomers causing them to form homodimers.
MTHF

FAD

Fig 3. Cryptochrome structure showing the photolyase related domain (PHR) and the DAS or CCT
domain that is involved in phosphorylation. The chromophores FAD and MTHF are associated with
the PHR domain. (From: Lin,2002)
Cryptochromes are products of three genes, Cry1, Cry2 and Cry3. The CRY proteins are nuclear,
where they associate with other accessory proteins and bring about regulation of light-induced
genes.

Circadian clock components
Besides photoreceptors that sense light, the duration or time of the light period is measured by a
mechanism called the circadian clock. The clock consists of input pathways, central oscillators and
the output pathways (Fig 4).
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Fig 4. Components of the circadian clock in plants involved in flowering response.

In the morning, two clock proteins, which show an oscillatory behavior in expression during a 24 h
period, namely the late elongated hypocotyls (LHY) and circadian clock associated1 (CCA1), are
induced by phytochromes and cryptochromes (Fig 5). These clock proteins, in turn, induce two
regulatory proteins called pseudoresponse regulators (PRR9 and PRR7) that negatively regulate
CCA1 and LHY to form a feedback loop. So, the duration of expression of these oscillatory proteins
is modified by PHY and CRY to synchronise the internal clocks to the period of light availability
(Robertson et al., 2009).
In the evening, the clock proteins LHY and CCA1 are degraded due to accumulation of inactive
forms of PHY and CRY. This allows expression of two other regulatory proteins, gigantea (GI) and
timing of cab expression (TOC1), which together form a feedback loop. Another protein, zeitlupe
(ZTL), which degrades TOC1 in light, is in an inactive form in the dark, which allows TOC1
expression. TOC1, like CCA1 and LHY is an oscillatory protein.
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Fig 5. Circadian clock mechanism showing the negative feedback loops operating in the morning
(CCA1/LHY and PRR7 & and PRR9) and evening (GI / TOC1 and Zeitloupe) respectively. (From
Robertson et al., 2009).
Day length and flowering
Some plants especially in the temperate regions flower when the days get longer in early summer
and are called long-day plants. Others flower when the day length decreases in early winter and
are called short-day plants (Fig 6).

Fig 6. Light-dependent regulation of flowering in short day and long day plants. (From: Taiz L. and
Zeiger (2010).
Some plants flower irrespective of the day length and are called day-neutral plants. Plants differ in
the critical period of day length that they will respond to. Long-day plants require a day length
greater than the critical day length and can flower even if grown in continuous light. Short-day
plants require a shorter day length than the critical day length, but more importantly respond to
the long dark exposure rather than the light exposure. If the dark period is interrupted by a short
period of illumination, they do not flower. Phytochromes and cryptochromes, along with the clock
components play an important role in regulating the daylength dependent flowering response.
The conversion of the Pr (inactive) form to the Pfr (active form) transduces the light signal and
regulates expression of the flowering time genes. Let us see how this happens in the long-day,
short-day and day-neutral plants.

Management of Library and Information Network
Library Science

Network

Induction of flowering
Long-day plants
Plants of the genus Arabidopsis flower under long-day conditions.Red light is known to inhibit and
far red light is known to promote their flowering. Under inductive conditions, PHY A is known to
be involved in day length perception by interacting with the circadian clock pathway (Fig 7 a,b).
When the day length is favourable, it stabilizes aprotein CONSTANS (CO) present in leaves, which
is involved in transmitting the day length signal to the shoot apical meristem via the mobile
signalling protein FLOWERING LOCUS T (FT). In the shoot apical meristem, FT interacts with a
transcription factor FLOWERING LOCUS D (FD) and induces the expression of genes that transform
the vegetative meristem to a reproductive or floral meristem. PHY B on the other hand is not
involved in day length perception and leads to degradation of CO when high red: far red ratios
prevail during mornings. (Turck et al., 2008). Under short day conditions, another protein called
CENTRORADIALIS (ATC) that is a paralog of FT protein accumulates and moves to the shoot apical
meristem from leaves, where it is synthesized, and along with FD inhibit expression of the floral
meristem genes (Huang et al., 2012).

PHY
CO

a.
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b.
Fig 7(a). Entrainment of light signal (PHY) on the oscillatory clock protein, leading to expression of
the flowering gene CONSTANS (CO). (From: Imaizumi and Kay 2006) (b) PHYB in Pfr form leads to
CO degradation during day, PHYA in Pfr form is degraded, so CO protein is stable in late evening
Supressor of PHY A (SPA) prevents CO protein accumulation in dark. (From: Turck et al., 2008).
Cryptochromes regulate flowering induction in a different manner (Liu et al., 2011). In the dark, an
E3 ubiquitin ligase, COP1 is activated by a protein SPA (suppressor of PhyA) (Fig 8). COP1
ubiquitinates transcription regulators of light response genes like HY5, HYH, and leads to their
degradation, giving rise to the etiolated or dark grown phenotype. COP1 also leads to degradation
of the flowering inducer gene Constans (CO) and inhibits flowering induction. In blue light, CRY
binds to SPA and prevents SPA-mediated activation of COP1, thereby leading to induction of
flowering. Besides acting at protein level, CRYs also activate transcription factors called
Cryptochrome interacting proteins (CIBs) which bring about transcription regulation of the
flowering induction gene FT.
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Fig 8. Role of cryptochromes in regulation of flowering induction. CRY prevents SPA-mediated
COP1 activation and hence CO protein, which is a target for COP1 is not degraded, leading to
induction of flowering. CRY also regulates transcriptional expression of FT by activating CRY
interacting proteins (CIB) which bind to FT promoters and induce FT expression. (From: Liu et
al.,2011)
Short-day plants
Rice is a short-day plant and flowers when the day length reduces during post rainy or early
winter season. It shares the flowering induction components with Arabidopsis. For example, a
gene Heading date 3a (Hd3a) is an ortholog of the FT gene in Arabidopsis and Heading date 1 (Hd
1) is an ortholog of CO.
SD

LD

PHY B

PHY B

Cry
Hd1 (CO ortholog)

Hd1 (CO ortholog)
Ehd1

Hd3a (FT ortholog)

Hd3a (FT ortholog)

No flowering
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Fig 9: Role of PHYB in inhibition of flowering under long day conditions and promotion of flowering
under short day conditions.
However induction of these genes by PHY in rice differs from that in Arabidopsis (Tsuji et al.,
2011). PHY inhibits Hd1, when it is expressed in the light (under long days) and hence does not
induce flowering. If Hd1 is expressed in the dark (under short days), it is no longer under PHY
inhibition and can therefore induce the expression of Hd3a and hence flowering (Fig 9).

Day neutral plants
In day-neutral plants like tomato, an ortholog of FT called single flower truss (SFT) is known to
induce flowering in the absence of any day length signal (Jarillo et al., 2008). Over-expression of
CO ortholog in tomato did not affect flowering time, suggesting that CO is not linked to flowering
in tomato.

Summary and conclusions
Photoperiodic responses of plants relate to duration of light and flowering is the most striking.
Two important photoreceptors – phytochromes and cryptochromes sense light, while the
circadian clock components measure it duration. These two act jointly to regulate flowering
induction. The components which signal flowering response involve Constans (CO) and Flowering
locus T (FT) and are similar in long day, short day and day neutral plants, but the mechanism by
which the expression of these components is regulated differs.
Knowledge about alteration of photoperiodic responses of flowering plants is of value to
agriculturists and horticulturists because it provides a possibility of expanding the geographical
regions where the plant may be grown or cultivated for grain yield. It also provides an extended
flowering period. PHYB mutants as well as mutants in which synthesis of the phytobiliochrome is
low, show early flowering under favorable as well as unfavorable conditions by making the plants
photoperiod insensitive. Hence manipulating PHY levels offers an interesting way of altering the
flowering time response of plants, such that the plants could be grown in regions where the day
length periods differ from those in their native regions. However, given the multiple
developmental processes regulated by these photoreceptors, there could be undesirable
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pleiotropic effects accompanying the desired response. Further research is therefore required
before these methods can be put to use in agriculture or horticulture.
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Introduction
Non-photosynthetic tissues and organs of a plant are heterotrophic and need to be supplied
with photosynthetic products synthesized in leaves, to enable growth and development of the
whole plant. During the process of photosynthesis, carbon is fixed in the form of starch and
sugars (photoassimilates). Starch is synthesized and stored in the chloroplasts while sugars,
predominantly sucrose, are synthesized in the cytosol. Sugars are also produced from
breakdown of starch at night and exported to the cytosol. Sugars are the major exported
photoassimilates from source tissues (leaves), which are translocated via phloem to nonphotosynthetic sink tissues, where they are used for metabolism or for storage. Biomass or
yield of a plant is not only a function of the availability of photoassimilates, but also their
partitioning to other non-photosynthetic, growing or storage tissues.
In this module we will study the process by which photoassimilates move from the site of their
synthesis, how these are loaded into the phloem, how they are transported within the phloem,
how they are unloaded from phloem and transported to sink tissues. We will study the enzymes
and transporters involved in translocation of sugars and also see how their activities regulate
photoassimilate fluxes within the plant.

Photoassimilation
During the day, photosynthesis brings about fixation of atmospheric CO2 into sugars by the
Calvin’s cycle. The products of light reactions namely ATP and NADPH are used in the synthesis

of triose phosphates, which may either be converted to hexose phosphates and used for starch
synthesis within the chloroplasts, or may be exported to the cytosol by the triose phosphate
transporter and used for sucrose synthesis (Fig 1). Starch synthesis is thought of as an overflow
for photoassimilates, when sucrose supply exceeds the storage capacity of the leaf. Starch is an
efficient way of storing sugars in an osmotically inert form. During the night, this transitory
starch is hydrolysed to maltose by the activity of amylases, which is exported from the
chloroplasts through the maltose transporter, or starch is converted to glucose by the activity
of disproportionating enzyme, which is exported to the cytosol via the hexose transporter.
Maltose is converted to glucose in the cytosol by the activity of a-glucosidase. Hence starch
synthesized during the day provides a steady aupply of carbon for respiration during the night,
when sucrose synthesis does not occur.
Seeds and storage organs, which store starch in amyloplasts, also show starch hydrolysis
activity and provide sugars for growth of new tissues.

Fig 1. Starch and sucrose biosynthesis in leaves.

Transport of photoassimilates
Sucrose is the main form in which the carbon that is fixed in source tissues is transported to
non-photosynthetic sink tissues. Sink tissues consist of organs that are rapidly growing such as
immature leaves, stems, roots and reproductive parts. Transport of sucrose takes place through
phloem. The phloem serves as a tissue for collection of sucrose in the source leaves, for
transport to the sink tissues and for unloading of sucrose into sink tissues.

Phloem loading
Sucrose is transported from cells to the sieve tube elements of phloem present in small veins of
the source leaf sucrose. Transport of sucrose takes place by three pathways (Fig 2). In the
symplastic pathway of phloem loading, sucrose moves from cell to cell via plasmodesmata
(intercellular channels of cytoplasm) and enters the sieve tube element-companion cell
complex (SECC). The sucrose concentration is higher in the mesophyll cells than in the SECC and
transport occurs passively by diffusion. The companion cells have plasmodesmata connections
with the mesophyll cells and the sieve element.

Fig 2a. TS of maize leaf showing the mesophyll cells surrounding bundle sheath cells, which
surround the vein. BS, Bundle sheath cells; CC, companion cell; E, epidermal cells; M, mesophyll
cells; SE, sieve element; VP, vascular parenchyma cell; X, xylem tracheary element. From: Braun
and Slewinski, (2009).

a
b
c
Fig 2b. Three mechanisms of phloem loading in source leaves. (a) the symplasmic pathway (b)
The apoplasmic pathway and (c) The polymer trapping pathway. The red shapes indicate
sucrose concentration in the mesophyll cells (MC), companion cells (CC) and the sieve elements
(SE). Green shapes indicate polymers of sucrose like raffinose (From: De Schepper et al. (2013).
In the apoplasmic pathway, sucrose is transported via plasmodesmata of the mesophyll cells
into the bundle sheath cells or vascular parenchyma cells of the vein. However further

transport involves the transport of sucrose out of the latter into the intercellular space
(apoplasm) and then into the cytosol of companion cells. Hence sucrose has to cross the plasma
membrane at least two times and this is brought about by sucrose transporters. Sucrose
transporters actively transport sucrose against a concentration gradient and enable its
accumulation in the SECC to concentrations as high as 1 M. In plants showing this pathway, no
plasmodesmata connections are seen between the MC and CC. Protons are pumped out of the
sieve cells into the apoplast by a membrane-bound H+-ATPase. As a result, proton
concentration in the apoplast increases and pH decreases. The proton gradient thus generated
provides the driving force for transporting sucrose against a concentration gradient.
In the polymer trapping pathway, sucrose is transported passively from the MC to the CC along
a diffusion gradient, as in the symplasmic pathway. In the CC, sucrose is used to synthesize
oligosaccharides like raffinose or stachyose, thus maintaining the sucrose gradient from MC to
CC. The oligosaccharides, along with sucrose enter the SE through plasmodesmata between CC
and SE. This pathway has not yet been reported in monocots.
Plants may use more than one pathway for phloem loading, though one of them may be the
predominant pathway. Sucrose concentration in the leaf regulates photoassimilation by
feedback mechanism and hence sucrose transport to SECC is important for maintaining the
photosynthetic activity of leaves.

Phloem transport
Sucrose entry into the SEs of minor veins of leaf leads to an increase in osmotic concentration
within the SE and a drop in turgor. Phloem sap, which includes constituents like amides, organic
acids, amino acids and potassium besides sucrose and other sugars, exerts an osmotic pressure of 1.2 to
1.8 MPa. This causes water from adjoining xylem vessels to flow into the SE by osmosis, hence

increasing the hydrostatic pressure in the latter. Long distance movement of sucrose towards
the sink tissues takes place by mass flow in the section of phloem called transport phloem.
Transport phloem consists of major veins, which are fed by the minor veins. Munch in 1930
proposed that flow through the phloem occurs due to the pressure difference between the

source and sink tissues and is influenced by the resistance of the phloem pathway. This is
represented by the equation
F = P source – P sink
Phloem resistance
where F=flow rate; Psource, Psink= hydrostatic pressure in phloem at source and sink
respectively; Phloem resistance = resistance to flow through phloem, which is attributed to the
number of sieve plates present along the sieve tubes (hence resistance increases with length of
sieve tube).
Movement of water and solutes in the phloem occur at the same speed, indicating that mass
flow accounts for substances transported through phloem. The rate of flow through phloem is
maintained at about 1 cm min-1 in most plants. Rate of solute flow through phloem been
measured by using the aphid stylectomy procedure (Fig 3). Aphids feed on phloem sap by
penetrating the plant tissues using their needle like stylets to reach the phloem. In this
procedure aphids are carefully separated from the plant, leaving their stylets in the plant
tissues. The rate of oozing of phloem sap from the stylets was used to determine the rate of
flow through phloem. However interaction of aphids with the phloem is known to alter phloem
content and is hence not considered to be a very appropriate method for studying the
constituents of phloem.

a

b

Fig 3. Stylectomy technique for study phloem flow. (a) Aphids reach phloem using their stylets
and suck the sap. (b) Removal of aphids leaving the stylets in leaf tissue leads to oozing of
phloem sap.
Today it is possible to measure rate of flow by injecting 14C or fluorescent labelled sucrose into
the source leaves and tracing its movement along the phloem.

During long distance movement, some sucrose is unloaded into axial sinks en route to the
terminal sinks. This is necessary to provide respiratory substrates to the axial tissues. Sucrose
leaves the SECC complex by diffusion into the phloem apoplast, driven by the pressure in the
phloem SE, and then follows the apoplastic route to enter cells of axial sinks. Part of the sucrose
lost is reloaded into the transport phloem by a retrieval mechanism. This mechanism involves
the activity of sucrose transporters, which pump sucrose from the apoplast into the SECC. The
retrieval mechanism is thought to buffer any changes in the osmotic gradient within phloem,
thus allowing a continuous flow from source and sink tissues (Van Bel and Hafke, 2005).
Retrieval systems also enable transfer of other solutes from the xylem stream into the phloem
and their transport to the sink cells. A size reduction in the CCs has been observed along the
phloem from source to sink tissues, which leads to lower retrieval mechanisms in phloem
towards the sink tissues.
The hydrostatic pressure gradient is seen to be quite steep within the sieve tubes, which is
sufficient to support the rate of translocation in phloem tissue. In fact it is thought that the
phloem translocation capacity is in excess of what is required, since removal of a part of the
conducting tissue did not appear to reduce growth of the sink tissues.

Phloem unloading
At the sink tissues, sucrose from the phloem is released by transfer to the CC symplasmically
and further from the CC to sink cells via the apoplastic route (Fig 4). The 'sink demand' plays an
important role in regulating not only the transport of solutes through phloem but also the rate
of photoassimilation itself. Roots and young leaves are the major sinks in a young plant,
whereas in the reproductive stage, the floral meristems, storage organs, fruits and seeds are
the main sinks. Sinks play an important role in maintaining the concentration as well as the
hydrostatic pressure gradient along the phloem. One of the ways of doing this is by conversion
of sucrose to hexoses by cell wall invertases, which lowers the apoplastic sucrose concentration
and regulates its unloading towards sink cells.

a

b

Fig 4: Solute fluxes in phloem during source to sink transport. Solute loading into SECC occurs
apoplastically. Negative feedback regulation from SE and phloem parenchyma is important in
maintaining the solute concentration in the SECC as well as photoassimilation. Sieve elements
increase and companion cells decrease in size from source to sink (a) Solute loading will occur
as long as the turgor pressure in SE is lower than the surrounding cells. (b) Solute unloading
from SE will occur as long as there is a sink demand. Adapted from: Thomson MV (2006).

Regulation of photoassimilate transport from source to sink
Regulation in source tissues
Photoassimilate export from source leaves increases when photosynthetic rate is high. Triose
phosphate exported from the chloroplast to cytoplasm upregulates sucrose biosynthesis in the
cytoplasm. UDP-glucose synthesized in the cytoplasm by the activity of UDP-glucose
pyrophosphorylase, combines with fructose 6-phosphate to form sucrose 6-phosphate, which is
then dephosphorylated by sucrose phosphate phosphatase. The enzyme sucrose phosphate
synthase, which catalyses the synthesis of sucrose phosphate, is upregulated by glucose 6phosphate and ATP levels, and hence shows high activity during active photosynthesis. Sucrose
phosphate synthase activity determines the size of the sucrose pool in source leaves. Export of

sucrose from cytoplasm to the apoplast or to the vacuole is regulated by the activity of sucrose
transporters.
Triose phosphates form hexoses, which are used within the chloroplast for starch synthesis.
Starch synthase is upregulated by triose phosphates and ATP and is hence active during the
period of active photosynthesis. Starch plays an important role in maintaining photoassimilate
export during the night. As photosynthetic rates decrease at the end of the day,
photoassimilate export from source leaves is supported by starch hydrolysis to hexoses or by
remobilization of sucrose stored in the vacuoles. Starch hydrolysis is carried out by α-amylases,
which along with other enzymes like debranching enzyme, disproportionating enzyme, βamylase convert starch to glucans, which are further broken down to smaller molecules like
maltose and glucose and exported from the chloroplast to cytoplasm through hexose and
maltose transporters respectively.
Transporters play an important role in the regulating the sucrose, hexose, or triose fluxes in
source tissues (Fig 5). Sucrose transporters (SUTs) are sucrose:proton symporters. They show
12 membrane spanning domains that enclose a pore through which sucrose is transported.
Sucrose is transported against a concentration gradient and is energised by the proton motive
force generated by H+ATPases in the plasma membrane of SECCs. There are 5-7 families of SUTs
of which some are involved in transport of sucrose from the apoplast region of phloem into the
SECC complex (loading), some for retrieval of sucrose in transport phloem and some for influx
of sucrose into sink cells. Besides SUTs, a class of glucose transporters called SWEETs have also
been shown to transport sucrose. SWEETs are sucrose efflux transporters that transport
sucrose from phloem parenchyma cells into the apoplast of source leaves, which is then
imported into SECC by SUTs. SWEETs also play a role as efflux transporters in release phloem
and make sucrose available in apoplast for influx into sink cells by SUTs.

a

b

Fig 5 (a) TS of leaf vein showing symplastic transport of sucrose from mesophyll cells to phloem
parenchyma (PP), export of sucrose from PP to apoplasm via SWEET transporters and influx of
sucrose into SECC via sucrose transporters. (b) Distribution of SUTs and SWEETs from source to
sink. Different SUTs are involved in collection phloem in source tissues, in transport phloem for
sucrose retrieval and in release phloem in sink tissues. SWEETs are involved in efflux from and
influx into the source and sink cells respectively. (From (a) Baker et al. (2012) (b) Milne et al.
(2013).
Regulation in sink tissues
Sucrose in transport phloem is known to be exported to the flanking sink tissues for their
metabolism and growth along the way to the terminal sink tissues. A sucrose transporter SUT1
present in the plasma membrane of xylem parenchyma in stems, is thought to play a role in the
uptake of sucrose for cellulose and lignin synthesis for tracheids and vessels elements. A SUT
has also been immunolocalised in cells surrounding the vascular bundles in stems and is
thought to play a role in preventing sucrose entry into the xylem stream as well as in retrieving
sucrose leaked out from storage parenchyma cells of stem.
In terminal sink tissues, sucrose from the release phloem moves to the sink cells either through
the symplasm or apoplasm, where it is used for growth of sink tissues (roots, buds) or for
storage. Generally, the symplastic route is used when the sucrose is converted to starch, since
this conversion maintains the sucrose gradient from release phloem to the storage sink cells. In

sinks where sucrose or other sugars are stored, an apoplastic route is preferred, where sucrose
can enter the sink cells from release phloem, against a concentration gradient. The apoplastic
route also involve activities of the cell wall invertases, sucrose synthases, SUTs and hexose
transporters in the post-phloem path. Interconversion between sucrose and hexoses and their
transport within the sink tissues plays an important role in osmotic adjustment between the
apoplasm and the symplasm. Besides their osmotic role, hexoses play a role in various
metabolic pathways of sink tissues, where they may be used for synthesis of the storage
polysaccharides like starch (in seeds) or other metabolites.
Hexoses are also important signaling molecules and their levels are regulated through the
activities of invertases and / or sucrose synthases (Fig 6). For example post-translational
inhibition of invertase activity in sink tissues was seen in the sink tissues of some plants that
synthesize its inhibitor (small peptides of mass 15-30kDa). Additionally, conversion of hexoses
to trehalose by the enzyme trehalose phosphate synthase is known to inhibit protein kinases of
the SnRK1 type, which play a role in stress signaling.

Fig 6. Regulation of metabolism and developmental pathways by sugar signaling in sink tissues.
From: Braun et al. (2014).
Effect of abiotic and biotic factors on phloem transport
Sugar transport through the phloem are also affected by many environmental factors. Several
abiotic factors that affect phloem transport include water and salt stress and mineral

deficiency, while biotic factors include mutualistic and pathogenic microbes as well as parasitic
plants
Abiotic factors
Water and salt stress: Drought imposes unfavorable conditions on the leaves (source) and
roots (sink) of a plant. However, the high osmotic potential in the phloem can be a positive
parameter for attracting water to the sieve tubes and maintaining phloem sap flow in drought
conditions. Osmotic stress promotes sucrose biosynthesis instead of starch biosynthesis via the
induction of sucrose-phosphate synthase (SPS). Sugar accumulation is also known to play a role
in osmotic adjustment. Effect of water deficit is acute in the reproductive stage, since allocation
of sugars to flowers, seeds or fruits, is compromised by its preferential allocation to roots.
Mineral deficiency: In case of shortage of minerals, plants allocate more resources to organs
involved in mineral acquisition. So nutrient deficiency can affect photo-assimilate partitioning
either directly via phloem loading and transport or indirectly by depressing sink demand.
Nitrogen deficiency reduces photosynthesis by a decrease in RubisCO amount and activity and
also brings about a decrease in electron transfer. Lack of phosphorus in leaf mesophyll cells has
a direct effect on photosynthesis through Pi availability in the chloroplast and leads to reduced
carbon assimilation. Enhanced carbohydrate transport to the roots has been demonstrated
under conditions of N and P limitation.

Biotic factors
Mutualistic and pathogenic microbes require sugar supply from host plants and hence interfere
with the source-sink balance. In colonized tissues, the carbon demand by these microbes
creates an additional major sink that competes with host sinks for photoassimilates. Sugar is
hydrolysed by cell wall invertase, and glucose is the preferred sugar for pathogenic or
mutualistic microbes. The increase in invertase activity in colonized tissues constitutes a major
driving force in sugar unloading to microbial cells.

Remobilization of stored photoassimilates during seed germination
Seeds are organs of propagation of most plants and they store photoassimilates that are
mobilized during germination to provide nutrients for the growing seedling until it becomes
autotrophic. Stored photoassimilates in seeds include starch, oils and proteins, all of which are
synthesized from sucrose transported to the seed via the vascular system. These storage
products are broken down by hydrolytic enzymes, to provide sugars, fatty acids and amino
acids respectively as building blocks of macromolecules required by the growing seedling.
Raffinose family oligosaccharides (RFOs), which are oligomers of sucrose and galactose are the
storage products found in embryos of seeds of many species of dicots. Mobilization of these
reserves is carried out by the activities of -galactosidases (which remove the galactose units
from raffinose) and invertases (which hydrolysis sucrose into glucose and fructose). The
galactose is converted to UDP-galactose and then epimerised to form UDP-glucose, which is
used for cellulose synthesis, while the hexoses produced by invertase activity are used for
respiratory activity as well as carbon skeletons for biosynthesis of amino acids by the growing
seedling. -galactosidase activity is also associated with mobilization of galactose containing
cell wall hemicelluloses like galactomannans, which are storage products in endodermal cell
walls of some legume seeds like fenugreek. After germination the galactomannans are
mobilized by the activities of mannosidases and galactosidases secreted by the aleurone layer
cells.
Starch is an important storage product of most cereals and is stored in the endosperm tissue.
When germination commences, the stored starch is hydrolysed by -amylases and related
enzymes secreted by the scutellum and aleurone layer (Fig 7). The products of starch
hydrolysis, like glucose, maltose and oligosaccharides (glucans), are transported via the
scutellum to the growing embryo. The role of gibberellins in promoting seed germination
involves transcriptional regulation of the amylase genes.

Fig 7. Starch hydrolysis pathway during germination of a cereal grain and role of GA in inducing
amylase synthesis. From: (J.D. Bewley et al. 2013)
Triacylglycerols (TAGs) constitute another major storage product in seeds, along with monoand di-acylglycerols (MAG and DAG respectively. Mobilization of these lipids involves the
activity of lipases that are activated in the oil bodies during germination (Fig 8). The products of
lipase activity, namely fatty acids and glycerol move to the cytosol. Glycerol is metabolised to
dihydroxy acetone phosphate (DHAP) by the activities of glycerol kinase and glyceraldehyde 3phosphate dehydrogenase. The fatty acids are converted to acetyl coA by β-oxidation in the
glyoxysomes. Acetyl coA is converted to oxaloacetic acid in the mitochondria and along with
DHAP, used for sucrose synthesis by the process of gluconogenesis. Sucrose is transported to
the growing seedling.

Fig 8. Mobilization of lipids in oil- storing seeds during germination. From: Bewley et al.,( 2013).
Seed storage proteins are an important source of amino acids during germination. These
proteins are stored in cotyledons (legumes) or endosperms (cereals). The proteins present in
protein bodies within cotyledons or endosperm of dry seeds, are hydrolysed by the activity of

peptidases after imbibition of water by the seeds. The transport form of amino acids or small
peptides formed by protein hydrolysis are amides and these are synthesized by the activity of
enzymes like glutamine synthase and asparagine synthase.
Hence seeds sustain heterotrophic seedling growth after germination by utilizing the
photoassimilates stored in them from the maternal plant till photosynthetic competence is
achieved by the seedling.

Plant productivity and distribution of photoassimilates in sinks
The harvest index (HI) is a measure of the amount of photoassimilates diverted to sinks that are
important for humans, like fruits and seeds. Efficient sucrose transport out of the mesophyll
stimulates photosynthesis. Sucrose transport in turn is regulated by sink demand. Higher
photoassimilation and its transport therefore leads to increase in sink size and number.
Understanding sucrose transport through the phloem is therefore an important aspect in
improving plant productivity. For example expression of a potato SUT1 gene in storage
parenchyma of pea cotyledons during seed development was seen to increase sucrose influx,
which correlated to greater biomass and cotyledonary growth rates (Rosche et al., 2002). On
the other hand, suppression of a rice sucrose transporter OsSUT1 resulted in unfilled grains in
rice (Scofield et al. 2002). Hence it should be possible to manipulate the sink size through
genetically modifying sucrose transport. Manipulation of sucrose synthase and invertase
activities has also been shown to lead to improved sink strength. Increasing the cell wall
invertase activity in fruits and seeds was shown to increase fruit sugar levels and seed weight
respectively (Jin et al., 2009).
Hence an understanding of sucrose transport, metabolism and signaling pathways and
manipulation of these pathways through genetic engineering offers an exciting opportunity to
enhance plant productivity.
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