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Abstract
Correlation of Phytochrome B with Auxin signaling in Plants
Light as an external factor plays important role in the growth and development of plants. On the
other hand, phytohormones are the principal internal regulators controlling various plant
responses. They have been investigated to govern several key processes in plants, beginning with
seed germination till their maturity. Phytochrome B (PHYB) is the major red-light photoreceptor
and performs various functions in plant development. Auxin is the principal phytohormone which
controls many critical plant activities. Roots are essential organ which assist in water and mineral
intake, provide support and interact with microbes in soil to help in presenting disease resistance.
PHYB and auxin signaling have been documented to crosstalk and control several developmental
aspects of plants. However, limited information is available about the PHYB and auxin interaction
in root growth control. Along with this, the intermediate components playing role in this interaction
are also not well studied. The key objective of this current thesis work is to explore the cross-talk
of PHYB with auxin signaling in root architecture and protoplast system. In the present work, it
has been investigated that different light intensity affect the root architecture and also alter the
expression of genes engaged in phytohormone, light and circadian pathways. It has also been
documented that the carbon nanoparticle and sugar mediated alteration in root morphology and in
expression of phytohormone associated genes are light quality and PHYB dependent. Auxin
dynamics has been shown to be similar in phyB mutant and wild-type protoplast. Hyposensitive
red-light signaling mutants with altered root phenotype have been generated which can possibly
provide information about the molecular players in the auxin and PHYB cross-talk in the root
development. This current thesis work provides critical information about the involvement of red

i

light and PHYB in root morphology as well as possible candidates involved in the interaction of
PHYB and auxin signaling.

ii

Summary of thesis
Phytochrome B (PHYB) is the principal photoreceptor which perceives red light and regulates
several features of root architecture. It has been shown to control primary root elongation, lateral
root development, root hairs, gravitropism etc. It senses the shade condition or reduction in the
ratio of red/far-red light and alters the root morphology depending upon the quantity of light.
Different intensity of light has been shown to affect the root morphology but the components
engaged in this phenomenon are not completely known. In the present work, the candidate genes
which are altered in the roots under different light intensity have been investigated. The genes
playing role in circadian, phytohormone and light regulated pathways were found to be
significantly altered.
Carbon nanoparticles (CNPs) are the nanomaterial which are known to be very beneficial in the
field of agriculture and affect the root development. The involvement of red light or PHYB in CNP
mediated root growth has not been studied till yet. In the present work, CNP has been shown to
alter primary, lateral and adventitious roots, root waving and root coiling phenomenon in phyB-9
mutant seedlings under different light conditions. They also altered the phytohormone associated
genes in the root under white and red light.
PHYB controls the root development by interacting directly or indirectly with various internal
factors of plants such as sugar and phytohormones. Sugar and phytohormones are the major
internal elements which determine the root morphology and physiology. Sucrose and glucose are
the main sugar types which are present in the plant and are involved in root development. Auxin
is the key phytohormone which participates in root growth. However, the molecular players
present in the PHYB-sugar signaling crosstalk and PHYB -auxin signaling crosstalk are not well
documented. In the current study the root architectural changes have been documented in presence
iii

of different light and sugar types. The auxin related genes in the root under these experimental
conditions were also analysed. Sucrose, glucose, maltose, mannitol and sorbitol have been
observed to influence the primary root length, root waving and root coiling processes in phyB-9
mutant seedlings under different light conditions. They also altered the expression of auxin
associated genes in the root under white and red light.
Auxin and PHYB interactions have been studied in intact plants. However, their interaction has
not been well explored in the protoplast system. In the current work, it has been attempted to study
auxin dynamics in the phyB-9 protoplast with a novel chemiluminescence ratiometric auxin sensor.
It was observed that auxin dynamics is similar in the phyB-9 and wild-type protoplasts with red
and white light treatment. In contrast, the expression of auxin signaling genes was different in the
phyB-9 and wild-type protoplasts.
In the present work, several hyposensitive PHYB mutant lines (under red light) were generated
which have shown alteration in PHYB nuclear complex formation and root morphology. These
mutants possibly have defect in red light and auxin related pathways. This thesis work delivers
important clues about the involvement of red light and PHYB in root growth and the potential
elements associated with the PHYB-auxin crosstalk.
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Chapter 1
1. Introduction
1.1. Arabidopsis thaliana and root development
1.1.1. Arabidopsis thaliana a classical model plant
Arabidopsis thaliana (At) is a facultative long-day dicot plant. It belongs to Brassicaceae family
and is widely spread in the American, Asian and European regions. It has a shorter life-cycle of
~2-3 months and produces large number of seeds at a time. It is smaller in size and needs lesser
space to grow. The genome size of At is approximately 120 mega bases that are distributed in five
pair of chromosomes. Its genome has been fully sequenced and annotated, due to which gene
manipulation has become easier (1,2). Large number of transgenic and mutant lines can be
generated in a short duration of time. Although there are about 1000 ecotypes of At, Landsberg
erecta (Ler) and Columbia (Col-0) are the most commonly used.

Fig.1.1. Structure of ten-day old Arabidopsis seedling
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A young seedling has various distinct parts such as hypocotyl, leaves, primary, lateral and
adventitious roots and root hairs (Fig.1.1).
1.1.2. Root morphology and architecture
Roots are the essential organ of plants as they provide support and anchorage to the plants. They
also help in absorption of water and different minerals from the soil. The At seedlings can be
grown on media plate, their root system is very simple and can be analysed with ease. Primary
root is the main root arising from the base of the hypocotyl. The tip of primary root invades
through the pores of the soil, where root cap covers the root tip and provide protection.
Root is divided into three different zones: meristematic zone, elongation zone and zone of
cell differentiation. Meristematic zone is present behind root cap and it consists of dividing cells,
here cells keep on dividing continuously. Above meristematic zone elongation zone is present,
where cell elongation occurs that leads to lengthening of roots. Cell differentiation zone is present
above zone of elongation, where cells get matured and differentiated. Primary root tissue has three
different of cell layer from outside to inside: epidermis, cortex and endodermis. The outer layer
is epidermis which helps in absorption of water and minerals and it possess root hairs which
enhance the rate of absorption process. The cortex cells are involved in conducting water and
minerals to vascular tissues and other parts of plants. The inner most layer is endodermis; it
regulates the passage of water and minerals from cortex to vascular tissues. The vascular tissues
are present inside the endodermis and surrounded by another layer known as pericycle (3,4).
Xylem and phloem are the vascular tissues present in the root, xylem is involved in water and
mineral transport while phloem helps in transportation of food material such as carbohydrates (3).
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Along with primary root, At has secondary, tertiary and adventitious roots (Fig.1.2) (5). The
primary roots are first to develop from the embryo. The secondary or lateral roots originate from
primary root in a post-embryonical manner. They initiate from pericycle cell layer which is
present adjacent to the xylem pole and further tertiary roots emerge from secondary roots.
Adventitious roots also originate post-embryonically and develop from the root and shoot
junction. In root apical meristem, the epidermal cells which are in the vicinity of two cortex cells,
produce root hair cells. In differentiation zone, the root hair cells form root hairs (6). The primary,
lateral, adventitious roots and root hairs all together help in anchorage to soil as well as in
absorption of water and minerals from the soil.

Fig.1.2. Basic root architecture of Arabidopsis thaliana

Roots do not grow straight and while growing they form different patterns such as root coils, root
waves, skewing etc (Fig.1.3) (7). The movement of roots is influenced by different external
factors like gravity, humidity, light, pH, nutrient quality and some of the internal regulators such
4

as phytohormones and nutrients (8). Gravitropism, thigmotropism and circumnutation might be
potential factors causing coiling and wave formation in roots (7, 9, 10). These root patterns could
possibly help roots in penetrating through different textures of soil and facilitate plant growth.

Fig.1.3. Root waving and coil formation in Arabidopsis thaliana

1.1.3. Factors affecting the development and growth of roots
Plants are sessile in nature and their growth is dependent upon various biotic and abiotic factors.
The biotic and abiotic components such as microbes, fungi, mycorrhizae, micronutrients,
macronutrients, hormones, salt, temperature and light influence the root development in plants
(11). These factors individually or collectively affect the health of plants.
The living components affecting plant growth and development are known as the biotic factors.
The major biotic factors are bacteria, fungi, insects, earthworm, mycorrhizae etc. These factors
have beneficial as well as harmful effects on plant health and productivity. Abiotic factors are the
non-living components such as light, phytohormones, nutrients, gases, temperature and humidity
which influencing the plant growth. Among these, light is the most vital abiotic factors involved
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in regulating root development and phytohormones are considered as the most important internal
factors playing vital roles in root growth (12).
1.2. Photoreceptors in Arabidopsis
Light is a major source of energy which regulates most of the plant developmental processes
beginning from seed germination till senescence. The light quality, quantity, duration and
direction have been shown to modulate the development of plants. It plays important role in
photomorphogenesis, shade avoidance response (SAR), flowering and phototropism. SAR is a
phenomenon in which plants compete for light under lower ratio of red:far-red and that leads to
elongation of hypocotyl, lower chlorophyll, smaller leaves, elongated petiole and early flowering
(13).
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Fig.1.4. Photoreceptors in Arabidopsis thaliana

Plants perceive different qualities and quantities of light via various photoreceptors. They possess
photoreceptors such as: UVB-resistance 8 (UVR-8), Phototropins (PHOTs), Cryptochromes
(CRYs) and Phytochromes (PHYs) which function in different range of wavelengths (Fig.1.4)
(14). The photoreceptors are present throughout the plant body with majority of them located in
shoot region; however, they are not absent in roots (15).
1.2.1. Phytochromes
PHYs sense the red (R) and far-red (FR) light wavelength. In At, PHY gene family consists of
five members: PHYA-E. They absorb light in the array of 600-750 nm. PHYA perceives FR light
and mediates the FR-dependent light responses whereas the other four PHYs are mainly involved
in R light photo perception. PHYs also sense the shade condition under low light. PHYs are
dimeric in nature and each of the monomer consists of two components: apoprotein and
phytochromobilin. Apoprotein is covalently linked to light absorbing chromophore,
phytochromobilin. They exist in two interchangeable forms: Pr and Pfr. Pr and Pfr are the R and
FR light absorbing forms respectively. Synthesis of PHY occurs in the cytoplasm in the Pr form,
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upon light irradiation Pr changes to Pfr form and enters inside the nucleus (16, 17, 18, 19, 20). It
has been reported that PHYB translocates to the nucleus by itself, however, PHYA is carried to
the nucleus with the help of proteins for example, FAR-RED ELONGATED HYPOCOTYL1
(FHY1) and FHY1-LIKE (FHL) (19, 20).
Inside the nucleus, in the presence of light, Pfr form interacts with the PHYTOCHROME
INTERACTING FACTORS (PIFs), phosphorylates them and that results in the degradation of
PIFs. However, in the dark condition PIFs accumulate and interact with CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1), form complex and further PHYs are degraded in ubiquitinmediated manner (16) (Fig.1.5). PIFs are the transcription factors with basic helix-loop-helix
(bHLH) domain. In At, eight type of PIFs are present: PIF1-PIF8 (18, 21). They have been shown
usually to act antagonistic to PHYs in most of the plant processes. On the contrary, PIF2 is an
exception which acts along with the PHYB and promotes de-etiolation under R, FR and blue (B)
light (21). De-etiolation responses are characterized by shorter hypocotyl, more amount of
chlorophyll, apical hook opening, etc. PIFs have major roles in hormone signaling, circadian
clock regulation, temperature signaling, seed germination, etc (21). COP1 is an E3-ubiquitin
ligase and in dark represses the photomorphogenesis. Photomorphogenesis is defined as light
dependent morphological responses in plants such as short hypocotyl, chlorophyll accumulation
etc (22). COP1 and PIFs are the positive regulators of skotomorphogenesis. Skotomorphogenesis
is the dark adaptation in plants, where major part of energy and resources are allocated to
hypocotyl elongation at the cost of root and cotyledon growth (23). Light signal transduced by
PHYs regulates COP1 and PIFs and further controls different downstream transcription factors
for example, ELONGATED HYPOCOTYL 5 (HY5), HY5 HOMOLOGUE (HYH), LONG
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AFTER FAR-RED LIGHT 1 (LAF1), LONG HYPOCOTYL IN FAR-RED 1 (HFR1) and
stimulate photomorphogenesis (16, 22).
It has been reported that PHYA shares high sequence similarity with PHYC whereas PHYB
shows resemblance to PHYD and PHYE. PHYA is a photolabile protein having half-life of ~30
minutes while PHYB-PHYE are photostable (16). As PHYA is a photolabile PHY, it is present
in ample amount in plants grown under dark. On the other hand, PHYB-PHYE are found in plants
grown under light condition and among these, PHYB is the most abundant one. PHYs mediate
three different modes of action; very-low fluence responses (VLFRs), low fluence responses
(LFRs) and high irradiance responses (HIRs). VLFRs are induced by low light intensities of B, R
and FR. Pr to Pfr photoconversion is mediated by LFRs. Prolonged exposure of high light
intensity induces HIRs (24). PHYs are involved in several plant processes for example, seed
development, de-etiolation of seedlings, hypocotyl and root growth, circadian rhythm control,
shade avoidance, stomatal opening, flowering, etc (25). They are the positive regulators of
photomorphogenesis. The Seed germination is controlled by PHYA, PHYE and PHYB, PHYA
regulates seed germination under R and FR light whereas PHYB controls R light mediated seed
germination. PHYA and PHYE promote seed germination under FR while PHYB promotes the
same under R light. (25,26).
De-etiolation events are predominantly controlled by PHYA and PHYB. Along with PHYs,
photoreceptors such as CRYs also participate in the regulation of de-etiolation. PHYA mainly
regulates this phenomenon under FR and B light, however, PHYB is involved in de-etiolation
under W and R light. Other PHYs don’t play significant role in de-etiolation (27). PHYs
negatively regulate hypocotyl elongation and they control phototropism in hypocotyl. They have
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differential role in root development and root gravitropism (28). PHYs such as PHYA, PHYB,
PHYD and PHYE have been shown to participate in circadian clock regulation (29).

Fig.1.5. PHYB photoconversion and signaling in the plants. On red light irradiation, in
cytoplasm Pr changes to Pfr form and then Pfr enters inside the nucleus. Inside nucleus, in
presence

of

light,

Pfr

phosphorylates

and

degrades

PIFs

and

promotes

photomorphogenesis. Under dark condition, COP1 and PIF degrade PHYB leading to
skotomorphogenesis.

1.2.2. Cryptochromes
CRYs are B light photoreceptors, consisting of three members namely CRY1, CRY2 and CRY3.
They absorb the light in the range of ~400-500 nm (30). They are unique kind of photoreceptors
found in both plants and animals. In plants, they mainly regulate seedling de-etiolation, root
growth, flowering time, cotyledon expansion, circadian clock control, development of
10

chloroplast, stomatal opening and tropism. CRY1 and CRY2 are the principal B light
photoreceptors controlling B light-mediated responses. CRY3 has been represented as a unique
member of CRY category as it is involved in DNA repair mechanism (31).
CRY1 is photostable and acts as a major B light photoreceptor. However, CRY2 is photolabile
and specifically acts under low strength of B light (30). CRY1 and CRY2 interact with different
light regulated downstream genes specifically, HY5, HYH, COP1 and SUPPRESSOR OF PHYA
1 (SPA1) and govern de-etiolation process (31,32). HY5 and HYH are the photomorphogenic
components which positively regulate light-mediated responses. They are important players in
light signaling pathways. They are also reported to act as integrators of light and hormone
signaling. SPA1 is mainly involved in skotomorphogenesis and regulates etiolated development
of plants. CRY1 present in cytoplasm positively regulates root elongation whereas nuclear CRY1
acts inversely with respect to cytoplasmic CRY1 (33). It has also been reported that CRY1
promotes root elongation, however, CRY2 has been stated to inhibit root growth (34). CRY2
positively regulates photoperiodic flowering and functions opposite to PHYB. However, CRY1
has non-significant role in this event (35).
1.2.3. Phototropins
PHOTs are another category of B light photoreceptor and consist of two members: PHOT1 and
PHOT2. Similar to CRYs, they also perceive light in the range of ~400-500 nm. They are involved
in root gravitropism, root development, hypocotyl phototropism etc. High fluence B light
mediated responses are controlled by both PHOT1 and PHOT2, however, PHOT1 has also been
reported to regulate low fluence responses (36). Along with NON-PHOTOTROPIC
HYPOCOTYL 3 (NPH3), it controls the B light dependent root phototropism (37). NPH3 is
known as B light signal transducer. They stimulate root geotropism via managing localisation of
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PIN2 and auxin efflux rate (38). PHOT1 has been shown to suppress lateral root number and
growth and this is due to reduction in the growth of lateral root epidermal cell (39). PHOT1 and
PHOT2 regulate the hypocotyl phototropism via stimulating cytosolic Ca2+ (40).
1.2.4. UVB-resistance 8
UVR-8 is a unique kind of photoreceptor which provides resistance to plant from UV-B light
(280-320 nm). Usually higher intensity of UV-B light is harmful for plants but it also regulates
various plant processes. However, at lower intensity it helps in photomorphogenesis. It regulates
hypocotyl elongation, root growth, flowering, stomatal opening control, etc (41). UV-B light
promotes photomorphogenesis and hence inhibits hypocotyl elongation. Inhibition of hypocotyl
is mediated by interaction of UVR-8 with SPA1 and suppression of COP1 (41). UV-B light
negatively regulates the primary root growth, lateral root density and also suppresses the lateral
root emergence (42). In this case, the impaired root growth is possibly caused by the alteration in
the mechanism of auxin transportation. It also stimulates flowering time via changing the
expression level of flowering time genes such as FLOWERING LOCUS T (FT) and CONSTANS
(CO) (43). CO is a B-box protein and has been shown to accelerate the flowering. FT is a mobile
signal acting downstream to CO and activates flowering by stimulating vegetative to reproductive
phase transition (44).
1.2.5. Phytochrome B and its functions
PHYB is a homodimer protein which exists in two interconvertible forms: Pr is the cis form,
which absorbs light at 660 nm and Pfr form is the trans form which absorbs light at 730 nm.
PHYB protein comprises of three domains present in the sequence of PLD-GAF-PHY. PLD is
the Per/Arnt/Sim-like domain which assists in signal sensing. GAF is known as cGMP
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phosphodiesterase/adenyl cyclase/Fhl1 domain. PHY is PAS-related domain which is specific to
phytochromes and is important for the Pr-Pfr conversion (45).
Pr has been suggested to be the inactive form whereas Pfr has been considered as the biologically
active form performing most of the light-associated functions (16). PHYB has a predominant role
in promoting seed germination at higher temperature (22-28ºC). It triggers de-etiolation,
stimulation of photomorphogenesis, inhibition of hypocotyl elongation and petiole length under
R light (25). It also enhances cotyledon expansion and chlorophyll content but delays flowering.
PHYB plays a major role in SAR and inhibits SAR under high R:FR ratio (46). It has been
reported to be involved in controlling stomatal index under high irradiance of W and R light (47).
Under high R:FR light condition, it acts in redundant manner along with PHYD and PHYE in
delaying flowering time. It also takes part in controlling root morphology. It influences root
elongation, gravitropism, lateral root growth and root hair development. The root localized PHYB
has been investigated to regulate root development (48). It positively regulates root elongation
under R light. PHYA has also been known to act with PHYB in this phenomenon. It has been
reported that PHYB promotes formation of lateral root and root gravitropism under specific light
and temperature (28). Elongation of root hairs is inhibited by PHYB under R light (49).
1.3. Phytohormones in plants
Plant possesses various signaling factors such as phytohormones which belong to a major group
of plant growth regulators. Phytohormones are of different types; Auxin, Cytokinin (CK),
Ethylene (ET), Gibberellic acid (GA), Abscisic acid (ABA), Strigolactone (SL), Jasmonic acid
(JA), Brassinosteroid (BR) and Salicylic acid (SA) (50, 51, 52). These phytohormones play major
roles in development of plants at each step of its life cycle.
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1.3.1. Auxin
Auxin is the first discovered and the widely studied phytohormone in plants. Indole-3 acetic acid
(IAA) is the naturally occurring auxin. It participates in various aspects of plant development. It
helps in hypocotyl growth, vascular patterning, development of primary roots, lateral root
branching, regulates movement of hypocotyl and root (53, 54). It controls several processes
individually or interacts with other phytohormones to perform additional functions in plants. It
enhances hypocotyl elongation and promotes apical dominance (55). The predominant growth of
main shoot over lateral shoot branches is known as apical dominance. It also promotes shoot
vascular differentiation. The factors involved in auxin influx and efflux play important role in
vascular patterning (56). In contrast to shoot growth, IAA inhibits primary root elongation and
promotes lateral branching. PIN-FORMED (PINs) proteins are the auxin efflux carrier, PIN3
dependent auxin transport stimulates hypocotyl gravitropic responses and also promotes root
gravitropism (57).
1.3.2. Gibberellin
GA belongs to a terpenoid group. It is present in plants as well as in many fungi. It influences
seed germination, flowering, elongation of stem, root phenotype, etc. It promotes the seed
germination and also helps in maintaining uniformity in flowering (58). GA promotes
skotomorphogenesis and hence positively regulates stem elongation in dark. It controls the stem
elongation by decreasing HY5 stability and promoting PIFs. Hence, GA-mediated stem
elongation in dark depends upon HY5 and PIF stability (59, 60). RESPONSE TO AUXINS AND
GIBBERELLINS 1 (RAG1) gene acts as a connecting component between auxin and gibberellin
signaling. It is a SMALL AUXIN UPREGULATED RNA 36 (SAUR36) type gene and reported to
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promote elongation of hypocotyl in dark. However, under light hypocotyl growth is repressed due
to lesser expression of RAG1 (61).
1.3.3. Cytokinin
CK is known to regulate apical dominance, phyllotaxis, leaf senescence and root growth (62). It
functions along with the auxin in controlling root-shoot ratio, apical dominance, phyllotaxis and
root architecture. It acts antagonistic to auxin in apical dominance and hence suppresses the
growth of main shoot (55). It promotes root hair formation, however, inhibits the growth of
primary root and initiation of lateral roots. It plays crucial role in phyllotaxis and also reduces the
rate of leaf senescence (63, 64). CK mediates reduction in leaf and flower senescence and counter
balance the effects of ET.
1.3.4. Ethylene
ET is a gaseous plant regulator and is known for its major contribution in fruit ripening. It also
plays vital role in hypocotyl growth, abscission control, leaf development and regulation of root
phenotype (65). It interacts with other phytohormone signaling pathways to control plant growth
and development (66). It promotes fruit ripening, softening and accelerates its maturity. It also
positively regulates hypocotyl elongation which depends upon light fluence and quality (67, 68).
ET promotes abscission of fruits, flowers and leaves. The leaf growth and development are
dependent on ET concentration as well as plant species. It suppresses root growth and it occurs
due to inhibited root cell elongation (65). ET-dependent root inhibition is because of alteration in
auxin synthesis and its transport (69).
1.3.5. Abscisic acid
ABA is mainly recognized as stress hormone; it regulates the plant physiology under stress
condition and provides resistance to the abiotic stress (70). It is involved in seed germination,
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dormancy, hypocotyl growth and root morphology. It protects plants from biotic and abiotic stress
and usually functions in adverse condition. It promotes de-etiolation phenomenon and suppresses
the hypocotyl growth by HY5 accumulation. ABA INSENSITIVE 5 (ABI5) also plays a vital role
in this growth control (71). ABI5 codes for basic leucine zipper transcription factor and takes part
in ABA signaling during seed development. It suppresses primary and lateral root growth and the
root growth is dependent upon ABA concentration (72).
1.3.6. Strigolactone
SL is a recently investigated phytohormone which belongs to carotenoid-derived compounds. It
has been reported to participate in seed germination of parasitic plants, plant-fungi symbiosis,
shoot and root development. It stimulates the germination of seeds in parasitic plants and
symbiosis of plant-mycorrhizal fungi (73). It inhibits shoot branching and stimulates elongation
of primary and adventitious root but reduces the formation of lateral roots (74, 75). It has also
been shown to interact with genes downstream in light signaling and controls the hypocotyl
growth (76).
1.3.7. Jasmonic acid
JA is an organic compound and mainly involved in plant defense and abiotic stress tolerance. It
regulates root growth and hypocotyl elongation (77). Generally, it delays or suppresses the plant
growth and promotes the defense related responses under stress conditions. In this way, it
enhances the rate of plant survivability during pathogen infection as well as during herbivore
attack (78). It provides tolerance to plants against various stress factors such as cold, salt, drought,
heat etc. which involve JA signaling genes such as Jasmonate ZIM domain (JAZ) and MYC2 (79).
JAZ acts as transcriptional repressor in JA signaling. In presence of Jasmonoyl-L-isoleucine (JAIle), a class of JAs, JAZ is degraded by CORONATINE INSENSITIVE 1 (COI1) in ubiquitin
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mediated pathway. CORONATINE INSENSITIVE 1 (COI1) is an E3-ubiquitin ligase (80). On
the other hand, MYC2 is a transcriptional activator which stimulates JA responsive genes and JA
signaling (81).
JA has been shown to suppress primary and lateral root growth. Oxylipin (a kind of JA) results in
root waving and also causes failure in apical dominance. In dark, JA inhibits hypocotyl growth in
MYC2 dependent manner (82).
1.3.8. Salicylic acid
Similar to JA and ABA, SA also plays vital role in plant defense and under abiotic stress
condition. It also regulates other physiological and morphological features of plant development.
It controls photosynthesis, seed germination, thermogenesis and development of flower. It has
also been documented that it promotes root and hypocotyl growth (83). SA interacts with other
phytohormones, which further control the biotic and abiotic stress in plants.
1.3.9. Brassinosteroids
BRs belong to the group of polyhydroxylated steroid hormones and control many plant
developmental aspects such as photomorphogenesis, cell division, root growth etc (84).
BRASSINAZOLE-RESISTANT 1 (BZR1) acts as a positive regulator of BR signaling and promotes
skotomorphogenesis. It restrains photomorphogenesis by repressing transcription of GATA2
(85). GATA2 is a transcription factor involved in light signaling. BZR1 promotes hypocotyl
growth via interaction with PIF4 and COP1 (86, 87). BR also controls root growth by regulating
the cell elongation and its organization. It regulates root growth in concentration dependent
manner (84). Root growth is promoted at lower concentration of BR while at higher concentration
root growth is inhibited. Similarly, it promotes lateral root formation depending upon its
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concentration. This root growth control is due to suppression of auxin signaling at higher
concentration whereas enhancement of auxin transport at lower concentration (88).
1.3.10. Auxin synthesis, transport and signaling
Auxin synthesis, transport and signaling are the three major activities which regulate the plant
development (Fig.1.6). These processes are stringently controlled to maintain the optimal
intracellular auxin concentration in every cell and organ.

Fig.1.6. Auxin synthesis, transport and signaling in Arabidopsis thaliana. IAA synthesized
in young tissues such as leaves via Tryptophan dependent pathways. IAA is transported
basipetally in stem and in root is transported basipetally as well as acropetally with the help
of various carrier proteins. Auxin signaling leads to several auxin responses which involves
ARFs and AUX/IAA.

The auxin regulated functions in plants are dependent upon the auxin synthesis, signaling
response and their transport mechanism. Alteration in any of these phenomena affects the plant
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phenotypes. There are few reports available which have mentioned about the mutants of auxin in
At (Fig.1.7) (89).

Fig.1.7. Mutants of Arabidopsis thaliana defective in auxin biosynthesis, signaling and
transport. Auxin biosynthetic mutants are shown in grey boxes, signaling mutants are
shown in light blue boxes and transport mutants are shown in light brown boxes (Paque. S
and Weijers. D. 2016).

1.3.10.1. Auxin biosynthesis
Auxin is synthesized mainly in young meristematic tissues for example, young leaves, shoot and
root apex via tryptophan dependent or independent pathways. The major pathway for auxin
biosynthesis is tryptophan-dependent. The mechanism and the genes involved in tryptophan
independent pathway are still not clearly known (90). Hence, only tryptophan-dependent
pathways have been mentioned here. It has been shown that in peroxisome, on beta oxidation of
Indole-3-buytric acid (IBA), IAA is produced. Various pathways are known in tryptophan19

dependent auxin synthesis such as Indole-3-acetamide (IAM), Tryptamine (TRA), Indole-3acetaldoxime (IAOx) and Indole-3-pyruvic acid (IpyA) pathways (Fig.1.8) (91, 92).

Fig.1.8. Auxin biosynthetic IAM, IpyA, IAOx and TRA pathways in plants.

In IAM pathway, IAM produces IAA with the help of IAM hydrolases. IpyA pathway has been
considered as one of the principal auxin biosynthetic pathways in plants. This pathway involves
Tryptophan Aminotransferase of Arabidopsis 1 (TAA1), Tryptophan Aminotransferase-Related
1 (TAR1) and TAR2 enzymes which catalyze the conversion of L-Tryptophan to IpyA. IpyA is
further converted to IAA via YUCCA enzyme. YUCCA belongs to flavin monooxygenase
enzyme family. In IAOx pathway, Cytochrome P450 Monooxygenases (CYP79B2) converts LTryptophan to IAOx, which is further translated into Indole-3-Acetonitrile (IAN). Next, nitrilases
(NITs) catalyze the conversion of IAN to IAA. Similarly, TRA pathway starts with L-Tryptophan,
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which is converted to TRA and then to N-hydroxy tryptamine by YUCCA. After that IAOx is
synthesized from N-hydroxy tryptamine and IAOx is further converted into Indole-3Acetaldehyde. In the final step, IAA is produced from Indole-3-Acetaldehyde. The mutants such
as superroot 1 (sur1) and weak ethylene insensitive 8 tar2 (wei8 tar2) are altered in auxin
biosynthesis. sur1 mutant produces high amount of IAA and shows a greater number of lateral
roots as compared to wild type (93). In wei8 tar2 mutant, TAA1 and TAR2 genes are defective
and this double mutant shows decreased production of IAA (94).
1.3.10.2. Auxin transport
After synthesis, IAA is transported by two ways: non-polar and polar transport pathways. In
non-polar pathway, IAA is loaded in phloem tissues after synthesis and then transported to
different organs. It occurs at very fast rate and is a passive way of transport, however, here
directionality of transport is not clear. It has been suggested to be the principal way of transport
in roots.
On the other hand, polar auxin transport (PAT) is regulated but slower than non-polar transport.
It is energy consuming process and requires various carrier proteins. It involves acropetal as well
basipetal movement. In shoot, PAT is primarily basipetal while in roots, it follows both acropetal
as well as basipetal movement. Basipetal transport is defined as the movement of IAA from the
base of the organ to the apex however, in acropetal transport IAA is transported from apex to
basal part of the organ. In PAT, IAA moves from one cell to another and involves inflow and
outflow of IAA. IAA transport in the cell can be through passive diffusion or active transport
depending upon the pH of cell environment (95). AUX1/LIKE AUX1 (AUX1/LAX) and PINs
are the key influx and efflux carriers of auxin transport respectively (96, 97, 98). IAA directly
enters inside the cell via passive transport, but when pH is low in the cell wall, IAA gets
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protonated and then transported inside the cell. AUX1/LAX has been known to participate in the
process of auxin influx in the cell. In case of high pH inside the cell, auxin needs PINs to get out
of the cell or for its efflux (Fig.1.9). In At, there are eight types of PIN proteins; PIN1 to PIN8.
PINs are asymmetrically distributed throughout the cells; their polarity as well as directionality
of auxin flow are correlated. PIN1, PIN3, PIN2, PIN7 and PIN4 proteins are confined to the
plasma membrane, however, PIN5, PIN6 and PIN8 are possibly be involved in controlling auxin
distribution between endoplasmic reticulum (ER) and cytosol (99).

Fig.1.9. Auxin transport in plants. IAA is transported to the cell in two ways one via
passive transport in the form of IAA and in another case under low pH, IAA gets
protonated and carried inside the cell with help of auxin influx carrier such as AUX1.
Inside the cell, where pH is alkaline IAA gets dissociated to form IAA- and further
transported outside the cell with the assistance of auxin efflux proteins, PINs.
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Along with PINs, ATP-binding cassette subfamily B (ABCB)-type proteins also participate in
auxin efflux (100). AUX1/LAX and ABCB are mainly involved in maintaining IAA level in the
cells. On the other hand, PINs are meant for the directionality of auxin transport. The auxin
concentration and transport regulate the hypocotyl phototropism and root gravitropism (101).
The mutants such as auxin-resistant 1 (aux1) and pin1 are reported to be malfunctioned in auxin
transport. aux1 mutant is resistant to auxin, ET, has defective gravitropism and altered in auxin
influx pathway (102). pin1 mutant shows defective auxin influx and is characterized by naked
inflorescence (103).
1.3.10.3. Auxin signaling
Auxin mediated functions in plants are dependent upon auxin signaling. Auxin signaling is
facilitated by auxin response factors (ARFs) and transcription repressors; AUX/IAA. In At,
AUX/IAA and ARF consist of 29 and 23 members respectively. ARFs have been reported to act
as either repressor or activator (104). When auxin concentration is low in the cell, AUX/IAA
binds to ARFs and prevents ARF binding to the promoter region of auxin responsive elements
(AuxREs) present in the early auxin responsive genes. This leads to transcriptional repression of
of auxin responsive genes. However, if amount of auxin is high in the cell, it binds to transport
inhibitor response1 (TIR1) receptor of SCFTIR1 complex and degrades the AUX/IAA via
ubiquitin-proteasome mediated pathway. This makes ARFs free to bind to AuxRE which
activates auxin responsive genes (Fig.1.10). SCFTIR1 is a ligase which consists of S-phase kinaseassociated protein-1 (SKP1), Cullin and F-box protein, TIR1; TIR1 codes for auxin receptor
(105). In this way auxin level in the cell regulates the status of ARFs, AUX/IAA, transcription
of auxin regulated genes and hence auxin responses. The auxin signaling and response further
control several features of plant growth. Mutants such as auxin F-box (tir1 afb2 afb3), arf5,
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solitary root-1(slr-1/iaa14) and arf6 arf8 have been reported to be altered in auxin signaling.
tir1 afb2 afb3 mutant is less responsive to auxin in controlling primary and lateral roots (106).
arf5 mutant is altered in auxin response and has defect in vasculature and body axis patterning
in embryo (107). slr-1/iaa14 mutant shows altered sensitivity to auxin and characterized by lack
of lateral roots, reduction in root hairs and defective shoot and root gravitropism (108). In arf6
arf8 mutant, auxin regulated gene expression is altered and it shows defect in floral bud opening
and floral organ elongation (109).

Fig.1.10. Auxin signaling in plants. In the cell when auxin is at low level then AUX/IAA
binds to ARF, prevents its binding to ARE and the auxin responsive genes are repressed.
In presence of high auxin in the cell, auxin binds to TIR1 and degrades AUX/IAA, then
ARF binds to ARE leading to gene activation.
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1.4. Interaction of red light and auxin signaling in plants
It has been studied that R light interacts with auxin to regulate different plant processes. PHYB
and its downstream genes cross-talk with auxin and control the components involved in auxin
synthesis, transport or signaling (110, 111). Pfr form of PHYB has been shown to suppress the
auxin synthesis by negatively regulating TAA1 and enhancing the expression of SUR2. TAA1 and
SUR2 (cytochrome P450 monooxygenase) are activator and inhibitor of IAA biosynthesis
respectively. SUR2 regulates the level of IAA and indole glucosinolate inside the cell. In the shade
(low R:FR) condition, IAA concentration has been shown to be enhanced. PHYB regulates the
transcription of GRETCHEN HAGEN 3 (GH3), an early auxin responsive gene. GH3 is known to
code for enzymes which mediate IAA conjugation to amino acids. Depending on the IAA
concentration, IAA conjugation maintains the storage or degradation of IAA in the cell. PHYB
regulates the growth of hypocotyl and root by altering the auxin transport and distribution (112,
113). PHYB controls the abundance of both PINs and P-glycoproteins (PGP) and hence regulates
root and hypocotyl development. PGP belongs to the ABCB transporter protein family (110).
PHYB negatively regulates the transcript level of PIN3 gene (114). Low R:FR condition alters
the expression of several auxin related genes. Under low R:FR light condition, bHLH factors such
as PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) and PAR2 downregulate SAURs genes;
SAUR15 and SAUR68. SAURs belong to the early auxin responsive genes (115). Like PARs,
ARABIDOPSIS THALIANA HOMEOBOX-LEUCINE ZIPPER PROTEIN-4 (ATHB4) has also
been shown to downregulate SAUR15 and SAUR68 genes. HFR1 reduces the IAA29 transcript
level under low R:FR light condition. HY5 and HYH are known to be major integrators of light
and auxin signaling. They also promote AUXIN RESISTANT 2 (AXR2) and SLR1 genes involved
in negative regulation of auxin signaling (116). At high temperature, PIF4 mediated hypocotyl
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elongation is due to the upregulation of auxin biosynthetic genes such as TAA1 and CYP79B3
(117). These reports stated that R light interacts with auxin and regulates different mechanism at
its synthesis, transport and signaling. However, the molecular mechanism behind this regulation
needs to be studied in detail. The current thesis work elucidates some of the facts regarding
correlation of PHYB and auxin signaling in root growth as well as in protoplast system.
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CHAPTER 2
MATERIALS AND METHODS
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Chapter 2
2. Materials and methods
2.1. Materials:
2.1.1. Soil types:
At was grown in a mixture of three types of soil. Soil mix consist of soil rite, red and garden soil.
Soil rite was purchased from Bhubaneswar, India (Keltech Energies Limited, Bangalore), red and
garden soil were obtained from NISER Jatni campus, India.
2.1.2. Bacterial strains and constructs:
DH5α Escherichia coli, GV3101 Agrobacterium tumefaciens strains and luciferase auxin sensor.
2.1.3. Vectors:
pDONR 201 (donor vector) and pB2GW7 (expression vector).
2.1.4. Enzymes:
Taq polymerase (NEB, M0273L), Phusion polymerase (NEB, M0530S), DNaseI (NEB, M0303S),
ApaI (NEB, R0114S), EcoRI-HF (NEB, R3101S), AflII (NEB, R0520S), BamHI-HF (NEB,
R3136S), Cellulase R-10 (Duchefa, C8001.0010) and Macerozyme R-10 (Duchefa, M8002.0010).
2.1.5. Kits:
PureLink® HiPure Plasmid FP (Filter and Precipitator) Maxiprep Kit (Invitrogen, K2100-27), BPLR cloning kit (Invitrogen, 12535-027), iScriptTM cDNA synthesis kit (Biorad, 1708891),
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermofisher Scientific, K1631), Maxima
reverse transcriptase kit (Thermofisher Scientific, EP0741), TURBO DNA free kit (Thermofisher
Scientific, AM1907), Miniprep kit (Agilent, 400761), SsoFast EvaGreen Supermix (Biorad, 1725201), iTaq Universal SYBR GREEN Supermix (Biorad, 172-5121) and RNeasy Mini Kit
(Qiagen, 74104).
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2.1.6. Antibiotics and miscellaneous:
Ampicillin sodium salt (Sigma, A0166), Kanamycin monosulfate (MP Biomedicals, 194531),
Streptomycin dihydrochloride pentahydrate (Sigma, 85555) and Rifamycin (MP Biomedicals,
195490). Graphite nanopowder (Type 1, carbon nanoparticle, SRL, 7782-42-5), Ethyl methane
sulphonate (Sigma, M0880), Silwett L-77 and BASTA (Phosphinothricin, Goldbio,
P-165-250).
2.1.7. Sugars:
Sucrose (Suc, MP Biomedicals, 194018,), D(+) Maltose (Mal, Himedia, PCT0613), D(+) Glucose
(Glu, Sigma, G8270), D-Mannitol (Man, Himedia, PCT0604) and D(-) Sorbitol (Sor, Himedia,
PCT0606)
2.1.8. Seed lines:
Columbia wild-type (Col-0), PHYB overexpressor (35S:PhyB:GFP) and phytochrome mutants
(phyB-9, phyB-5 and phyA-211) seed lines were used. 35S:PhyB:GFP and phyB-5 mutant belonged
to Ler ecotype. phyB-9 and phyA211 seed lines belonged to Col-0 background.
2.1.9. Media:
Half-strength Murashige and Skoog (MS) media, SCA media, Protoplast isolation media,
Protoplast transformation media, YEBS media, Luria-Bertani broth (LB) and LB agar.
2.1.9.1. Media for growing plants:
SCA, half-strength MS and hard agar half-strength MS. These media were autoclaved at 120 ºC
and 15psi pressure before use.
Composition of SCA media (1L), pH~5.8:
B5 salt (Duchefa Biochemie, M0302), B5 vitamins (Duchefa Biochemie, G0415), MgSO4.7H2O
(Duchefa Biochemie, M0513), sucrose and Gelrite (Duchefa Biochemie, G1101).
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Table.1. Composition of SCA media (1L)
Chemicals

Amount required

B5 salt (Gamborg's B-5 Basal Salt Mixture) 3.052 gm
B5 vitamins

10 ml

MgSO4.7H2O

983 mg

Sucrose

15 gm

Gelrite

3 gm

Composition of half-strength MS (1L), pH~5.8:
MS media without sucrose and agar (Himedia, PT021), sucrose and plant tissue culture grade agar
powder (Himedia, PCT0901).
Table.2. Composition of half-strength MS (1L)
Chemicals

Amount required

MS

2.2 gm

Sucrose

10 gm

Agar powder

8 gm

Composition of hard agar half-strength MS (1L), pH~5.8:
MS media without sucrose and agar, sucrose and plant tissue culture grade agar powder.
Table.3. Composition of hard agar half-strength MS (1L)
Chemicals

Amount required

MS

2.2 gm

Sucrose

10 gm

Agar powder

15 gm
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2.1.9.2. Media, chemicals and enzyme mixtures for protoplast isolation and transformation:
MMC, MSC, MMM, TM, PCA-0, Polyethylene glycol (PEG1500, Roche, 10783641001) and IAA
(Sigma, I3750). 40% PEG1500 (in 0.413g of Ca (NO3)2.4H2O (Sigma, C2786) and 1.275g of
Mannitol) was used. 57 mM stock of IAA (in ethanol) was prepared and diluted in PCA-M media.
10% cellulase (3 gm of cellulase + 27 ml of MMC) and 10% macerozyme (3 gm of macerozyme
+ 27 ml of MMC) were used.
All media and chemicals were filter sterilized and maintained ~ 600 osmolarity.
Composition of MMC (1L), pH~5.8:
2-(N-morpholino) ethanesulfonic acid (MES, Duchefa Biochemie, M1503), CaCl2.2H2O (Duchefa
Biochemie, C0504) and Mannitol.
Table.4. Composition of MMC (1L)
Chemicals

Amount required

MES

1952 mg

CaCl2.2H2O 1470 mg
Mannitol

86 gm

Composition of MSC (1L), pH~5.8:
MES, CaCl2.2H2O and Sucrose.
Table.5. Composition of MSC (1L)
Chemicals

Amount required

MES

1952 mg

CaCl2.2H2O

2940 mg

Sucrose

145 gm
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Composition of MMM (1L), pH~5.8:
MES, MgCl2.6H2O (Duchefa Biochemie, M0533), MgSO4.7H2O and Mannitol.
Table.6. Composition of MMM (1L)
Chemicals

Amount required

MES

1952 mg

MgCl2.6H2O

2040 mg

MgSO4.7H2O 2500 mg
Mannitol

86 gm

Composition of TM (0.2 L), pH~5.8:
MgCl2.6H2O, MES and Mannitol.
Table.7. Composition of TM (0.2 L)
Chemicals

Amount required

MgCl2.6H2O

610 mg

MES

200 mg

Mannitol

17.5 gm

Composition of PCA-M (1 L), pH~5.8:
B5 salts, MgSO4.7H2O, CaCl2.2H2O and Mannitol.
Table.8. Composition of PCA-M (1 L)
Chemicals

Amount required

B5 salts

3052 mg

MgSO4.7H2O 250 mg
CaCl2.2H2O

300 mg

Mannitol

93 gm
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Composition of PCA-0 (1 L) made in coconut water, pH~5.8:
B5 salts, PC-Vitamins, MgSO4.7H2O, CaCl2.2H2O, MES, L-Glutamine (Duchefa Biochemie,
G0708), Sucrose, Glucose and 1-Naphthaleneacetic acid (NAA, Duchefa Biochemie, N0903).
Table.9. Composition of PCA-0 (1 L)
Chemicals

Amount required

B5 salts

3052 mg

PC-Vitamins

10 ml

MgSO4.7H2O

500 mg

CaCl2.2H2O

300 mg

MES

976 mg

L-Glutamine

50 mg

Sucrose

20 gm

D-Glucose monohydrate

80 gm

NAA

1 mg

Composition of PC vitamins (1L), pH=5.8:
CaCl2.2H2O, Myo-Inositol (Merck, I5125), Pyridoxin-HCl (Merck, P5669), Thiamin-HCl (Merck,
T4625), Biotin (Merck, B4639), Nicotinic acid (Merck, N4126) and Ca-pantothenate (Merck,
C8731).
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Table.10. Composition of PC vitamins (1L)

.

Chemicals

Amount required

CaCl2.2H2O

20 gm

Myo-Inositol

20 gm

Pyridoxin-HCl

200 mg

Thiamin-HCl

100 mg

Biotin (Vit.H)

2 mg

Nicotinic acid

200 mg

Ca-pantothenate

200 gm

2.1.9.3. Media for growing and transforming bacteria
E.coli was grown in LB broth and on LB agar. A. tumefacien was grown in LB broth (Himedia,
M1245) and LB agar (Himedia, M1151). For transformation of plants, A. tumefacien was grown
in YEBS media.
Composition of YEBS media (1L), pH=7.0:
Yeast Extract (MP Biomedicals, 3065-532), Beef extract (Himedia, RM002), Sucrose, Bacto
peptone (Fisher, 26315) and MgSO4.7H2O.
Table.11. Composition of YEBS media (1L)
Chemicals

Amount required

Yeast extract

1 gm

Beef extract

5 gm

Sucrose

50 gm

Bacto peptone

0.5 gm

MgSO4.7H2O

0.5 gm
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2.1.10. Instruments:
White light growth cabinet (Percival, CU36L6), LED growth cabinet (Percival, E-30LEDL3),
Shaker incubator (Eppendorf, New Brunswick Innova 44), Laminar airflow work bench (Thermo
Scientific, 1300 Series A2), Centrifuge (Eppendorf 5810R), TissueLyser II (Qiagen, 85300), Mini
centrifuge (Eppendorf 5424R), Dry Bath (Labnet International Inc., Accu Block Digital Dry Bath),
Motorless Magnetic stirrer (Spinit Tarson, 4050), Electrophoresis tank (Biorad, Mini
electrophoresis horizontal), PCR (Biorad, C1000 Touch Thermal Cycler), Real time PCR (Biorad,
C1000 Touch Thermal Cycler, CFX384 Real-Time System), Spectrophotometer (NanoDrop 2000,
ThemoFisher Scientific), Vortex mixer (Labnet International Inc., S0200), Bioanalyzer (Agilent
Bioanalyzer 2100 system), Gel doc (Biorad, Molecular Image ChemiDoc XRS+),
Spectrophotometer (Eppendorf, Kinetic Biospectrum), Scanner (HP Scanjet G4010 Flatbed), pH
meter (Merck, Mettler Toledo SevenCompact S210), Water Bath (Grant, JB Nova JBN18),
Thermomixer (Eppendorf, Themomixer C), Mithras LB940 luminescence reader with integrated
injectors (Bertold Technologies) and Stereozoom microscope (Nikon, SMZ745T).
2.1.11. Chemicals:
2.1.11.1. Plant DNA extraction:
Cetyltrimethylammonium bromide (CTAB) buffer, Isopropanol (Fisher, 13825), Phenol:
Chloroform: Isoamyl alcohol (25:24:1) mix (SRL, 69031), 70% ethanol (Merck, 1,00983,0511)
and T.E buffer (pH=8.0). CTAB (G Biosciences, DG094), NaCl (Himedia, MB023), EDTA (MP
Biomedicals, 194822), Tris (Himedia, MB029), Polyvinylpyrrolidone (PVP, Himedia, RM854)
and 2-Mercaptoethanol (Sigma, M6250).
Composition of T.E buffer: Tris-Cl (1M) and EDTA (0.5M)
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Table.12. Composition of CTAB extraction buffer (10 mL):
Chemicals

Amount required

10% CTAB

3.0 ml

5M NaCl

2.8 ml

0.5M EDTA (pH 8.0)

0.4 ml

1M Tris-HCl (pH 8.0)

1.0 ml

PVP (M. W=40 KDa)

0.3 gm

2-Mercaptoethanol

0.02 ml

2.1.11.2. Plant RNA extraction:
For manual RNA purification: TRIZOL reagent (Invitrogen, 15596018), chloroform (MP
Biomedicals, 193814), Isopropanol and 70% ethanol.
2.1.11.3. Gel electrophoresis:
50x TAE buffer, agarose (MP Biomedical, 100267) and ethidium bromide (G Biosciences, RC049).
Composition of 50x TAE buffer:
Tris, Disodium EDTA and Glacial acetic acid (Fisher, 21055).
2.1.11.4. Plasmid isolation:
Miniprep:
Solution I, Solution II, Solution III, Phenol: Chloroform: Isoamyl Alcohol, 70% ethanol and TE
buffer (pH=8.0) with RNase A (20µg/ml). Glucose, Tris-Cl, EDTA, NaOH (Himedia, MB095),
SDS (Himedia, MB010), Potassium acetate (Fisher, 26495) and Glacial acetic acid (Fisher,
21055).
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Table.13. Composition of Solution I, II and III:
Solution I (Stored at Room Solution II (Stored at RT)

Solution III (Stored at

Temperature, RT)

4˚C)

50 mM Glucose

0.2 N NaOH

5 M potassium acetate

25mM Tris Cl (pH=8)

1% SDS

Glacial acetate

10 mM EDTA (pH=8)

For maxiprep:
Invitrogen kit was used.
2.1.11.5. Competent cell preparation and transformation:
MgCl2-CaCl2 solution (80 mM MgCl2 and 20 mM CaCl2) and CaCl2. MgCl2.6H2O and CaCl2.2H2O
were used.
2.1.11.6. Luciferase imaging:
Renilla substrate consists of coelenterazine (Sigma, 3230-50UG) in methanol and further diluted
in PBS as working solution. Firefly substrate stock contains D-Luciferin (Biosynth, L-8200),
Acetyl Co-A trilithium salt (Applichem, A3753), ATP (Sigma-Aldrich Chemie GmbH, A2383),
Tricine (Sigma-Aldrich, T0377), DTT (Duchefa Biochemie, D1309), NaOH (Duchefa Biochemie,
S0523), MgSO4 (Duchefa Biochemie, M0513), MgCO3 (Sigma-Aldrich, M7179) and EDTA.
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2.1.12. Primers:
Table.14. Primer list for genes
Genes

Forward Primer sequences (5’-3’)

Reverse Primer sequences (5’-3’)

PAR2

TCTCCTCCGTCTCCATCCTCCG

CATCTTCATCTTCTACGTCGGTC
TCGC

ARR6

HY5

CCAATACCTTGGTTTGGATGTT

GAGTTCATATCCAGTCATACCG

GAGGA

GGC

ACGGCGAGTGCCGGAGTTTGG

CCGGTGTCCTCCCTCGCTTC

A
ARF18

ARF2

ARF4

KMD1

GGCGGAGCATGAAACAGATG

CGAATGAAACTCTTGCTTAGTT

AGG

GGTCC

CGTGAACAGGGAAGACCATTC

CAATTCCCTGCTTGTGAACCTT

CAG

TGTGC

TGACTGGAGTCTGTGACTTGG

GTGTGGGAGAGAAACCGAGGG

ACCC

ATC

AGCTTCCTCCGATTCCTGGTCA ACCGAATCATGGGCCTGCCACG
AACC

PIF4

GCCAAAACCCGGTACAAAACC

GAGTCGCGGCCTGCATGTGTG

AGATC
IAA7

EPR1

COL3

SAUR9

AACTTTGGTGGAGGAGCAGCC

CCTGGTAGCTTTTGTACATCTT

GG

GAGGT

ATCCTCGGAAATCGCCTGTTC

GGTACACGAATTAGGCGAAGA

CATATAC

GCATC

TGTTTCGACGAGAACGATAGA

GGTGATAACTGCACAGCTGGCG

TGTACC

TC

GCTACTTCAACGACGTGCCAA

AGCCACGAGATTGGGACCACA

AAGGT

TAGC
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SAUR26

LAX2

COL9

CIP1

ATGGCTTTGGTGAGAAGTCTC

CTTCTTCTGGCTCTCGCCGACG

TTTAGC

TA

ATGGAGAACGGTGAGAAAGC

ACCAAGCATCATAAGCAGAGC

AGCTG

CACC

ATGGTGTACTGTCGATCCGAT

TTGCATCTCTCGCAGACAAGTG

GCAG

TCCG

GCACGGGTGGAATCAGCAGAG GGTGCTTTCCGCCCGCTTGATC
G

CSN6A

CSN6B

CTCAGCTCAATCCTCCTGCTTC

CTCTGGACACCGATCACACATC

AATC

C

TCACGAATTGTACCAGCAACA

TCCTACCACCTCTTCGGCTGTG

TGAACG
CCA1

GGGAAGAGGGAAGTCAGAAT

GTCTGAGGTCCTTGCTCATTAC

AACAGG

CG

TOC1

TAGGTCCACCAACCCACAGA

TCAGCACCAAGACCACCATC

PRR9

CAGGTGAGCCAAAGACACCAA CGATATTCTCCTGGTTGCTGCT

POLYUBIQ

TIR1

CC

CG

GGCCTTGTATAATCCCTGATG

AGAAGTTCGACTTGTCATTAGA

AA

AAGAAA

CATTGTTGAGTCTTGGTCCATG GTGGCTGGTCCTCGATTTGA
TT

EIN2

PIN1

GCGTTGTGACTGGTAAACACT

GAGCAGAATTGCTGAGAACTCC

TGGCT

GCC

TCGCGTTGCCCATAACTCTT

CCCTGTGTTTTGGTAATATCTCT
TCA

YUCCA2

GGAACCTTACATAAATGCATC

CGATTTGGCAAGTTTGGATTG

CACTA
UBQ

TGGACCGCCTTATCCAACG

CTTGAGGAGGTTGCAAAGGA

IAA2

CGACGCTCCTGCTCTAGACT

AAAACCCCGAAGTTTCGTCT
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IAA5

TCCGCTCTGCAAATTCTGTTCG

CCCAAGGAACATCTCCAGCAA

G

G

GH3.5

AGCCCTAACGAGACCATCCT

AAGCCATGGATGGTATGAGC

LUC

GGGGACAAGTTTGTACAAAAA

GGGGACCACTTTGTACAAGAA

AGCAGGCTTCATGACTTCGAA

AGCTGGGTCTTACAAGTCTTCT

AGTTTATGATCCA

TCTGAGATTAA

2.1.13. Plant growth conditions:
For light intensity experiment, white (W) light :150, 112, 75 and 38 µmol m-2s-1 were used. For
other set of experiments: W (100 µmol m-2s-1), R (50 µmol m-2s-1), FR (45 µmol m-2s-1) and B (30
µmol m-2s-1) light were utilized. The duration of light was long day (LD, 16 hr light/8 hr dark). For
R light screening, continuous red light was used. They were grown at 22-24ºC and 70% relative
humidity was maintained.
2.2 Methods:
2.2.1. Soil preparation
Soil rite, red and garden soil (5:4:1) were mixed and autoclaved. The autoclaved soil was used for
growing the plants.
2.2.2. Media preparation
SCA and MS media were prepared and sterilized at 120ºC for 15 mins. LB broth, LB agar and
YEBS media were also sterilized at 120ºC for 15 mins and subsequently antibiotic was added after
filter sterilization (except Rifampicin). All media and solution for protoplast isolation and
transformation were prepared and filtered sterilized.
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2.2.3. Seed sterilization
Seeds were initially washed with 70% ethanol and incubated for 5 mins followed by centrifugation
for 2 mins at 5000 rpm. Residual ethanol was thrown and then 100% ethanol was added to seeds
and kept for 5 mins. Next centrifugation was done at 5000 rpm for 2 mins and the remaining
ethanol was discarded. Then, final centrifugation was executed for 1 min at maximum speed. Rest
alcohol was decanted and seeds were kept for drying under sterile condition. The seeds were dried
for ~ 3 hours and checked to ensure complete evaporation of ethanol. The dried seeds were further
sown on media plates.
2.2.4. DNA isolation
2.2.4.1. Plasmid isolation
Bacterial culture was inoculated in 4 ml LB broth and kept at 37˚C for 15 hrs. Afterward,
centrifuged for 30 secs at 4˚C and at maximum speed. Supernatant was thrown and pellet was
dried. Then pellet was mixed in 200 µl of chilled Solution I (Soln I). After mixing, 400 µl of Soln
II was added to the resuspended pellet and kept for 5 mins at RT. Further, the solutions were mixed
gently by inverting and then 300 µl of ice-cold Soln III was added. Again, they were mixed gently
and kept for 5 mins at 4˚C. Then centrifuged for 10 mins at 4˚C with maximum speed. After that,
supernatant was mixed with Phenol: Chloroform: Isoamyl Alcohol solution and incubated at RT
for 15 mins. Again, centrifugation was done at 13,200 rpm for 2 mins at RT and supernatant was
collected. Supernatant was mixed with ice-cold isopropanol and kept on ice for 20 mins, followed
by centrifugation at maximum speed for 20 mins at 4˚C. Supernatant was thrown, pellet was
cleaned with 70% ethanol and then pellet was dried. At the end, the pellet was mixed in 30 µl T.E
buffer and quantified using nanodrop.
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2.2.4.2. DNA isolation from plants
The plant tissues were homogenized with tissuelyser in liquid nitrogen. Homogenized tissue was
mixed with pre-heated CTAB buffer and kept for 30 mins at 65˚C on heating block. Then,
resuspended in Phenol: Chloroform: Isoamyl Alcohol solution. After that, centrifugation was done
for 2 mins at 4˚C and at maximum speed. After centrifugation, the upper phase was collected,
mixed with isopropanol and kept at RT for 10 mins. After incubation, centrifugation was carried
out for 10 mins at 4˚C and at maximum speed. Then, supernatant was thrown and pellet was further
cleaned twice using 70% ethanol. The pellet was mixed in TE buffer and quantified using
nanodrop.
2.2.5. RNA isolation:
For Root samples:
The tissue samples were harvested and ground in tissuelyser with liquid nitrogen. The ground
sample was suspended in 1 ml TRIZOL solution and kept at RT for 5 mins. After that, incubated
with 200 µl of chloroform for 3 mins at RT, followed by centrifugation at 4˚C for 15 mins and at
maximum speed. Aqueous part was collected and incubated with isopropanol and incubated for 5
mins at RT. Solution mix was centrifuged at 4˚C for 10 mins at maximum speed. Then, supernatant
was decanted and pellet was cleaned twice with 75% ethanol. Further, pellet was suspended in
RNase free water. RNA quality was checked by gel electrophoresis and bioanalyzer.
Quantification was done using nanodrop.
For protoplast:
RNA isolation was done with RNeasy mini kit.
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2.2.6. DNaseI digestion and precipitation:
For microarray experiments, after RNA isolation, DNase digestion was done with TURBO DNA
free kit. After digestion, RNA was mixed with formamide. Then, denaturation was performed at
70˚C for 2 mins and then RNA integrity number (RIN) was calculated and analysed.
For other experiments, isolated RNA was incubated with DNaseI and its respective buffer. The
mix was incubated at 37˚C for 10 mins, then 0.5 µl of 1 M EDTA was added and kept for 10 mins
at 75˚C. After DNase I digestion, precipitation was performed. 2/3rd volume and 1/10th volume of
pre-chilled isopropanol and 3M sodium acetate were added to the mix respectively and incubated
for 10 mins at RT. Then, centrifuged at 4˚C for 5 mins and at 13,000 rpm, after that supernatant
was thrown and the pellet was cleaned with 70% ethanol twice. Lastly, pellet was suspended in
miliQ water.
2.2.7. cDNA preparation:
The cDNA synthesis was performed using Thermofisher and Biorad kits.
2.2.8. E.coli and Agrobacterium competent cell preparation and transformation
2.2.8.1. E.coli competent cell preparation:
Colonies were inoculated in LB broth and incubation was done at 37˚C and at 220 rpm. They were
grown till optical density (OD) reached 0.4 at 600 nm wavelength. The culture was incubated on
ice for 10 mins and then centrifugation was performed at 4˚C for 10 mins and at 4500 rpm. Extra
media was decanted; then pellet was dried and mixed with chilled solution of MgCl2-CaCl2 with
the help of vortex. After that centrifuged for 10 mins at 4500 rpm and at 4˚C, then supernatant was
decanted and pellet was resuspended in 0.1 M CaCl2 (ice cold) solution. Finally, they were kept in
aliquots at -80˚C.
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2.2.8.2. E. coli transformation:
50 µl competent cell was incubated with 1 µl of plasmid for 30 mins on ice. After incubation, the
mix was given heat shock (42˚C) for 40 secs. Next it was incubated for 5 mins on ice. After that,
LB media was added and kept at 37˚C for 1 hr. Then centrifugation was performed for 1 min at
6000 rpm, extra media was discarded and pellet was mixed in the remaining media. The suspended
pellet was uniformly spread on media plate and kept overnight at 37˚C.
2.2.8.3. Agrobacterium competent cell preparation:
Single colony of bacterial culture was inoculated in LB broth and incubation was done overnight
at 28˚C and 220 rpm. Overnight grown bacterial inoculum was added to 100 ml of LB media with
rifamycin and further grown till OD reached 0.5. When OD reached 0.5, the culture was incubated
for 25 mins on ice and centrifuged at 4˚C for 15 mins, and at 5000 rpm. Extra media was thrown
and the pellet was washed thrice with 40 ml of 10% glycerol. After that 1 ml of 10% glycerol was
added to pellet. Then they were kept in aliquots at -80˚C.
2.2.8.4. Agrobacterium transformation:
50 µl competent cell was mixed with 1 µl of plasmid on ice and then shifted to electroporation
cuvette (pre-chilled). Then cuvette was kept in electroporation system and electroporation shock
was provided for three times. After that, 1 ml of LB broth was added and incubated overnight at
28˚C and 220 rpm. After incubation, centrifugation was done at RT for 1 min at 6000 rpm. The
supernatant was removed. Pellet was mixed in residual media, spread over LB agar plate with
selection antibiotic and incubated for 2-3 days at 28˚C till the colonies appeared.
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2.2.9. Plant transformation and mutant screening
The transformed Agrobacterium colony was inoculated in YEBS media (with streptomycin and
rifamycin) and incubated at 220 rpm and 28˚C. The OD600 nm was measured at different time
interval till OD reached to 0.8. Small amount of culture (feeder culture) was kept for next floral
dip. When OD reached 0.8, Silwett L-77 was added to the culture and then the floral parts of plant
(at bolting stage) were dipped properly in the culture. After dipping, plants were kept in dark for
12 hrs in slanted state and covered with polybag. After 12 hrs, polybag was unwrapped and the
plants were transferred to growth rooms. For efficient transformation, floral dip was performed
thrice following the above-mentioned steps at an interval of 3 days using feeder culture. After that
transformant seeds were harvested and further sown on soil and three times treated with BASTA.
The healthy seedlings isolated after BASTA treatment were further screened by PCR.
2.2.10. Protoplast isolation and transformation
The sterilized seeds were sown on SCA media and grown vertically for ~3 weeks. After that in
sterile condition, the shoot was separated from roots and chopped. The chopped shoot was
transferred to MMC media. They were incubated for 1 hr in MMC media, after that more MMC
media was added with cellulase and macerozyme enzymes and incubated overnight at 22ºC in
dark. After incubation, digested tissues were slowly agitated by pipetting and then filtered. The
filtered solution mix was centrifuged at 100g for 15 mins. Then supernatant was removed and
pellet was suspended in MSC media. MMM media was overlaid on suspended protoplast (pellet)
and centrifuged. After that intact protoplast was collected from the layer present between MSC
and MMM media. Further, protoplasts were suspended in TM media and counted using
hemocytometer. The resuspended protoplasts were centrifuged, supernatant was discarded and
then fresh TM media was added to it. For protoplast transformation, the plasmid with luciferase
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auxin sensor (after maxiprep) was diluted with TM. The protoplasts were incubated with diluted
plasmid for 5 mins. Then, PEG was added and kept for 8 mins followed by addition of PCA-0
media. The mixture was kept in dark for 18-24 hrs at 25ºC.
2.2.11. Luciferase imaging
Transformed protoplasts were mixed with different concentration of auxin in white flat bottom
plate and incubated for different time intervals under variable light quality. The measurement was
performed with luminescence reader. Firstly, firefly substrate was added and measurement was
done, after that renilla substrate was added and the signal was measured. Ratiometric luciferase
(Firefly/Renilla) signal was analysed with Microwin 2000 software.
2.2.12. Root analysis
Plates containing seedlings were scanned using HP Scanjet Scanner. Root length was calculated
using R and ImageJ programs. Root wave density (WD), straightness and horizontal growth index
(HGI) were analysed and quantified with R program. Counting of root coils, lateral and
adventitious root number was performed under stereo zoom microscope.
2.2.13. PCR and Colony PCR
PCR was done using Taq polymerase and Phusion polymerase enzymes. The standard protocol as
mentioned by NEB was followed.
2.2.14. Real time PCR
cDNA samples were mixed with SYBR green and primer mix (forward+reverse) and total volume
(10µl) was subjected to real time PCR. Data was analysed with Bio-Rad CFX Manager 3.81. Fold
change (FC) of 1.2 with p-value <0.05 was considered. POLYUBIQ or UBI gene was used as
internal control for normalization.
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Table.15. Conditions for real time PCR:
Steps

Temp (oC)

Time (sec)

Enzyme Activation

95

30

Denaturation

95

10

Annealing/Extension

60

30

Melt Curve

65-90 (0.5 increment)

0.05 /step

2.2.15. Gateway cloning
2.2.15.1. BP cloning
Amplified product was mixed with pDONR201, BP Clonase mix and T.E buffer, total volume of
10µl was incubated overnight at 25ºC. After incubation, Proteinase K was added and kept for 10
mins at 37ºC. This BP mix was further used for transformation of E.coli. The colonies were
examined by PCR and restriction digestion.
2.2.15.2. LR cloning
The positive colonies after BP reaction were subjected to miniprep. The plasmid DNA (entry
clone) was isolated and used for LR reaction. Entry clone was mixed with destination vector
(pB2GW7), LR Clonase and T.E buffer and incubated at 25ºC for 14 hrs. After that mixed with
Proteinase K and kept for 10 mins at 37ºC. LR mix was used for transformation in E.coli. The
colonies were confirmed via colony PCR and digestion with specific restriction enzymes.
2.2.16. Microarray
After analyzing the quality and quantity of RNA, microarray was performed (Affymetrix
GeneChip® WT PLUS Reagent Kit Manual Target Preparation for GeneChip® Whole Transcript
(WT) Expression Arrays) .
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2.2.17. EMS mutagenesis
0.2% EMS solution was prepared with water and added to seeds. The seeds were suspended
properly and kept overnight on rotating mixer. Then, extra EMS solution was discarded and seeds
were cleaned with water. After that seeds were incubated with water for 1 hr. All the steps were
performed in fume hood. The mutagenized seeds were further sown on soil.
2.2.18. Data analysis and Image processing
Adobe illustrator was used for image processing. Statistical analysis and plotting of graphs have
been done using OriginPro. Image J and R programs were used for image analysis. One-way
ANOVA analysis with Tukey and Bonferroni tests were performed for multiple mean comparison.
Probability threshold of 0.05 was considered.
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CHAPTER 3
Exploring the molecular components in light fluence
dependent root growth in Arabidopsis thaliana

50

Chapter 3.
3. Exploring the molecular components in light fluence dependent root growth in Arabidopsis
thaliana
3.1. Background:
The light quality and quantity both are involved in regulating plant developmental processes. Light
signal is primarily perceived at shoot through various photoreceptors and controls the plant growth,
however, roots growing in dark condition also encounter small amount of light. Generally, the
light enters inside the soil through the cracks and reaches to the roots. Though, it has also been
investigated that light irradiated on shoot, passes through the shoot to the roots and modulates their
growth (118). This light signal further activates the photoreceptors present in the roots. Light
irradiation of roots causes generation of reactive oxygen species (ROS). ROS at its minimal level
results in enhanced root growth but at higher amount it has detrimental effects. When roots are
directly exposed to light, phyB mutant has shown shorter primary root in comparison to wild-type.
However, when roots are subjected to darkness, reduction in primary root length has not been
noticed in phyB mutant (119).
It has also been reported that, ROS accumulation in the roots of phyB mutant is more as compared
wild-type when they are irradiated with light. This shows that light signal mediated by PHYB
localized in the shoot region may reduce the accumulation of ROS in the roots on light exposure.
ABA signaling components present in the shoot have also been reported to participate in this
process. In shoot ABA biosynthetic and signaling mediators are stimulated by shoot localized PHY
signals, that results in enhanced root growth. ABA stimulates ABI5 expression in root region which
further triggers the expression of PEROXIDASE 1 (PER1). It has been reported that, ABI5 and
PER1 expression are lesser in phyB mutant as compared to wild-type. PER1 encodes peroxidase
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enzyme which helps in detoxification of ROS. Excess ROS inhibits the root growth however,
peroxidase detoxifies the ROS in root, retains its optimal level and hence promotes the root growth.
Based on these information, it can be concluded that PHYB-mediated enhanced root growth
depends on the expression of the ABI5, PER1 genes and the amount of ROS in roots (120). It has
also been shown that HY5, a downstream light signaling component is stimulated at shoot region,
which moves to roots and controls the root morphology (121). MEDIATOR (MED) is a complex,
playing important roles in plant development and is engaged in sugar-auxin crosstalk in roots
(122). It has been investigated that, the med18 mutant shows shorter root length, long and dense
root hairs along with a reduction in the lateral root number. This alteration in root morphology is
because of defect in auxin response and distribution in the root. In med18 mutant, cell death occurs
in root meristem regardless of light exposure to the root (123). Hence, it can be proposed that some
signals are triggered at the shoot which translocate and control the root architecture.
The effects of light on root growth has been studied, however, very few reports are available which
suggest the impacts of light quantity at molecular level in root development. In tobacco, it has been
observed that plants exhibit altered root growth when grown under variable W light intensity and
durations. It has been shown that, plants continuously growing under 60 µmol m−2 s−1 light has
lesser fresh root biomass in comparison to the plants growing in presence of 300 µmol m−2 s−1
light, after 14 or 18 days of light irradiation. Although, after 18 days, the plants grown under 60
µmol m−2 s−1 for the first 14 days and then under 300 µmol m−2 s−1 for next 4 days, exhibited
intermediate fresh root weight when compared with plants grown for 18 days continuously in
presence of 60 and 300 µmol m−2 s−1 light. This signifies that the light intensity and duration have
additive effects on the root growth (124). Solanum lycopersicum cyclophilin (SlCyp1) is a phloem
specific mobile signal, which is translocated to root from the shoot region and regulates root
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development in tomato plant. It is a peptidyl-prolyl cis/trans isomerase and has a crucial role in
the plant development (125). As light intensity increases, the translocation of SlCyp1 is also
enhanced which further promotes root growth. This report has shown that root growth is dependent
upon light intensity (126). Pinus sylvestris L. (Scots pine), a gymnosperm displayed variability in
root development when grown under different FR and R light intensities (1, 10, 25 and 100 µmol
m−2 s−1). FR light had more significant effects as compared to R light irradiation. The seedlings
displayed shorter roots in presence of lower intensities of FR (1 and 10 µmol m−2 s−1) when
compared to complete darkness. However, the root growth was maximum under higher intensity
of FR in comparison to other light conditions (127). This indicates that both optimal light quality
and quantity are required for the proper development of roots.
A recent article has reported that direct or indirect light irradiation on At roots changes their gene
expression. In this report, the seedlings were grown under two different setups. In one setup, roots
along with shoots were completely irradiated with W light and the second setup included DarkRoot (D-Root) system where shoots were exposed but roots were masked. D-Root is a device
where seedlings are vertically grown on square plates and the plates are further kept in a black
methacrylate box where the roots of the seedlings remain in dark. To avoid light reaching to the
roots, a black methacrylate comb is fitted on media plate which separates the shoot and root parts
allowing root to grow in complete darkness. Under the above-mentioned setups, the expression
PHYA, PHYB, UVR8, CRYs and PHOTs genes were not altered in roots under these two
experimental set ups. However, when they were examined in specific regions of roots, they showed
differentially expression (128). Since, these reports have shown that the light intensity influences
the root growth, the molecular components involved these phenomena are still not clear and need
further investigation.
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In this chapter, the light intensity-dependent root growth and gene expression were investigated.
In the current work, the seedlings were grown under 38, 75, 112 and 150 µmol m−2 s−1 W light
intensities. Under the above-mentioned intensities, root morphology was studied in Col-0 (wildtype), phy A and phyB mutants. Change in transcriptomics of Col-0 root under different light
intensities was further examined through microarray.
3.2. Results:
3.2.1. Phytochrome mutants displayed variable root growth in the presence of different white
light intensities
The seeds of Col-0, phyA-211 and phyB-9 were sterilized, sown on half MS media and kept for
cold stratification. After 72 hrs of stratification, the plates were kept vertically under different W
light intensities (38, 75, 112 and 150 µmol m−2 s−1).

Fig.3.1. Phenotypic differences in root morphology of six-day old seedlings. Fig.3.2. Primary
root elongation in Col-0, phyB-9 and phyA-211 under 38, 75, 112 and 150 µmol m−2 s−1 light.
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Error bars represent SEM. Same letters signify statistical significance. One-way ANOVA
with Tukey and Bonferroni tests was performed with p≤0.05. Five technical replicates were
used and each replicate comprised of 20 seedlings. Scale bar=10 mm.

The root development was analysed in six-day old Col-0, phyA-211 and phyB-9 seedlings and
found that they showed differences in their root morphology under above said light intensities
(Fig.3.1). Under lowest light intensity (38 µmol m−2 s−1), the primary root in phyA-211 was shorter
than phyB-9 and Col-0 seedlings. However, under higher intensities of light (150 µmol m−2 s−1
and 112 µmol m−2 s−1), both phy mutants displayed slightly shorter root length as compared to
Col-0 (Fig.3.2).
The adventitious and lateral root number (emerged lateral roots) were also altered under
different light intensities. When light intensity increased from 38 to 150 µmol m−2 s−1, the lateral
root number in phyB-9 and Col-0 increased two times but three times in phyA-211 seedlings.
(Fig.3.3). Surprisingly, phyB-9 displayed lesser number of lateral roots under 112 µmol m−2 s−1
in comparison to 75 and 150 µmol m−2 light intensities (Fig.3.3). Under lower light intensities (38
and 75 µmol m−2 s−1), the number of lateral roots was lesser in phyA-211 as compared to WT and
phyB-9 mutant. On the other hand, in presence of 112 µmol m−2 s−1 light, the lateral root number
was least in phyB-9 seedlings. Under highest light intensity of 150 µmol m−2 s−1, all the genotypes
displayed similar number of lateral roots (Fig.3.3).
The number of adventitious roots was observed to increase with increase in light intensity
of 38-75 µmol m−2 s−1 (Fig.3.4). However, it was saturated further after 112 and 150 µmol m−2
s−1 light intensity. Under all light intensities, phyA-211 mutant had lesser number of adventitious
roots as compared to WT and phyB-9 seedlings. The increment in the adventitious root number
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with increasing light intensity was maximum in phyA-211 as compared to WT and phyB-9
seedlings (Fig.3.4).

Fig.3.3. Change in lateral root number. Fig.3.4. Adventitious root number altered among all
the genotypes under different W light intensities of 38, 75, 112 and 150 µmol m−2 s−1. Error
bars represent SEM. Same letters signify statistical significance. One-way ANOVA with
Tukey and Bonferroni tests was performed with p≤0.05. Five technical replicates were used
and each replicate comprised of 20 seedlings.

3.2.2. Documentation of differentially expressed genes in Col-0 root under different white
light intensities
Analysis of root growth showed that different W light intensity altered various aspects of root
growth in Col-0 and phy mutant seedlings. Furthermore, microarray was done with the root of 5day old Col-0 seedlings grown on media plates under all the four W light intensities mentioned
before in previous section. First of all, RNA isolation was done from the root samples and then the
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quality and quantity of RNA were checked. After that, microarray was carried out with two
biological and three technical replicates. The details of differentially expressed genes (DEGs) from
microarray data was described by using gene level differential expression analysis. DEGs were
selected from microarray data considering FC=1.2 and False Discovery Rate (FDR) < 0.05. DEGs
were further categorized in six different comparative light intensities:150 versus (vs) 112, 150 vs
75, 150 vs 38, 112 vs 75, 112 vs 38 and 75 vs 38 µmol m−2 s−1. Upregulated and downregulated
DEGs have been shown in the table 16 and have also been represented in the form of graphs
(Fig.3.5). The maximum and minimum number of DEGs belonged to 150 vs 38 and 150 vs 112
light respectively.
Table.16. Total number of DEGs identified under six comparative white light intensities:
Comparative

150 vs

150 vs

150 vs

112 vs

112 vs

75 vs

light intensity

112

75

38

75

38

38

1014

1424

1789

1163

1518

1047

492

717

823

569

700

463

522

707

966

594

818

584

(µmol m−2 s−1)
Total number
of genes
Genes
upregulated
Genes
downregulated
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Fig.3.5. Total number of upregulated and downregulated DEGs obtained from microarray
analysis of root sample of 5-day old Col-0 seedling under 150 vs 112, 150 vs 75, 150 vs 38, 112
vs 75, 112 vs 38 and 75 vs 38 µmol m−2 s−1 light condition.

Venn diagram was presented to provide information about common and distinct DEGs from the
complete set of genes under different comparative light conditions: 150 vs 112, 150 vs 75 and 150
vs 38 ; 150 vs 112, 112 vs 75 and 112 vs 38 ; 150 vs 75, 112 vs 75 and 75 vs 38 and 150 vs 38,
112 vs 38 and 75 vs 38 µmol m−2 s−1 (Fig.3.6).
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Fig.3.6. Venn diagrams of common and distinct DEGs under variable comparative light
intensities of 150 vs 112, 150 vs 75 and 150 vs 38; 150 vs 112, 112 vs 75 and 112 vs 38; 150 vs
75, 112 vs 75 and 75 vs 38 and 150 vs 38, 112 vs 38 and 75 vs 38 µmol m−2 s−1. The DEGs in
light green coloured circles are the common among three comparative light intensities. The
DEGs shown in dark pitch, dark blue and orange coloured circles are overlapping between
two comparative light intensities. The DEGs presented in light blue, purple and yellow
coloured circles are unique for each comparative light condition.

After analyzing the DEGs, it was investigated that 68 DEGs were found to be common under 112,
75 and 38 µmol m−2 s−1 light as compared to 150 µmol m−2 s−1. In 150 vs 112, 112 vs 75 and 75
vs 38 µmol m−2 s−1 comparative light condition, 96 common DEGs were found. Relative to 75
µmol m−2 s−1 light, 65 common DEGs were observed under other light intensities. In case of 150
vs 38, 112 vs 38, 75 vs 38 µmol m−2 s−1 light condition, 136 overlapping DEGs were found.
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At5g22555, At2g39445, At2g44130 and CYP81F2 genes were common under all the six
comparative light intensities.
At5g22555 is known as a hypothetical membrane protein. At2g39445 codes for
phosphatidylinositol n-acetylglucosaminyltransferase. At2g44130 codes for KISS ME DEADLY
3 (KMD3), a F-box protein. KMD3 is stimulated by a root-knot specific nematode, Meloidogyne
incognita (129). CYP81F2 is a membrane specific protein which is involved in the synthesis of
indole glucosinolate and provides resistance against aphids, fungus, etc (130).
3.2.3. Gene ontology enrichment analysis of DEGs from microarray
DEGs obtained from microarray were subjected to Gene ontology (GO) enrichment analysis. It
provided information about over-represented DEGs in presence of various light intensities. It
helped in understanding the impacts of light intensity on various biological, molecular and cellular
processes in the root system.
In general, GO analysis presents information about gene products and their functions based on the
existing literature and databases. In this analysis, the genes are classified in three categories or
domains: molecular function (MF), cellular component (CC) and biological process (BP). MF
category involves function or activity of gene products at molecular level and CC describes the
location of gene functioning. BP category explains about the end results of gene function and the
associated key pathways. These categories comprise of many distinct and broad terms which are
based on the available database information.
GO Ontology Database annotation version and PANTHER Over-representation test were utilised
for the analysis (131, 132). Fisher’s exact with FDR multiple test correction type was used to
categorize the DEGs. In the current work, the over-represented DEGs were classified in different
GO categories and terms and summarized in table 17.
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Table 17. Most highly affected GO categories and terms under six comparative light
intensities:
Comparative

GO

GO terms

GO Accession

light intensity

Category

Plasma membrane

GO:0005886

Cell periphery

GO:0071944

Cell

GO:0005623

Cytoplasm

GO:0005737

Membrane

GO:0016020

MF

Catalytic activity

GO:0003824

BP

Cellular process

GO:0009987

Metabolic process

GO:0008152

Cellular metabolic process

GO:0044237

Organic

GO:0071704

(µmol m−2 s−1)
150 vs 112 light

150 vs 75 light

150 vs 38 light

CC

CC

substance

metabolic

process
Biological process

CC

GO:0008150

Cell

GO:0005623

Cytoplasm

GO:0005737

Membrane

GO:0016020

Integral component of membrane

GO:0016021
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MF

Intrinsic component of membrane

GO:0031224

Cell periphery

GO:0071944

Ion binding

GO:0043167

Heterocyclic compound binding

GO:1901363

Organic

GO:0097159

cyclic

compound

binding
Molecular function
Catalytic activity

112 vs 75 light

112 vs 38 light

CC

GO:0003674
GO:0003824

Cytoplasm

GO:0005737

Cell

GO:0005623

MF

Catalytic activity

GO:0003824

BP

Cellular process

GO:0009987

CC

Membrane

GO:0016020

Cytoplasm

GO:0005737

Cell

GO:0005623

Intracellular

GO:0005622

DEGs in 150 vs 112 µmol m−2 s−1 comparative light intensity were enriched under CC category
and classified in plasma membrane and cell periphery GO terms. Under 150 vs 75 µmol m−2 s−1
comparative light intensity, DEGs were grouped in MF and CC domains. In MF category, catalytic
activity was the most over-represented term and under CC category the most enriched terms were
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cell, cytoplasm and membrane. Under 150 vs 38 µmol m−2 s−1 light, maximum number of DEGs
were present and categorized in BP, MF and CC. In case of this comparative light intensity,
cellular, metabolic, cellular metabolic, organic substance metabolic and biological process were
the highly represented terms found under BP category. Under CC category, the over-represented
terms were cell, cell periphery, membrane, cytoplasm, intrinsic and integral component of
membrane. However, the most enriched terms under MF category were heterocyclic compound
binding, ion binding, catalytic activity and organic cyclic compound binding.
Similarly, in case of 112 vs 75 µmol m−2 s−1 comparative light intensity, DEGs were present in
all categories, however, the over-represented terms were found only in MF and CC categories.
Here in CC category, cell and cytoplasm were the most enriched terms and in MF category,
catalytic activity was the highly represented term. DEGs under 112 vs 38 µmol m−2 s−1 light were
categorized in BP and CC class. Cellular process was the most represented term under BP category.
On the other hand, CC category comprised of the most enriched terms: cell, membrane, cytoplasm
and intracellular. Under 75 vs 38 µmol m−2 s−1 comparative light, DEGs were minimally enriched
and classified in CC and BP categories. The only over-represented term under CC category was
respiratory chain.
3.2.4. Kyoto Encyclopedia of Genes and Genomes pathway analysis for investigating gene
function
Kyoto Encyclopedia of Genes and Genomes (KEGG) color pathway analysis was performed to
explore the specific functions of DEGs found under different comparative light intensities.
KEGG analysis gives detailed information about the function and utility of genes in biological,
cellular and molecular processes. KEGG analysis works on the basis of available database
comprising of information about genome sequencing, bioinformatic details etc (133).
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KEGG analysis characterized only 184 genes out of 1014 DEGs in case of 150 vs 112 µmol m−2
s−1 light. Under 150 vs 75 µmol m−2 s−1 comparative light, KEGG found 290 DEGs out of 1424.
Total number of DEGs obtained from microarray data was 1789 under 150 vs 38 µmol m−2 s−1
light, however, only 420 genes were characterized by KEGG. Under 112 vs 75 µmol m−2 s−1 light,
out of 1163 DEGs, KEGG identified only 249 genes. In case of 112 vs 38 µmol m−2 s−1
comparative condition, KEGG characterized 314 genes, out of 1518 DEGs. From microarray
analysis, 1047 DEGs were obtained under 75 vs 38 µmol m−2 s−1 comparative light, however,
KEGG detected only 172 DEGs. The details of KEGG analysis has been shown in the table 18.
KEGG analysis has shown that maximum number of DEGs belonged to metabolic and secondary
metabolite biosynthetic pathways under all comparative light intensities.
Table.18. Categorization of DEGs based on KEGG analysis:
Comparative Total no. of No.

of Major pathways

No.

light

DEGs

genes

genes

intensity

obtained

categorized

under

by KEGG

each

m−2 from

(µmol
s−1)

microarray

150 vs 112 1014

pathway
184

light

150
light

vs

75 1424

of

290

Metabolic pathway

71

Secondary metabolite biosynthesis

40

Plant hormone signal transduction

19

Protein processing in ER

15

Carbon metabolism

11

MAPK signaling

11

Metabolic pathway

143

Secondary metabolite synthesis

82

Carbon metabolism

24

Amino acid biosynthesis

19

64

Glycolysis

15

Plant-pathogen interaction

13

RNA transport

13

Glutathione metabolism

13

Starch and sucrose metabolism

13

Purine metabolism

12

Oxidative phosphorylation

12

Plant hormone signal transduction

10

Amino sugar and nucleotide sugar 10
metabolism
150
light

vs

38 1789

420

Metabolic pathway

79

Secondary metabolite biosynthesis

114

Ribosome

51

Carbon metabolism

27

Amino acid biosynthesis

25

Oxidative phosphorylation

21

Phenylpropanoid

biosynthesis 20

pathway
Plant-pathogen interaction

17

RNA transport

17

Spliceosome

17

Starch and sucrose metabolism

17

Glutathione metabolism

16

Plant hormone signal transduction

15

Glycine,

serine

and

threonine 13

metabolism
Endocytosis

13

Glycolysis

13

Amino sugar and nucleotide sugar 12
metabolism
Purine metabolism

12
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112

vs

75 1163

249

light

Cysteine and methionine metabolism

11

Photosynthesis

10

Ubiquitin mediated proteolysis

10

2-oxocarboxylic acid metabolism

10

Protein processing in ER

10

Metabolic pathway

122

Biosynthesis of secondary metabolites 63
Carbon metabolism

18

Starch and sucrose metabolism

15

Plant hormone signal transduction

14

Amino acid biosynthesis

12

Protein

processing

in

Phenylpropanoid

the

ER 11

biosynthesis 10

pathway
112

vs

38 1518

314

light

Metabolic pathway

131

Secondary metabolite biosynthesis

59

Ribosome

30

Plant hormone signal transduction

27

Carbon metabolism

22

Oxidative phosphorylation

18

MAPK signaling

13

Protein processing in ER

13

Purine metabolism

12

Spliceosome

12

Glyoxylate

and

dicarboxylate 11

metabolism

75 vs 38 light

1047

172

Amino acid biosynthesis pathway

10

Metabolic pathway

64

Biosynthesis of secondary metabolite

37

Plant-pathogen interaction

10

Plant hormone signaling

10
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3.2.5. Quantitative PCR validation of DEGs obtained from microarray involved in
phytohormone, light and clock-controlled pathways
The DEGs obtained from microarray data were further validated by qRT-PCR. Here, the genes
were selected on the basis of their expression levels (from microarray data) and possible roles in
root growth. Light, phytohormone and circadian clock have been shown to be the important factors
influencing root development (12, 134). Root growth and gravitropism have been reported to be
regulated by PHYs (135). Phytohormones control lateral root formation in dose dependent manner
and also regulate root hair initiation and growth (136, 137). Lateral root emergence has been shown
to be controlled by circadian clock (134). In Eucalyptus, it has been reported that exogenous auxin
and higher intensity of light promote adventitious root growth (138).
Hence, the genes participating in the auxin responsive and transport pathway: ARF2, ARF4,
ARF18, IAA7, LIKE AUX 2 (LAX2), SAUR9 and SAUR26; cytokinin signaling genes: KMD1 and
TYPE A RESPONSE REGULATOR 6 (ARR6) and ABA signaling gene: COP1 INTERACTING
PROTEIN 1 (CIP1) were selected to explain the impact of different W light intensity on
phytohormone associated pathways. Some light signaling genes such as HY5, PIF4, CONSTANS
LIKE 3 (COL3), COL9, PAR2, EARLY PHYTOCHROME RESPONSE 1 (EPR1), COP9
SIGNALOSOME COMPLEX SUBUNIT 6A (CSN6A) and CSN6B were also selected to evaluate
the impact of light intensity on downstream light signaling gene expression in roots. To investigate
the correlation of clock and light intensity, clock regulated genes for example, TIMING OF CAB
EXPRESSION 1 (TOC1), PSEUDO RESPONSE REGULATOR 9 (PRR9) and CIRCADIAN
CLOCK-ASSOCIATED 1 (CCA1) were selected. These genes were evaluated for all the
comparative light intensities.
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Under 112 µmol m−2 s−1 in comparison to 150 µmol m−2 s−1 light, COL3 was upregulated
however, PIF4 and EPR1 genes were downregulated. On the other hand, ARF2 and ARF4 were
upregulated and TOC1 was downregulated (Fig.3.7).

Fig.3.7. Change in expression level of COL3, EPR1, PIF4, ARF4, ARF2 and TOC1 genes
under 150 vs 112 µmol m−2 s−1 light condition in the root sample of 5-day old Col-0 seedlings.
Fold change of 1.2 was considered for gene expression analysis. POLYQ gene was used for
normalizing the transcript level. Error bar represents SEM. One-way ANOVA with Tukey
and Bonferroni tests was performed, here *= p<0.05. qRT-PCR was performed at least in
triplicates.
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When 75 µmol m−2 s−1 light was compared to 150 µmol m−2 s−1 intensity, PIF4, EPR1 and
CSN6B genes were downregulated but COL3 was upregulated. On the other hand, ARF18, CIP1
and KMD1 genes were upregulated however, LAX2 was downregulated. TOC1 was also
downregulated under this comparative light (Fig.3.8)

Fig.3.8. Expression of CSN6B, EPR1, PIF4, COL3, ARF18, LAX2, CIP1, KMD1 and TOC1
genes under 150 vs 75 µmol m−2 s−1 light condition was altered in the root sample of 5-day
old Col-0 seedlings. Fold change of 1.2 was considered for gene expression analysis. POLYQ
gene was used for normalizing the transcript level. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here *= p<0.05. qRT-PCR was
performed at least in triplicates.
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Fig.3.9. Expression of COL9, PIF4, EPR1, ARF18, SAUR9, LAX2, CIP1, ARR6 and TOC1
genes was differentially regulated in root sample of 5-day old Col-0 seedlings under 150 vs
38 µmol m−2 s−1 comparative light. Fold change of 1.2 was considered for gene expression
analysis. POLYQ gene was used for normalizing the transcript level. Error bar represents
SEM. One-way ANOVA with Tukey and Bonferroni tests was performed, here *= p<0.05.
qRT-PCR was performed at least in triplicates.
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Under 38 µmol m−2 s−1 light in comparison to 150 µmol m−2 s−1, EPR1 and COL9 gene were
upregulated while PIF4 has been shown to be downregulated. Under this comparative light
condition, ARF18, SAUR9, LAX2, ARR6 and CIP1 genes were upregulated however, TOC1 gene
was downregulated (Fig.3.9).
Under 75 µmol m−2 s−1 as compared to 112 µmol m−2 s−1 light, COL3 and EPR1 genes were
downregulated. In this case, hormone and clock-controlled genes didn’t show significant alteration
in their expression (Fig.3.10).

Fig.3.10. Light signaling genes; EPR1 and COL3 were downregulated in root sample of 5day old Col-0 seedlings under 112 vs 75 µmol m−2 s−1 comparative light. Fold change of 1.2
was considered for gene expression analysis. POLYQ gene was used for normalizing the
transcript level. Error bar represents SEM. One-way ANOVA with Tukey and Bonferroni
tests was performed, here *= p<0.05. qRT-PCR was performed at least in triplicates.

Under 38 µmol m−2 s−1 light in comparison to 112 µmol m−2 s−1 light, EPR1 gene was
upregulated, however, COL3 was observed to be downregulated. Furthermore, ARR6, SAUR9 and
SAUR26 genes were upregulated but ARF2 was downregulated. The CCA1 gene was upregulated
under this slight condition (Fig.3.11).
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Fig.3.11. COL3, EPR1, ARF2, SAUR9, SAUR26, ARR6 and CCA1 genes were altered in root
sample of 5-day old Col-0 seedlings under 112 vs 38 µmol m−2 s−1 light intensity. Fold change
of 1.2 was considered for gene expression analysis. POLYQ gene was used for normalizing
the transcript level. Error bar represents SEM. One-way ANOVA with Tukey and
Bonferroni tests was performed, here *= p<0.05. qRT-PCR was performed at least in
triplicates.

HY5, COL9, CSN6A, CSN6B and EPR1 genes were upregulated under 38 µmol m−2 s−1 light when
compared with 75 µmol m−2 s−1 light intensity. The expression of ARF18, LAX2, KMD1 and CIP1
genes was also enhanced. Similarly, CCA1 gene was also upregulated under this light condition
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(Fig.3.12). The difference in expression of PRR9 gene has been observed to be insignificant under
all the six comparative light conditions.

Fig.3.12. Light, phytohormone and clock-ontrolled genes were upregulated in root sample of
5-day old Col-0 seedling under 38 µmol m−2 s−1 light when compared with 75 µmol m−2 s−1
light. Fold change of 1.2 was considered for gene expression analysis. POLYQ gene was used
for normalizing the transcript level. Error bar represents SEM. One-way ANOVA with
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Tukey and Bonferroni tests was performed, here *= p<0.05. qRT-PCR was performed at
least in triplicates.

3.3. Discussion:
The light intensity as well as quality both play crucial role in root development. The survivability
rate and health of plants depend upon the root growth. It has been shown that root growth varies
in presence or absence of light. Root growth pattern is different if only shoot is irradiated or if
roots are directly exposed to light (120). It has reported that, plants display shorter roots and low
root to shoot biomass ratio when they are grown under lower intensities of light (119, 124). The
total root length, surface area of root, lateral root number and cluster root formation have been
shown to increase with increase in light intensity in white lupin (Lupinus albus L.). The cluster
roots are the parts of primary lateral roots having bottle brush like rootlet cluster along with more
than ten rootlets/cm (139). Different photoreceptors present in plants have been investigated to
modulate the morphology and physiology of roots. PHYs, CRYs, PHOTs and UVR-8 are directly
or indirectly regulate the root growth (25, 34, 39, 42, 140, 141). They are involved in the control
of root elongation, lateral root growth, adventitious root growth and root gravitropism. Among
PHYs, PHYA and PHYB play predominant role in controlling primary and lateral root growth
(12). PHYs perceive R and FR light but can also sense the variation in the ratio of R:FR light. It
has been reported that when roots are in direct contact of light then phyB mutant displays shorter
primary root in comparison to wild-type (119). In the current work, similar result was found at
higher light intensities. The present work shows that both phyA and phyB mutants possess shorter
primary root at higher light intensities while at lower light intensity only phyA mutant has shorter
primary root as compared to Col-0.
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Previous reports have shown that in tobacco, root biomass increases with increase in light
intensity (60-300 µmol m−2 s−1 light) (124). The current work has utilized light in the range 38150 µmol m−2 s−1 intensity and it was examined that in Col-0, the lateral and adventitious root
number enhanced with increase in light intensity. This could be similar to the case of increase in
root biomass of tobacco with light intensity as here the lateral and adventitious roots (contributing
to the whole root biomass) increased with increasing intensity of light. However, phy mutants
showed variable root parameters under different light intensity. This suggests that PHYs along
with light intensity both are involved in determining the root growth.
It was investigated that when only shoot is irradiated or both shoot and root are irradiated with
light, the expression of PHYA, PHYB, CRYs, PHOTs in roots was similar in both the cases. (128).
The present work has found that under highest (150 µmol m−2 s−1 light) versus lowest (38 µmol
m−2 s−1 light) light intensity, the expression of light signaling genes such as PIF4, COL9, EPR1,
hormone associated genes: CIP1, ARF18, SAUR9, LAX2, ARR6 and clock regulated gene TOC1
was altered in Col-0 roots when shoot and root both are irradiated. In future, some of the key
regulators of light signaling such as other PIFs, FHY1, COP1 etc. can also be analysed in the root
under different light intesnities. Next, other phytohormone associated genes can also been
analysed in root under variable light intesnities. The present work can be extended by exploring
the gene profiling in the roots of phyA and phyB mutants under light intensity tested. This will
facilitate in explaining the mechanism of light intensity affecting the root growth in phy mutants.
The current study would be beneficial to understand the mechanisms behind the root growth in
the vegetation areas where light intensity varies very frequently. In this way, plants with robust
root system to adapt to any adverse light condition can be developed in future.
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CHAPTER 4
Light dependent effects of carbon nanoparticles on root
architecture in Arabidopsis thaliana
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Chapter 4.
4. Light dependent effects of carbon nanoparticles on root architecture in Arabidopsis
thaliana
4.1. Background:
Roots are important part of plants and they help in uptake of water, nutrients and anchorage to soil,
leading to healthy growth of plants. It has been reported that light and phytohormones both affect
root development. PHYB promotes the lateral root emergence and its growth (113). Auxin
increases the lateral and adventitious root growth; however, lateral root is inhibited by CK (53). In
presence of light, ET has been shown to reduce root growth, but enhances root hair size and number
(142). Few other environmental/abiotic factors such as nanomaterials (NMs) have also been
investigated to influence plant growth. In small quantity they don’t have any effect, however, after
release of excess NMs they alter the growth and development of plants and animals (143). NMs
are used in various fields such as agriculture, genetic engineering, drug delivery systems etc. They
have also been shown to influence root morphology and its architecture.
There are few reports available which state that light and hormone cross-talk to regulate root
growth. COP1 has also been shown to regulate the PIN dependent auxin transport (144). PHY
mutants for example phyA, phyB, phyAphyB and downstream light signaling mutants such as hy17 have been shown to be resistant to CK and exhibit defects in root growth and root hair
development (145). ABA interacts with light signaling to modulate root development as hy-5 has
been reported to be insensitive to ABA in the development of primary and lateral roots (146).
NMs are the colloidal system having 10-1000 nm size. They are of different types, for example,
quantum dots, semiconductor, nanopolymer, carbonaceous etc. and they affect the growth and
development of plants (147). They also influence root growth, the impacts vary upon type, dose,
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size and form of NMs and also depend on type of plant species. They have positive impact at lower
dose, however, in excess or after prolonged exposure, they exhibit negative effects on root
development. Carbon nanomaterials (CNMs) belong to carbonaceous NM category and have been
reported to influence root growth in various ways. CNMs have been classified on the basis of their
shape, size and structure in different groups such as carbon dots, carbon nanoparticles, carbon
nanotubes, graphene, fullerenes etc (148).
Single-walled non-functionalized carbon nanotubes (CNTs) and functionalized carbon nanotubes
(fCNTs) have been reported to exhibit variable effects on root development in different plant
varieties. The root growth was more severely affected by CNTs as compared to fCNTs. Root
elongation was drastically decreased after 24 and 48 hrs of CNTs exposure in tomato, however,
the impact of CNTs was reverse in onion plants. In case of cucumber, root growth was more after
24 hrs of CNTs treatment. On the other hand, in lettuce, fCNTs caused reduction in root growth
after 48 hrs of treatment. It was observed that the effect of both type of CNTs on root elongation
was insignificant after 24 hrs and 48 hrs in lettuce and cucumber respectively. Furthermore, in
cabbage and carrot there was no significant impact of both CNTs after 24 and 48 hrs of treatment
(149). This article suggested that, the impacts of NTs on root development are determined by their
type, exposure time and also depend on plant variety. Single-walled carbon nanotubes (SWCNTs)
in maize, have been reported to promote seminal root growth while suppress root hair growth,
however, primary root elongation was unaffected. It was also observed that genes playing vital
roles in root development were altered by SWCNTs. SLR1 is a key regulator of cellular pattering
in seminal roots and it was upregulated after 36 hrs whereas downregulated after 72 hrs of SWCNT
treatment. ROOTLESS CONCERNING CROWN AND SEMINAL ROOT (RTCS) gene participates
in embryonic seminal root initiation. The expression of RTCS genes was enhanced with an increase
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in exposure time. In contrast, SWCNTs downregulated ROOT HAIRLESS 1 (RTH1) and RTH3
genes involved in root hair growth control (150). In At, COOH-multiwalled carbon nanotubes
(COOH-MWCNTs) was shown to decrease the number of root hairs. However, SA supplemented
with COOH-MWCNTs enhanced root hair number. CNTs have also been shown to downregulate
the genes playing role in root hair growth, emergence and differentiation. Genes such as
AT4G25790, CYP708A2, AT3G49960, AT4G26010, AT1G34510, AT5G05500, ROOT HAIR
SPECIFIC 12 (RHS12), RHS13, RHS15 and RHS19 were downregulated by COOH-MWCNTs
(151). In rice, root length and biomass have been investigated to be increased by MWCNTs, FeCo-filled CNTs (FeCo-CNTs) and Fe-filled CNTs (Fe-CNTs) at lower concentrations. However,
they suppressed the root growth higher dose. They have also been shown to reduce the IAA, ABA,
GA, CK, BR and JA content of roots (152). Graphene (another class of CNMs) has been reported
to alter root growth in tomato, cabbage, lettuce and red spinach. After 20 days of exposure, root
elongation and biomass both were reduced in tomato, cabbage and spinach. Primary root and root
hair development were also altered by graphene in all tested plants except lettuce. Root growth
was affected the most in tomato by graphene treatment. It has enhanced ROS generation and cell
death in roots. It also altered the morphology of cells nearby root elongation region in tomato and
cabbage. In red spinach and tomato roots, it triggered detachment of epidermis and in case of
cabbage, root surface area was enhanced by graphene treatment (153). In cucumber, increasing
concentration of carbon nanoparticle (CNP) has been shown to reduce root elongation (154). It has
been reported to enhance primary root length under different monochromatic light in At (155).
Thus, it was aimed to study the light quality dependent effects of CNP on root morphology
and the hormonal signaling pathways in roots. In this chapter, several features of roots such as,
primary, lateral, adventitious root development, root hair formation, root coiling and waving were
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analysed. The phytohormone signaling genes involved in root growth control were also
investigated.
4.2. Results:
4.2.1. CNP altered primary root elongation, lateral, adventitious root number and root hair
growth in Col-0 and phyB-9 mutant depending upon the light quality
In a recent report, the development of At has been studied in dose dependent manner using CNP
conc. in the range of 10-500 µg/ml. It was shown that the increase in conc. of CNP make the wildtype plants flower early and the flowering time was least at 500 µg/ml CNP conc. In this study,
the primary root was also analysed at 500 µg/ml CNP under different light conditions and it was
investigated that CNP enhanced the primary root length (155). With this information, in the current
work it has been attempted to understand the involvement of PHYB in root development in
presence of CNP under different light conditions. The CNP type used was graphite nano powder
and the conc. of CNP was 500 µg/ml. The seeds of Col-0 and phyB-9 after sterilization were sown
on hard agar half-MS with and without CNP (+CNPs and -CNPs) in square plates. After cold
stratification for 48 hrs and W light germination induction, the plates were kept vertically for 48
hrs under W, R, FR and B (LD) light. The plates were tilted at 45˚ after 48 hrs, then 5 days after
tilting the seedlings were imaged (156).
The primary root elongation was analysed using ImageJ program. It was observed that, in -CNP,
phyB-9 has shorter primary root as compared to Col-0, under W, R and B light (Fig.4.1a, 4.1b and
4.1d). It is similar to the result shown earlier in chapter 3 for W light intensity of 112 and 150 µmol
m−2 s−1. However, in +CNP only under R light, the primary root was significantly shorter in phyB9 as compared to Col-0 (Fig.4.1b).
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Fig.4.1. Effect of CNP (500 µg/ml) on primary root elongation in 5-day old phyB-9 mutant
seedlings as compared to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1),
(c) far-red (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Experiment was performed
five times and every time 20 seedlings were considered. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here ns = non-significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001.

The quantification of lateral, adventitious root and analysis of root hairs were performed under
stereo zoom microscope. Quantification data of lateral roots showed that, in -CNP, the number of
lateral roots was more in phyB-9 as compared to Col-0 only under B light (Fig.4.2d). However, in
presence of CNP, phyB-9 had more lateral roots than Col-0 under W and R light (Fig.4.2a and
4.2b).

81

Fig.4.2. CNP (500 µg/ml) influencing lateral root number in 5-day old phyB-9 mutant
seedlings as compared to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1),
(c) far-red (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Experiment was performed
five times and every time 20 seedlings were considered. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here ns = non-significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001.

When adventitious root quantification was performed, it was observed that, in -CNP no significant
variation was found between the seed lines under all the light qualities. However, in presence of
CNP, only under W light, phyB-9 displayed more adventitious roots than Col-0 (Fig.4.3a).
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Fig.4.3. Variation in number of adventitious roots of 5-day old phyB-9 mutant seedlings as
compared to Col-0 in presence of CNP (500 µg/ml) under (a) white (100 µmol m−2 s−1), (b)
red (50 µmol m−2 s−1), (c) far-red (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light.
Experiment was performed five times and every time 20 seedlings were considered. Error
bar represents SEM. One-way ANOVA with Tukey and Bonferroni tests was performed,
here ns = non-significant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

The root hair growth was also examined in these two seed lines after 7-days of light treatment.
Then it was observed that root hair growth was less in +CNP in both the seed lines, irrespective of
light quality. The thickness of root tip region was also lesser in +CNP as compared to -CNP, under
all light qualities (Fig.4.4).
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Fig.4.4. Reduction in root hairs and thickness of root by CNP (500 µg/ml) in 5-day old phyB9 mutant and Col-0 seedlings under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1),
(c) far-red (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Scale bar=100µm.

4.2.2. Root wave density and related features varied by CNP depending upon light quality
The primary root elongation, lateral and adventitious roots were investigated to be altered by CNP
under different light conditions. Furthermore, root waving and related parameters were analysed
in Col-0 and phyB-9 seedlings. Root waving is an important characteristic of root architecture as
it conveys information about how efficiently root tip can penetrate the soil by bending, overcome
the mechanical stress and grow inside soil.
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Here, the seeds were sown and grown similarly as mentioned in previous section. After 7 days of
light irradiation, seedlings were imaged to measure WD, root straightness and HGI and these
parameters were analysed by using R program. WD is calculated as the number of waves formed
by the root per mm of root length. To understand the details of the root waving, root straightness
and HGI were determined. The root straightness (S) characterizes the straightness of a root and is
described as the ratio of length of a chord connecting the initial point of root and apex of a primary
root (Lc) to the total length of the root (L) (157).
𝑆=

𝐿𝑐
𝐿

Root growth in plants usually deviates from the vertical axis, and the rate of root growth in the
lateral and vertical direction are different. HGI is the parameter to describe the root growth in
lateral direction. HGI is defined as the ratio of distance covered by root tip in horizontal direction
from the vertical (Lx) and total root length (L) (157).

𝐻𝐺𝐼 =

𝐿𝑥
𝐿

HGI is positive if the root tip deviates towards the right and negative if it deviates in the opposite
direction.
Under W, R, FR and B light, in -CNP there was no difference observed in WD of Col-0 and phyB9 seedlings (Fig.4.5). However, in +CNP, under W, R and B light, Col-0 had more root WD as
compared to phyB-9 seedlings (Fig.4.5a, 4.5b and 4.5d).
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Fig.4.5. Root wave density altered by CNP (500 µg/ml) in 5-day old phyB-9 mutant seedlings
in comparison to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1), (c) farred (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Experiment was performed five
times and every time 20 seedlings were considered. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here ns = non-significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001.
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After that, root straightness was analysed and it was observed that under W and B light, in -CNP
phyB-9 displayed more root straightness as compared to Col-0 seedlings (Fig.4.6a and 4.6d). In
+CNP, only under R light Col-0 had more root straightness in comparison to phyB-9 seedlings
(Fig.4.6b).

Fig.4.6. Effect of CNP (500 µg/ml) on root straightness in 5-day old phyB-9 mutant seedlings
as compared to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1), (c) farred (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Experiment was performed five
times and every time 20 seedlings were considered. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here ns = non-significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001.

In presence of CNP, root straightness varied only under R light, then HGI of root in phyB-9 mutant
and Col-0 seedlings was investigated under different light conditions. Under R and B light, in CNP, Col-0 had more HGI than phyB-9 seedlings (Fig.4.7b and 4.7d). On the other hand, in +CNP
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under W, R and B light, Col-0 displayed more HGI as compared to phyB-9 seedlings (Fig.4.7a,
4.7b and 4.7d).

Fig.4.7. Horizontal growth index of root altered by CNP (500 µg/ml) in 5-day old phyB-9
mutant seedlings as compared to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol
m−2 s−1), (c) far-red (45 µmol m−2 s−1) and (d) blue (30 µmol m−2 s−1) light. Experiment was
performed five times and every time 20 seedlings were considered. Error bar represents
SEM. One-way ANOVA with Tukey and Bonferroni tests was performed, here ns = nonsignificant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

4.2.3. Root coiling frequency enhanced by CNPs under different light conditions
It was analysed that CNP-mediated root waving varied upon light quality in phyB-9 mutant as
compared to Col-0 seedlings. Then, root coiling phenomenon was investigated in the seedlings.
Root coiling conveys information about graviresponse and thigmotropic response of roots (10).
Sterilized seeds were sown on half MS medium in -CNP and + CNP and grown horizontally. After
7 days of light treatment, root coiling was analysed under microscope.
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Fig.4.8. CNP (500 µg/ml) influencing root coiling in 5-day old phyB-9 mutant seedlings as
compared to Col-0 (a) under white (100 µmol m−2 s−1), (b) under red (50 µmol m−2 s−1), (c)
under far-red (45 µmol m−2 s−1) and (d) under blue (30 µmol m−2 s−1) light. Experiment was
performed five times and every time 20 seedlings were considered. Error bar represents
SEM. One-way ANOVA with Tukey and Bonferroni tests was performed, here ns = nonsignificant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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It was found that, Col-0 formed mostly complete coils, however, phyB-9 formed mostly irregular
and partial coils. Root coiling frequency has been calculated as the ratio of number of seedlings
forming coils to the total number of seedlings. Under W, R and B light, in -CNP, Col-0 exhibited
more root coiling frequency as compared to phyB-9 seedlings (Fig.4.8b and 4.8d). In +CNP, phyB9 showed lesser root coiling in comparison to Col-0 under W and R light (Fig.4.8a and 4.8b).
4.2.4. Phytohormone signaling genes in root are differentially regulated by CNPs in presence
of white and red light
It was investigated in the above-mentioned experiments that CNP alters different aspects of root
morphology of phyB-9 mutant and Col-0 seedlings. Then the impact of CNP on the expression of
phytohormone signaling genes was analysed in the roots of phyB-9 mutant and Col-0 seedlings.
Genes such as ARR6, ETHYLENE INSENSITIVE PROTEIN 2 (EIN2) and TIR1 involved
in CK, ET and auxin signaling were analysed under W and R light. In case of -CNP, ARR6, EIN2
and TIR1 genes were downregulated in phyB-9 in comparison to Col-0 under W and R light.
However, in +CNP, EIN2 was upregulated under R light and TIR1 was upregulated both under W
and R light in phyB-9 as compared to Col-0 (Fig.4.9).
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Fig.4.9. Alteration in the expression of (a) ARR6, (b) EIN2 and (c) TIR1 genes under white
(100 µmol m−2 s−1); (d) ARR6, (e) EIN2 and (f) TIR1 genes under red (50 µmol m−2 s−1) in
phyB-9 seedlings as compared to Col-0 by CNP (500 µg/ml). Fold change of 1.2 was
considered for gene expression analysis. POLYQ gene was used for normalizing the
transcript level. Error bar represents SEM. One-way ANOVA with Tukey and Bonferroni
tests was performed, here ns = non-significant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
qRT-PCR was performed at least in triplicates.

4.3. Discussion:
Nanotechnology is a booming area nowadays and widely used in agriculture. CNMs have
beneficial as well as detrimental effects on plant development (158). The type, size, concentration
and exposure time of CNMs determine their effects on plants. They have been reported to increase
nutrient uptake efficiency, quality of fruit, seed germination, root growth and other several aspects
of plant growth (159). Hence, this decreases the dependency of plants on pesticides. They have
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also been shown to alter various features of root morphology and growth. Most of the previous
reports have shown the impacts of CNTs on root growth in plants, such as MWCNT enhances the
root length in ryegrass and soybean, oxidized-MWCNT increases the root length in mustard and
wheat seedling and uncoated-CNTs increase the root elongation in onion and cucumber (160).
Carbon nano-dots enhances the root growth in wheat and CNPs such as fullerol have also been
reported to enhance the length of roots in wheat (160, 161). Several other reports are available
explaining about similar aspects.
CNTs alter the root growth via modulating the expression of genes engaged in the root
development such as SLR1, RTCS, RTHs etc (150). Kumar et al has shown that CNP (graphite
powder) at the concentration of 500 µg/ml enhances the primary root length in Col-0 of At (155).
In the present work, same concentration of CNP (graphite powder) was utilized and similar results
were observed in case of Col-0 seedlings. However, the main interest of this work was to explore
the involvement of PHYB in CNP-mediated root growth. PHYB extensively participates in the
regulation of root morphology and physiology (12). Various root architectural features have been
studied in the present work such primary root length, quantification of lateral and adventitious
roots, root wave formation and root coiling in presence of CNPs. It has been reported earlier that
phyB mutant exhibits shorter primary root in comparison to wild-type (119). In the current work,
in absence of CNP phyB mutant showed shorter primary root than Col-0 except under FR light.
However, in presence of CNP the primary root length of phyB mutant and Col-0 become similar
except under R light. PHYB has also been shown to alter lateral root development (113, 162). In
the present work, lateral and adventitious root quantification data showed that CNP reduces the
lateral root number more severely in Col-0 as compared to phyB-9 mutant, specifically under W
and R light. It was observed in the current work that the lateral root number is lesser in Col-0 as
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compared to phyB-9 mutant under W and R light in presence of CNP. On the other hand, present
study showed that adventitious root number varied only under white light in presence of CNP
between Col-0 and phyB-9 mutant and the adventitious root number was more in phyB-9 mutant.
In At, it has been reported that COOH-MWCNTs suppress the root hair number by negatively
regulating the genes playing role in root hair emergence, differentiation and growth (151). Present
work has shown that root hair growth was similarly reduced by CNP in Col-0 and phyB-9 mutant.
The genes involved in root hair growth can also be analysed in this case to understand the
mechanism behind CNP dependent reduction in root hairs. It was also described in the current
study that root WD and HGI are lesser in phyB-9 mutant as compared to Col-0 in presence of CNP
under W, R and B light. The root gravitropism in presence of CNP has also been studied by
investigating root coiling in the present work. In the present work, in presence of CNP the root
coiling was lesser in phyB-9 mutant as compared to Col-0 under W and R light. However, under
R light, irrespective of CNP root coiling was more in Col-0 as compared to phyB-9 mutant.
In rice, MWCNT, FeCo-CNTs and Fe-CNTs have been reported to decrease IAA, CK, GA, ABA,
JA and BR amount in roots (152). The present study has shown that CNP alters the expression of
EIN2 and TIR1 genes in phyB-9 mutant under W and R light. Hence, it can be concluded that
PHYB is possibly involved in CNP dependent alteration in root architecture and it occurs due to
change in expression of EIN2 and TIR1 genes in root. Phytohormone quantification can also be
performed in phyB mutant in presence of CNP under different light quality. Further experiments
can be performed in future to understand the involvement of other photoreceptors in CNPmediated root growth. Temperature is one of the major factors which controls root elongation (163,
164). The PHYB has been shown to act as temperature sensor (165). Hence, it would be interesting
to perform CNP mediated root growth studies under different temperature and light intensity in
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phy and pif mutant lines. Other phytohormone associated genes involved in root growth can also
be analysed in presence of CNP to investigate the mechanism behind the root growth alteration by
CNP in detail.
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CHAPTER 5
Effect of sugar and light on root architecture and expression
of auxin related genes
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Chapter 5.
5. Effect of sugar and light on root architecture and expression of auxin related genes
5.1. Background:
Light has been mentioned earlier to be one of the major abiotic factors involved in plant growth.
On the other hand, photosynthates or carbon sources (sugar) also contribute to the plant growth
pattern depending upon the day length as well as light (166, 167). Phytohormones are also known
to act as an essential plant regulator. The role of light and phytohormones in plants have been
mentioned in introduction section. Plant synthesizes sugar by photosynthesis and sugar has been
shown to regulate hypocotyl elongation, cotyledon opening, flowering time, root growth, etc (168).
It has been reported that sugar in higher amount suppresses hypocotyl length in dark and cotyledon
opening in presence of light. Suc at low concentration enhances flowering time, however, at higher
concentration shows reverse action. Target of rapamycin (TOR) is a kinase which regulates plant
growth and development by coordinating carbon source and energy content of the cell. Glu
promotes root meristem action and also induces plant TOR kinase (169). It is also involved in
transition from juvenile to adult stage via regulating expression of miRNA156 (167). It has been
stated that light and phytohormone interacts to regulate plant development (in introduction part).
Similar to this cross-talk, sugar-phytohormone interaction and light-sugar interaction have also
been reported to modulate plant growth. The sugar and phytohormone crosstalk have been
investigated to synchronize plant growth. This interaction is involved in seedling development,
root growth, tuberization etc (170). In embryonic and seedling development, Glu and ABA have
been reported act in synergistic manner (171). In early seedling development, exogenous ET
causes normal growth of seedlings and compensates the inhibitory effects of Glu and Suc. ABA
has been shown to maintain the Suc and Glu sensitivity during seedling development (172). Suc
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regulates the tuberization in potato by controlling the level of GA and ABA (173). Sugar and
phytohormone also interact to regulate the root development. Auxin signaling has been shown to
control Glu-mediated alteration in elongation of primary root, root hair growth, lateral roots and
root deviation. Root deviation is defined as the movement of root tip in right or left direction from
the main axis of the root (gravity vector). Glu decreases the root meristem via inhibiting
accumulation of PIN1 and hence the level of auxin (174). Glu and CK reduce primary root length
at higher concentration, however, at lower concentration, Glu promotes root length but CK inhibits
the same (175). It has also been shown that light and sugar interact in controlling several aspects
of plant growth. The overexpression of PHYB increases hypocotyl growth in presence of Suc
under FR light. (176). Hexokinase 1 (HXK1) acts as an integrator of high light intensity and
exogenous Glu in plant development. It has been shown that HXK1 mutant, glucose insensitive 2
(gin2) displays alteration in hypocotyl elongation and root growth under low light intensity (177).
It has been demonstrated that Suc mediated hypocotyl elongation is dependent on PIFs. Suc has
also been shown to enhance the level of PIF5 protein (178). Excess concentration (3%) of Glu
promotes leaf area under high intensity of light. At higher intensity of light, sugar acts as photo
protectant and hence photosynthetic efficiency is enhanced at higher intensity in the presence of
excess amount of sugar (166). HY5 controls the genes playing role in Suc metabolism and
transport. It further controls the expression of FT gene that consequently regulates induction of
flowering (179). Sugar has been reported to stimulate PIF-dependent auxin concentration and also
promotes auxin transport and signaling (180). It has also been investigated that light-mediated root
growth is dependent upon the sugar transport via phloem (181). Although, light has been shown
to interact with sugar, cross-talk of PHYB and sugar in root patterning is still not clearly known.
In this chapter, the correlation of different sugar such as disaccharides: Suc and Mal,
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monosaccharides: Glu and sugar alcohols: Man and Sor with PHYB in regulating root architecture
has been explored.
5.2. Results:
5.2.1. Primary root length decreases in phyB-9 in different sugars under white, red and farred light
Different types of sugar have been shown to alter auxin dynamics and root patterning. However,
whether sugar dependent root growth is light quality dependent has not been well studied.
Sterilised seeds of Col-0 and phyB-9 were sown on half-MS hard agar medium containing sugars
such as Suc, Glu, Mal, Man, Sor (1%) along with -sugar (-S) on square plates.

Fig.5.1. Reduction in primary root elongation in presence of sucrose, glucose, maltose,
mannitol and sorbitol under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1) and (c)
far-red (45 µmol m−2 s−1) light in 5-day old phyB-9 mutant seedlings as compared to Col-0.
Experiment was performed five times and every time 15 seedlings were considered. Error
bar represents SEM. One-way ANOVA with Tukey and Bonferroni tests was performed,
here ns = non-significant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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Cold stratification was done for 72 hrs and then kept for germination induction under W light.
Further, the plates were kept vertically under different light conditions: W, R and FR. After 48 hrs
of transferring in light, the plates were tilted at 45˚. The primary root growth was evaluated 5 days
after tilting the plates. The root length measurement was performed with R program.
It was observed that under W light, phyB-9 had lesser primary root length as compared to
Col-0 in the presence of Suc, Glu, Mal and Man (Fig.5.1a). Under R light, primary root length was
shorter in phyB-9 in comparison to Col-0 in presence of all type of sugars as well as in the absence
of sugar (Fig.5.1b). On the other hand, under FR light, phyB-9 had lesser primary root length as
compared to Col-0 only in zero sugar condition (Fig.5.1c).
5.2.2. Change in root wave density, straightness and horizontal growth index by different
sugar analogues under variable light quality
Sugar type along with light quality showed differential primary root elongation. Further, WD was
analysed in the presence of above-mentioned sugar type and light conditions. The seedlings were
grown as discussed in previous section. WD was analysed with R program. It was found that, under
W light, phyB-9 had more WD as compared to Col-0 in the presence of Suc, however, in -S, WD
was lesser in phyB-9 seedlings (Fig.5.2a). Under R light, phyB-9 seedlings had lesser WD than
Col-0 in presence of Man only (Fig.5.2b). In case of FR light, WD was lesser in phyB-9, in
presence of Man as well in absence of sugar (Fig.5.2c).
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Fig.5.2. Variation in root wave density by different type of sugars under (a) white (100 µmol
m−2 s−1), (b) red (50 µmol m−2 s−1) and (c) far-red (45 µmol m−2 s−1) light in 5-day old phyB-9
mutant seedlings as compared to Col-0. Experiment was performed five times and every time
15 seedlings were considered. Error bar represents SEM. One-way ANOVA with Tukey and
Bonferroni tests was performed, here ns = non-significant, * = p < 0.05, ** = p < 0.01 and
*** = p < 0.001.
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Although, there was not much significant difference observed in WD, straightness and HGI of
roots were analysed further. These parameters were also calculated by R program.
It was noticed that, under W light, root straightness was more in phyB-9 mutant seedlings
as compared to Col-0 in presence of Man and in zero sugar (Fig.5.3a). However, under R light,
Col-0 showed slightly more root straightness as compared to phyB-9 seedlings in presence of Sor
(Fig.5.3b). Under FR light, it was observed that root straightness was more in phyB-9 mutant as
compared to Col-0 in presence of Suc, Glu and also in absence of sugar (Fig.5.3c).

Fig.5.3. Alteration in root straightness by different sugars under (a) white (100 µmol m−2 s−1),
(b) red (50 µmol m−2 s−1) and (c) far-red (45 µmol m−2 s−1) light in 5-day old phyB-9 mutant
seedlings as compared to Col-0. Experiment was performed five times and every time 15
seedlings were considered. Error bar represents SEM. One-way ANOVA with Tukey and
Bonferroni tests was performed, here ns = non-significant, * = p < 0.05, ** = p < 0.01
and *** = p < 0.001.

Further HGI was calculated and it was observed that under W light, HGI was lesser in phyB-9
mutant seedlings as compared to Col-0 in the presence of Suc, Glu, Mal and Man (Fig.5.4a). When
HGI was analysed under R light, phyB-9 seedlings showed lesser HGI as compared to Col-0 in the
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presence of Glu, however, it had more HGI as compared to Col-0 in the presence of Man and Sor
(Fig.5.4b). Under FR light, HGI was lesser in phyB-9 in comparison with Col-0, in presence of all
type of sugars (Fig.5.4c).

Fig.5.4. Different type of sugar altered the horizontal growth index of phyB-9 roots as
compared to Col-0 under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1) and (c) farred (45 µmol m−2 s−1) light in 5-day old phyB-9 mutant seedlings as compared to Col-0.
Experiment was performed five times and every time 15 seedlings were considered. Error
bar represents SEM. One-way ANOVA with Tukey and Bonferroni tests was performed,
here ns = non-significant, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

5.2.3. Root coiling is differentially regulated by sugar type under different light conditions
For root coiling the seeds were sown on normal agar half MS medium in square plates. The plates
were kept horizontally under respective light quality after stratification and germination induction.
Root coiling frequency were analysed after 7 days of light treatment. Under W and R, Col-0 formed
mostly complete coils while phyB-9 formed mainly partial coils in presence of all sugar tested.
However, under FR, coil formation was lesser in both the seedling types as compared to W and R
light. It was observed that, under W light, root coiling frequency was lesser in phyB-9 mutant as
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compared to Col-0 seedlings in presence of all types of sugar (Fig.5.5a). Similarly, under R light
in presence of all sugars as well in absence of sugar, root coiling was lesser in phyB-9 as compared
to Col-0 seedlings (Fig.5.5b). On the other hand, under FR light, phyB-9 showed significantly
lesser root coiling in comparison with Col-0 seedlings only in presence of Mal and Man (Fig.5.5c).
The most significant difference in root coiling between phyB-9 and Col-0 seedlings was observed
under R light.
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Fig.5.5. Root coiling frequency in presence of sucrose, glucose, maltose, mannitol and sorbitol
under (a) white (100 µmol m−2 s−1), (b) red (50 µmol m−2 s−1) and (c) far-red (45 µmol m−2 s−1)
light in 5-day old phyB-9 mutant seedlings as compared to Col-0. Experiment was performed
five times and every time 15 seedlings were considered. Error bar represents SEM. One-way
ANOVA with Tukey and Bonferroni tests was performed, here ns = non-significant, * = p <
0.05, ** = p < 0.01 and *** = p < 0.001.

5.2.4. Genes involved in auxin associated pathways are altered by sucrose, glucose and
sorbitol under white and red light
Suc, Mal, Glu, Man and Sor showed variable root morphology under W, R and FR light. Further
some auxin related genes were investigated by qRT-PCR in presence of Suc, Glu, Sor and -S,
under W and R light. The analysis showed that, under W light, PIN1 was upregulated in presence
of Sor and -S in phyB-9 as compared to Col-0. TIR1 was upregulated in Glu, Sor and -S in phyB9 as compared to Col-0, however, it was downregulated in presence of Suc. On the other hand,
YUCCA2 was upregulated in presence of Suc, Glu and -S in phyB-9 as compared to Col-0 under
W light (Fig. 5.6a, 5.6b and 5.6c). Under R light, PIN1 was downregulated in presence of Sor in
phyB-9 as compared to Col-0. TIR1 was downregulated in presence of Suc and Sor, however, in
zero sugar, it was upregulated in phyB-9 in comparison with Col-0. YUCCA2 was upregulated in
105

presence of Suc, while it was downregulated in presence of Glu and Sor in phyB-9 (Fig. 5.6d, 5.6e
and 5.6f).

Fig.5.6. Differentially regulation of (a) PIN1, (b) TIR1 and (c) YUCCA2 genes under white
(100 µmol m−2 s−1); (d) PIN1, (e) TIR1 and (f) YUCCA2 genes under red (50 µmol m−2 s−1)
light in presence of sucrose, glucose, sorbitol and no sugar in phyB-9 seedlings as compared
to Col-0. Fold change of 1.2 was considered for gene expression analysis. POLYQ gene was
used for normalizing the transcript level. Error bar represents SEM. One-way ANOVA with
Tukey and Bonferroni tests was performed, here ns = non-significant, * = p < 0.05, ** = p <
0.01 and *** = p < 0.001. qRT-PCR was performed at least in triplicates.
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5.3. Discussion:
Light as an ultimate source of energy regulates several physiological and developmental
phenomena in plants. It follows different mechanisms to control the root growth (12). Similarly
sugar and phytohormones are integral components of plants involved in the development of roots
(174, 175). It has been investigated that light controls the root growth by controlling sugar and
phytohormone pathways. Suc and Glu are the principal photosynthates present in the plants and
have been shown to regulate different aspects of root morphology (182, 183). In maize, Suc and
Glu accumulation promoted the lateral root growth from seminal roots (183). Glu has been
reported to enhance primary root elongation, number of lateral roots and root deviation. It
influences the root growth by altering auxin signaling and transport (174, 184). On the other hand,
IAA, CK and BR are key phytohormones which participate in root growth. The roles of
phytohormones have been clearly mentioned in the introduction section. PHYs also participate in
the root development as explained in the previous sections. Kircher et al, 2012 has shown that for
light regulated root elongation, the transport of sugar through phloem to root tips is required. They
have also documented that PHYs and CRYs possibly be involved in this phenomenon (181).
Recently, it has also been shown that annexin (ANN1 and ANN2) genes are involved in postphloem transport of sugar in the regulation of primary root development. Annexins are the
membrane binding proteins which play diverse functions in plants (185). Glu induced alteration in
root architecture has been reported to be light intensity dependent. However, Glu stimulate root
deviation irrespective of light exposure (184).
However, the cross-talk of PHYB with sugar signaling in root growth is not well studied. It has
also not been entirely explored that whether sugar and phytohormone regulated root morphology
is light quality dependent or not. In the present work, it has been attempted to solve these questions.
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The current study has shown that along with Suc and Glu, other sugar analogues such as Mal, Man,
Sor also have significant role in controlling root architecture. Previous reports have shown that
phyB mutant has shorter primary root as compared to wild-type under W light (120). In the present
work, similar results were observed as the primary root length of phyB-9 mutant was lesser than
Col-0 seedlings under W in presence of Suc, Glu, Mal and Man but insignificant in presence of
Sor. Under R light, it has been shown here that phyB-9 mutant has shorter primary root as
compared to Col-0 seedlings in presence of all sugar types. However, under FR in presence of all
sugar quality, the primary root length has been shown to be insignificant between phyB-9 mutant
and Col-0 seedlings. The present work has also shown that the root WD and straightness don’t
vary too much between phyB-9 mutant and Col-0 seedlings under all light conditions and in
presence of different sugar analogues tested. However, HGI has been observed to be different in
case of phyB-9 mutant and Col-0 seedlings under W, R and FR light and in presence of all types
of sugars. The current work has also documented that phyB-9 mutant shows lesser root coiling as
compared to Col-0 seedlings in presence of all sugar types, but significant difference was observed
under W and R light only. This indicates that the root architectural features are dependent upon
sugar quality as well as light condition. In the present study, expression of auxin related genes such
as PIN1, TIR1 and YUCCA2 have also been reported to be altered in presence of W and R light
and different sugar quality. It was also observed that, PHYB may play significant role in these
processes by regulating the auxin related genes.
In further studies, other phytohormone regulated genes having principal roles in root growth can
be investigated with similar experimental conditions in phyB-9 mutant. Additional features of root
morphology for example, root deviation, lateral and adventitious root growth and root hair study
can also be performed. In the present work, FR light has been shown to generate minimal variation
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in root morphology of phyB-9 and Col-0, hence, PHYA mutants and other double mutants of PHYs
can be utilized for the future study. This will help to understand the cross talk of PHYA and sugar
signaling in the root growth. Similar experiments can also be done under different fluences of light
in presence of various sugar analogues. Sucrose has been reported to interact with PIFs and HY5
in different physiological processes of plants (178, 179). Hence, the root morphological studies
can be performed in pif and hy5 mutants in presence of different sugars and light quality. With
these information, the mechanism behind PHY signaling and sugar cross-talk in root development
can be established.
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CHAPTER 6
A luciferase-based ratiometric auxin quantification to
understand auxin and phytochrome crosstalk
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Chapter.6.
6. A luciferase-based ratiometric auxin quantification to understand auxin and phytochrome
crosstalk
6.1. Background:
Light and phytohormones are the most important components which influence plants at different
stages of their lifecycle. Auxin has been shown to act as an crucial factor in controlling plant
development (186). PHYs have also been reported to regulate various plant processes. Hence, the
study regarding auxin and PHY interaction in plant development needs to be performed in detail.
Previously, for phytohormone quantification in plants, techniques such as isotope labelling and
GC-MS were utilized (187, 188). These techniques involve tissue disruption and hence, it is
difficult to study the dynamics in intact plant.

Fig.6.1. Various biological tools for auxin accumulation. (a) The expression of GUS has been
shown to more in arf2-101 mutant root (right) as compared to WT (left) (b) GFP signal has
been reported to be higher in WT (left) than sdg2-3 mutant (right) (c) The signal of DII
VENUS when auxin is not present (left) and it vanishes in the presence of auxin (right). (d)
Ratiometric sensor involves sensor module (SM) consisting of domain II (DII)/degradation
sequence of AUX/IAA which senses the presence of auxin, two luciferases; renilla and firefly
for luminescence quantification and 2A peptide for stoichiometrical co-expression of both
the luciferases.
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However, new techniques /tools have been developed, which are non-invasive in nature and thus
are helpful to study auxin dynamics in single cell or intact plants. These tools are DR5:GUS,
DR5:GFP, DII-VENUS, etc (Fig.6.1) (189, 190, 191).
DROUGHT RESISTANT 5 (DR5) is an auxin-based synthetic promoter. DR5:GUS and
DR5:GFP consist of β-glucuronidase (GUS) and GFP reporters respectively (192). They help in
monitoring auxin homeostasis and signaling. However, they don’t reflect exact status of auxin
accumulation in the cell. In Fig.6.1a, it has been shown that when DR5:GUS was expressed in
arf2-101 mutant then GUS expression was observed to be more in arf2-101 mutant as compared
to WT. This indicates that ARF2 downregulates the DR5:GUS expression (189). It was
investigated that when DR5:GFP was expressed in set domain group 2 (sdg2-3) mutant, GFP
signal was more in WT as compared to sdg2-3 mutant (Fig.6.1b) (190). SET DOMAIN GROUP
2 is a member of H3K4 methyltransferases class regulating histone H3-K4 methylation (193). DIIVENUS is a fluorescence-based tool. It involves the auxin dependent degradation of AUX/IAA
(domain II) during auxin signaling. DII-VENUS consists of a segment belonging to domain II
(DII) of AUX/IAA protein. When auxin-TIR1 complex binds to the DII of AUX/IAA protein as a
result AUX/IAA is degraded (105). In DII-VENUS, DII segment is fused with VENUS sequence,
an improved and stable type of GFP. Here, the GFP signal goes down with increasing conc. of
auxin (Fig.6.1c). It has provided time-resolved information about auxin distribution in
organogenesis at shoot apex as well as in gravitropic responses of root (191). A recently developed
chemiluminescence-based ratiometric sensor (pMIR auxin sensor) has been shown to give better
and more accurate information about auxin dynamics. It consists of different sequences: Renilla 2A-Sensor Module-Firefly (Fig.6.1d). Renilla and firefly are the luciferases, 2A is a protein
sequence helping in stoichiometric co-expression and sensor module (SM) is the sequence from
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DII of AUX/IAA (194). This sensor works as such: when auxin is present in very less amount or
no auxin is there inside the cell, both the luciferases are expressed and the ratio of firefly to renilla
luminescence will be around one. However, when auxin is present in excess, it binds to TIR1 and
then SM which further degrades SM along with firefly luciferase. Then, the luminescence of firefly
will decrease but renilla luminescence will remain constant, as a result the ratio of firefly to renilla
luminescence will decrease and will be less than one (Fig.6.2) (194). This ratiometric
luminescence signal provides the exact and accurate information about the distribution of auxin in
specific cell and time. This sensor is highly sensitive and cancel out the effects of cellular
surrounding or environment.

Fig.6.2. Working mechanism of luciferase auxin sensor. (a) In absence of auxin, both the
luciferases are fully expressed (b) When auxin is present, it goes and binds to TIR1 and SM,
this leads to the degradation of firefly. In this way, signal from renilla remains constant but
the firefly luminescence decays with increasing concentration of auxin.

Auxin and PHYs have been shown to cross-talk in controlling plant growth and development (12).
There are several reports available which demonstrate about the PHY dependent auxin
homeostasis in plants. However, this interaction has not been well documented in protoplast
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system or at single cell level. In this chapter, the light dependent auxin dynamics was investigated
in protoplasts using luciferase auxin sensor.
6.2. Results:
6.2.1. Auxin dynamics is similar in Col-0 and phyB-9 protoplast under white light
In a previous article, this ratiometric luciferase auxin sensor was transformed in Col-0 leaf
protoplast of At and treated with various concentrations of auxin for different duration (5 mins, 15
mins and 45 mins) under W light. Then auxin dynamics was observed to be similar under these
experimental conditions (194). In the current work, the sterilized seeds of Col-0 and phyB-9 mutant
were sown on SCA media and kept for 48 hrs of cold stratification. After that the plates were kept
vertically and grown under W light. The protoplast was isolated from shoot part of three-week old
seedling. Then they were transformed by PEG with auxin sensor and kept in dark for ~20 hrs at
22ºC.

Fig.6.3. Auxin dynamics in protoplasts (a) Protoplast isolated from Col-0 shoot. (b)
Ratiometric quantification in the transformed Col-0 and phyB-9 protoplasts after 30 mins of
IAA treatment under white light. Error bar represents SD. One-way ANOVA with Tukey
and Bonferroni tests was performed with p≤0.05. Three technical replicates were used for
the experiment.
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The transformed protoplasts were subjected to IAA treatment of different strength (10 nM, 100
nM and 1 µM) as well as control, PCA-M. The treatment was done for 30 mins under W light. The
ratio of Firefly/Renilla luminescence was observed to be similar between Col-0 and phyB-9
protoplasts under all auxin treatment. This showed that auxin dynamics follow similar pattern in
both the seed lines under this experimental condition (Fig.6.3).
6.2.2. Effect of pre-irradiation of different light quality on auxin dynamics in protoplast
system
When it was observed that auxin treatment under W light had no effect on auxin dynamics, then
few other experiments were performed under different light qualities. In one of the experiments,
Col-0 protoplast was transformed with auxin sensor and then, transformed protoplasts were
irradiated for 2.30 hrs by W, R and FR light. After light irradiation, 45 mins of auxin (1nM, 10
nM, 100 nM and 1 µM) treatment was done under above-mentioned light conditions. Then, it was
observed that the auxin dynamics was similar in case of all light conditions (Fig.6.4a). Further
similar experiment was performed with phyB-9 protoplast only under R light to understand the
involvement of PHYB in the regulation of auxin dynamics in protoplast. The transformed
protoplasts of Col-0 and phyB-9 were irradiated with R light for 2.30 hrs and auxin treatment (1nM,
10 nM, 100 nM and 1 µM) for 45 mins was done in the presence of R light. The auxin dynamics
was again found to be similar in Col-0 and phyB-9 under this condition (Fig.6.4b). The next
experiment was performed similarly with a change of 15 mins R light irradiation instead of 2.30
hrs. After 45 mins of auxin treatment under R light, luminescence was analysed and it was
observed that Firefly/Renilla luciferase ratio and hence the auxin dynamics was similar in both the
protoplasts (Fig.6.4c).

115

Fig.6.4. Auxin dynamics analysis under different light qualities. (a) Luciferase-based auxin
dynamics in transformed Col-0 protoplast after pre-irradiation of white, red and far-red
light for 2.30 hrs and 45 mins of IAA treatment under above-mentioned light. (b) Auxin
dynamics in transformed Col-0 and phyB-9 protoplasts, pretreated with red light for 2.30
hrs mins and 45 mins of IAA treatment under red light. (c) Auxin dynamics after 15 mins of
red-light treatment followed by 45 mins of IAA treatment under red light in transformed
Col-0 and phyB-9 protoplasts. Error bar represents SD. One-way ANOVA with Tukey and
Bonferroni tests was performed with p≤0.05. Three technical replicates were used for the
experiment.

6.2.3. Influence of prolonged light irradiation on auxin dynamics and auxin signaling genes
in protoplast
Additional experiments were performed to understand the influence of prolonged light treatment
on protoplast system. In earlier experiments, transformation of protoplast was performed in dark,
however, two different sets of experiments were further done. In one set, Col-0 and phyB-9
protoplasts were transformed in dark for 18 hrs and in second set, transformation was performed
under R light. The transformed protoplasts from both first and second set were treated with
different IAA concentrations (10 nM, 100 nM and 1 µM) for 3 hrs in dark and R light respectively.
After that in these two experimental setups, the auxin dynamics was observed to be identical in
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both the protoplasts and under both the setups. (Fig.6.5a and 6.5b). Further, the expression profile
of auxin signaling genes was investigated in Col-0 and phyB-9 protoplasts.
Both the protoplasts were transformed in dark, then 4 hrs of red-light irradiation followed by 5 µM
auxin treatment for 45 mins were performed. Then the expression of IAA2, IAA5 and GH3.5 genes
were analysed. These genes are involved in auxin signaling and reveal information about auxin
response (195, 196).

Fig.6.5. Auxin dynamics (a) in Col-0 and phyB-9 protoplasts after 18 hrs of dark incubated
transformation and 3 hrs of IAA treatment under dark (b) in Col-0 and phyB-9 protoplasts
after 18 hrs of red light incubated transformation and 3 hrs of IAA treatment under red light
(c) PCR analysis of auxin signaling genes in transformed Col-0 and phyB-9 protoplasts after
4 hrs of red light irradiation followed by 5 µM auxin treatment for 45 mins under red light.
Densiometric analysis of PCR for the differential expression of IAA2 and GH3.5 genes before
and after IAA treatment. Error bar represents SD. One-way ANOVA with Tukey and
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Bonferroni tests was performed with p≤0.05. Three technical replicates were used for the
experiment.

It was observed that IAA5 expression was negligible in any of non-treated or treated protoplasts of
Col-0 and phyB-9. IAA2 expression was very low in both the non-treated protoplasts, however in
treated protoplasts IAA2 had higher but similar expression level in both the protoplast types. When
GH3.5 expression was analysed, it was found that, in non-treated as well as treated protoplasts,
GH3.5 expression was lesser in phyB-9 as compared to Col-0. However, the difference in
expression of GH3.5 was more significant after IAA treatment (Fig.6.5c).
6.2.4. Generation of plant specific auxin sensor construct and transformed wild-type plants
with new auxin sensor
When no clear difference in auxin dynamics was observed in the Col-0 and phyB-9 protoplasts,
then new plant specific construct with the luciferase auxin sensor sequence was prepared. The
above-mentioned sensor construct is a transient expressing construct and specific to protoplast.
This construct cannot be used to transform the plants to make stable transgenic lines as it lacks TDNA sequence and will not integrate in the genome. The new generated auxin sensor is required
for analysing time-resolved auxin quantification in intact plants under different light conditions.
The Renilla-2A-Sensor Module-Firefly sequence was amplified from the existing auxin
sensor. The sequence was cloned in pDONR201 construct by BP cloning and then transformed in
E.coli. After screening of positive clones by colony PCR, further it was cloned in pB2GW7
construct by LR cloning and again transformed in E.coli. Then, the positive clones were screened
by PCR and then the construct was transformed in Agrobacterium. After that, Col-0 plants were
transformed by floral dip method with Agrobacterium containing new auxin sensor. The transgenic

118

Col-0 plants were screened by BASTA selection and confirmed with PCR analysis (Fig.6.6). They
were further grown till the homozygous generations.

Fig.6.6. PCR analysis for the positive homozygous Col-0 transgenic plants after
transformation with new luciferase auxin sensor.

6.3. Discussion:
Several reports are available regarding the roles of light and auxin in plants. Light affects the
accumulation, transport and signaling of auxin. They cross-talk with each other and further
modulate the plant morphology and physiology (110). Photoreceptors have been reported to
interact with auxin to control various plant processes. Under deep shade, PHYA protein
accumulates in higher amount which further represses auxin responsive genes and protects
AUX/IAA from degradation. In this way, PHYA negatively acts in the SAR process (197). PIF4
has been shown to enhance hypocotyl length under high temperature. It stimulates IAA synthesis
by positively regulating the genes involved in IAA biosynthetic pathways (198). Most of the
reports about light and auxin crosstalk has been studied in intact plants. However, the auxin
dynamics and signaling in response to light in protoplast system have not been well explored.
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In a previous report, a chemiluminescence based ratiometric auxin sensor has been generated to
study auxin dynamics more accurately in protoplast system. They have shown that the auxin
dynamics changes in similar manner after 5, 15 and 45 mins of IAA treatment in the protoplast of
Col-0 leaves (194). In the present work, this ratiometric auxin sensor has been utilized to
understand how PHYB interacts with auxin or affects the auxin dynamics in protoplasts. It was
observed in the present study that auxin dynamics decreases in a similar mode in the Col-0 and
phyB-9 mutant protoplasts after different time of IAA treatment and light exposure (W and R
light). This suggests that auxin dynamics is probably same in Col-0 and phyB-9 mutant protoplasts
which is different from the case of intact plant. There is another possibility that the difference in
auxin dynamics between Col-0 and phyB-9 mutant protoplasts is too low to be detected by the
auxin sensor tool under the experimental conditions tested. Further in the current work, auxin
signaling gene expression was also analysed in the protoplasts. It was found that on IAA treatment,
IAA2 expression was similar Col-0 and phyB-9 mutant protoplasts, however, the expression of
GH3.5 was more in Col-0 protoplast as compared to phyB-9 mutant. It has been reported that in
intact plant, PHYB negatively regulates auxin signaling and promotes shoot branching. Auxin
signaling genes such as IAA2, IAA3, IAA5, IAA6, IAA19, IAA29, GH3.5 and SAUR9 were observed
to be upregulated in shoot and mature stem part of phyB-9 mutant on NAA treatment (199). The
expression of GH3.5 gene been shown to be totally opposite in case of phyB-9 mutant intact plant
and protoplast, hence it can be proposed that the auxin signaling may function differently in intact
plant and protoplast system. This study will be helpful to understand the involvement of PHYB or
red light signaling in the control of auxin dynamics in protoplast system.
New set of experiments can be further done under different duration of W, R, FR and B light
condition. This will give information about light quality dependent auxin dynamics in protoplasts.
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It will also provide the details about different photoreceptors involved in regulating auxin
dynamics at single cell level. Different intensities of light quality can also be utilised, which will
help in understanding the light intensity-based auxin dynamics in protoplast system. In the present
work, transgenic plants with the luciferase auxin sensor has been generated which can be utilized
further to study the spatio-temporal auxin dynamics in intact plants under different light
conditions.
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CHAPTER 7
Forward genetic screening of mutagenized phytochrome B
over-expressing line to isolate seedlings altered in root
patterning
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Chapter.7.
7. Forward genetic screening of mutagenized phytochrome B over-expressing line to isolate
seedlings altered in root patterning
7.1. Background:
Phytochrome B is a principal red-light photoreceptor and involved in light signaling pathway. It
perceives the light and transduces the signal to a cascade of downstream genes such as HY5, HYH,
PIFs, etc. They regulate R light specific responses in plants, such as photomorphogenesis (200).
When the above-said factors are altered or mutated at any point, it leads to variation in plant
phenotype and responses. Mutants of At have been generated by various ways such as T-DNA
insertion, site-directed mutagenesis, ethyl methane sulfonate (EMS) mutagenesis, radiation-based
mutagenesis, etc (201). In forward genetic approaches, T-DNA insertion and EMS mutagenesis
are considered as the best choices. In this approach, mutants are screened on the basis of
phenotypic differences and no previous assumptions are required. It helps in investigating novel
components involved in specific phenomenon or signaling pathways. It is also beneficial in
exploring the function of particular genes. EMS mutagenesis is frequently used technique for
mutagenesis as it is a much easier process to generate mutants as compared to T-DNA insertion
method. It facilitates the generation of huge number of mutants and is less time consuming. It helps
in understanding the role of each and every amino acid in protein functioning (202). EMS is an
alkylating agent which creates point mutation. However, few reports state that it also creates basepair insertions or deletions. Ethyl group of EMS reacts with guanine (one of the nucleobases)
present in DNA and forms O6-ethylguanine. O6-ethylguanine is an abnormal type of guanine,
which further transmits during DNA replication. During replication, DNA polymerase add
thymine in place of cytosine against O6-ethylguanine. Hence, this causes random mutation,
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creating AT to GC and GC to AT transition point mutation. In 99% cases, it induces GC to AT or
AT to GC mutations, however, it can also create stop codon and missense mutations (203). Various
light signaling mutants such as hy3, srl1 etc have been generated by EMS mutagenesis. hy3 is a
PHYB mutant and it has been generated by EMS mutagenesis after screening under W light for
longer hypocotyl in comparison to wild-type. This mutant displayed elongated hypocotyl, petiole
and long root hairs. It also exhibits early flowering and low chlorophyll content (49). srl1 mutants
were created by mutagenesis of PHYB over-expressor (PHYBox) lines. They are hypersensitive
and possess shorter hypocotyl as compared to PHYBox and wild-type under continuous R (cR)
light but not under cFR light. They are monogenic, recessive and extragenic R-light specific
mutants. They also have larger cotyledon area and shorter petiole length as compared to wild-type.
In this mutant, CHLOROPHYLL A/B BINDING (CAB) expression was shown to be upregulated
by two-fold on short pulse of higher fluence of R light irradiation. Hypersensitivity of srl1 mutant
under R light has been investigated to be specifically dependent on PHYB (204). phytochrome
signaling 2 (psi2) mutant is also an EMS mutant type. It is hypersensitive to low fluence of R and
FR light and possess shorter hypocotyl under these light conditions. R light (~ >45 µmol m-2 sec1

) induced hypersensitive response-like necrotic lesions in this mutant. PHYA and PHYB have

been shown to be involved in this induction of necrotic lesions (205). N-terminal 651–amino acid
present in the domain of PHYB (N651) participates in light perception and transduces light signal
to the downstream genes. This domain has various important subdomains: cGMP
phosphodiesterase/adenyl cyclase/FhlA, N-terminal extension, PHY and Per/Arnt/Sim-like. To
understand their role, N651 expressing lines were mutagenized with EMS solution. The mutants
generated were hyposensitive and this response was because of reduced PHYB activity and not its
expression (206). In this chapter, hyposensitive mutants of PHYB with altered root architecture
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have been generated by EMS mutagenesis to investigate the molecular players involved in red
light and auxin signaling cross-talk.
7.2. Results:
7.2.1. Generation of hyposensitive EMS mutants of 35S:PHYB::GFP lines to red light
Light has been shown to alter the rood morphology and PHYB acts as one of the most important
photoreceptors affecting the root growth. To investigate the components in the red light or PHYB
signaling pathways involved in controlling root growth, mutagenesis of 35S::PHYB:GFP (in Ler
background) seeds was performed. 35S::PHYB:GFP (approximately 3,00,000 F0) seeds in two
batches were EMS mutagenized. EMS solution (0.2% volume/volume in water) was added to the
seeds and then incubated overnight. Further, the mutagenized seeds were rinsed several times with
water and grown on soil. Out of ~ 3,00,000 seeds, some seeds were lost during washing and some
seeds didn’t germinate. On soil, some of seedlings became lethal at younger stage, out of the
seedlings which reached to the maturity few were sterile, so the seeds were harvested from the rest
of the fertile and viable seedlings. The seeds (F1) were pooled and collected, then they were used
for screening. For screening purpose, mutagenized seeds were sterilized and sown on square plates
containing half-strength MS medium. After cold stratification of 3 days, plates were kept vertically
under cR light.
Overexpression of PHYB results in shorter hypocotyl under R light and in present work
the mutants showing longer hypocotyl were screened under R light (22). These screened mutants
possibly will have mutation in genes involved in PHYB-mediated shorter hypocotyl. Seven-day
old seedlings having longer hypocotyl (hyposensitive to R light) as compared to 35S::PHYB:GFP
seedlings were screened and bulked on soil. The seeds (F2) were harvested and then the
hyposensitive mutants (under R light) were screened till homozygous generations (Fig.7.1a).
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Generally, on R light irradiation, PHYB translocate to nucleus and form nuclear bodies. The
nuclear bodies are also known as nuclear speckles. The nuclear speckle formation varies upon the
quality, fluence and duration of light. The size, shape and number of nuclear speckles are
dependent on the light condition (207). In the present study, the homozygous hyposensitive
mutants of 35S::PHYB:GFP seeds were further screened for variation in nuclear body formation
with GFP signal by microscopy. The 5-day old seedlings were examined under fluorescent
microscope and the signal was observed in the hypocotyl part of seedlings. It was found that
nuclear complex formation was absent/altered with diffused GFP expression in some of the
mutants, however, in some mutants the GFP expression was absent (Fig.7.1b).

Fig.7.1. 35S::PHYB:GFP EMS mutant lines. (a) Red light screened hyposensitive mutant
seedlings of 35S::PHYB:GFP along with 35S::PHYB:GFP (control) and phyB-5 mutant
lines. (b) Alteration in PHYB nuclear speckle formation in hypocotyl of mutant lines of
35S::PHYB:GFP. E= EMS mutants. Scale bar = 1cm in (a) and 50µm in (b).
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The mutants showing no GFP expression were eliminated and further study was carried out with
the mutants showing absence/alteration in nuclear body formation. This finding indicated that,
these hyposensitive mutants had possible alteration in PHYB translocation or defect in nuclear
body formation.
7.2.2. Screening of EMS mutants of 35S::PHYB:GFP for alteration in root morphology
The hyposensitive mutant seedlings with absence/altered nuclear speckle formation were further
screened for alteration in root morphology under W, FR, R and B light (LD). Then the
hyposensitive mutants defective in root morphology specific to R light were selected. The
screening was performed after 7 and 15 days of R light treatment.

Fig.7.2. Hyposensitive mutants of 35S::PHYB:GFP screened for defects in root patterning
(a) after 7 days and (b) after 15 days of R light treatment. E= EMS mutants. Scale bar=1cm.
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The mutants defective in root phenotype were further grown. The qualitative analysis indicated
that the mutants showed variation in root morphology such as, shorter or longer primary root,
alteration in lateral or adventitious root number etc (Fig.7.2).
The plan of EMS mutagenesis, screening and generation of 35S::PHYB:GFP mutants have been
summarised in table 19.

Table.19. Flow chart of mutagenesis, screening and generation of 35S::PHYB:GFP mutants

7.2.3. Morphological differences in adult mutant plants
The EMS 35S::PHYB:GFP mutants showing alteration in root morphology were further
investigated at adult stage for the defects in their developmental pattern under W light (LD). The
mutant plants were grown on soil and analysed after ~3 months. It was observed that, mutants
showed variable growth pattern such as stunted growth, altered flowering, long petiole, pale colour
leaves, etc (Fig.7.3). This indicated that the mutations generated in 35S::PHYB:GFP lines also
affected the plant development at adult stages.
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Fig.7.3. Three weeks-old 35S::PHYB:GFP mutants with variable growth defects under white
light.

7.3. Discussion:
PHYB and the downstream light signaling genes such as HY5, HYH, PIFs, etc. interact with auxin
to control different plant processes (115, 117, 208). There are few reports available which state
that R light and auxin interact to modulate the root growth in plants (12). However, the molecular
players engaged in the common pathways of auxin and R light signaling are not well documented
and need further studies. hy3 mutant having alteration in gene coding for PHYB has elongated root
hairs (49). hy5 mutant has also shown defect in lateral root growth and it occurs because of
modulation in auxin and CK signaling (208). PHYB, PHYE and PHYA have been shown to
stimulate the production of lateral roots while PHYD suppresses lateral root production. Among
these PHYs, PHYB has the predominant role in lateral root growth. PHYB-mediated lateral root
growth is mainly due to change in shoot-root auxin distribution (113). The above-mentioned
information are very helpful to explore the involvement of R light in root development, still the

129

mechanism behind the role of light-auxin crosstalk in the development of root is not well
established.
In the present work, it has been attempted to investigate the candidate genes playing role
in PHYB and auxin crosstalk in root development. Hence, the EMS mutants of PHYB were
generated in this current work. The mutants hyposensitive to R light and had altered root
morphology were generated. Further, hyposensitive mutants with different root architecture and
altered nuclear complex formation were screened. These mutant lines generated in the current
work also displayed developmental defects at adult stage. These hyposensitive mutants of PHYB
with altered root architecture and nuclear complex formation can possibly have defect in red light
signaling and auxin associated pathways. These mutants can be further subjected to next
generation sequencing to know the exact position of mutation. This study can help in providing
information about some novel candidate genes involved in PHYB and auxin cross-talk to regulate
root development. It will also help in generating plants having improved root growth with drought
resistance, pathogen resistance and water logging resistance properties.
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CHAPTER 8
SUMMARY AND CONCLUSION
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Chapter 8
8. Summary and conclusion
8.1. Exploring the molecular components in light fluence dependent root growth in
Arabidopsis thaliana
The impact of variable W light intensities (150, 112, 75 and 38 µmol m−2 s−1) on root growth of
Col-0, phyA and phyB mutants was investigated. In all four light intensities, phyA-211 displayed
shorter primary root. However, under higher light intensities (150 and 112 µmol m−2 s−1) length
of primary root was lesser in phyA and phyB mutants as compared to Col-0. Under constant light
intensity, phyB-9 exhibited more adventitious roots as compared to Col-0 and phyA-211. In case
of low light intensities (38 and 75 µmol m−2 s−1) lateral root number was lesser in phyA-211 but
under 112 µmol m−2 s−1 light, lateral root number was lesser in phyB-9 mutant as compared to
phyA-211 and Col-0. However, in presence of 150 µmol m−2 s−1 light, lateral root number was
similar in all the genotypes.
Highest (150 µmol m−2 s−1) and lowest (38 µmol m−2 s−1) light intensity significantly influenced
the expression of genes present in roots since, highest number of DEGs were observed under this
comparative light condition. The KEGG colour pathway analysis had revealed that maximum
number of DEGs belonged to metabolic, carbon metabolic, biosynthesis of secondary metabolites
and plant hormone signaling pathways. Different W light intensity also changed the expression
profiling of hormone associated, light signaling and clock regulated genes present in the roots.
Genes such as COL3, CIP1, EPR1, PIF4 and TOC1 etc were altered under all four light intensities.
Alteration of these genes indicated about their potential involvement in the light intensity-based
root development. Hence, it suggests that light intensity changes the root morphology by regulating
the genes playing roles in hormone associated, light signaling and clock regulated pathways (209).
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8.2. Light dependent effects of carbon nanoparticles on root architecture in Arabidopsis
thaliana
The impact of CNP on root morphology was investigated under W, R, FR and B light. Here, it was
explored here, that in +CNP phyB-9 displayed shorter primary root as compared to Col-0 under R
light only. Under W and R light, lateral root number was more in phyB-9 in +CNP. Adventitious
root number was also significantly higher in phyB-9 in +CNP and only under W light. CNP reduced
growth root hairs in both the seed lines irrespective of light quality. Root WD was lesser in case
of phyB-9 as compared to Col-0, in +CNP under W, R and B light conditions. CNP-mediated root
straightness was also decreased in phyB-9 as compared to Col-0 under R light. Similarly, under
W, R and B light, HGI in phyB-9 was lesser with respect to Col-0 in +CNP. EIN2 and TIR1 were
differentially regulated by CNP, under both W and R light in case of phyB-9. It showed that CNPmediated alteration in root morphology may depend on PHYB. However, decrease in root hair
growth by CNP might be independent of light quality and PHYB. It also indicated that, CNP under
different light qualities altered the root growth by modulating the expression of phytohormone
signaling genes.
8.3. Effect of sugar and light on root architecture and expression of auxin related genes
In the current work, root morphology was studied in presence of different sugars under W, R and
FR light. It was investigated that phyB-9 mutant had shorter primary root in presence of Suc, Glu,
Mal and Man under W and R light, however, the difference in primary root length was more
significant under R light. Under FR light, insignificant difference in primary root length was
observed in presence of all the sugar types. Root WD was observed to contrasting under W light
in presence of Suc and zero sugar, as in presence of Suc WD was more in phyB-9 as compared to
Col-0 but it was opposite in zero sugar. On the other hand, under R and FR the difference in root
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WD was not significant in presence of any sugar except Man and in Man phyB-9 had shown lesser
WD as compared to Col-0. Root straightness varied depending upon sugar type as well as light
quality in phyB-9 and Col-0. HGI of roots was observed to be lesser in phyB-9 as compared to Col0 in presence of Suc, Glu, Mal and Man under W light. Under R and FR, alteration in HGI was
observed to be determined by sugar type as well as quality of light in phyB-9 and Col-0 seedlings.
Root coiling was observed to be significantly lesser in phyB-9 as compared to Col-0 under W and
R light in presence of all sugars. However, under FR light, difference in root coiling was
insignificant in phyB-9 and Col-0 seedlings except in presence of Mal and Man. The expression
profile of PIN1, TIR1 and YUCCA2 was variable in phyB-9 in comparison to Col-0 under W and
R light in presence of Suc, Glu and Sor. This showed that, different type of sugar altered the root
architecture in various ways depending upon the light quality and PHYB. The light and sugar
dependent alteration in root development possibly occur due to change in auxin associated gene
expression.
8.4. A luciferase-based ratiometric auxin quantification to understand auxin and
phytochrome crosstalk
The interaction of auxin and PHYB was analysed in protoplast system. It was observed that, after
pre-irradiation of light for different durations and incubation under different light, auxin dynamics
was similar in Col-0 and phyB-9 protoplasts. Auxin dynamics was observed to be similar in both
the protoplasts, however, it was investigated that auxin signaling genes such as GH3.5 was
differentially regulated in phyB-9 and Col-0 protoplasts. Although, in protoplast system auxin
dynamics was investigated to be independent of light quality and duration, the auxin signaling
gene expression varied between phyB-9 and Col-0 protoplasts. To understand the utility and
efficiency of the luciferase auxin sensor in plant system, new plant specific auxin sensor was
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generated and transformed in Col-0 plants. These transgenic Col-0 plants were generated for the
detailed and accurate study of light dependent auxin accumulation in different regions of intact
plants at different time point.
8.5. Forward genetic screening of mutagenized phytochrome B over-expressing line to isolate
seedlings altered in root patterning
EMS mutagenesis of 35S:PHYB::GFP seeds was performed and mutant lines with longer
hypocotyl under R light were generated. They also showed alteration in PHYB nuclear complex
formation. They were further screened for variable root morphology in comparison to
35S:PHYB::GFP seedlings. The mutations also caused developmental defects at adult stages.
These mutants possibly have mutation at transcriptional or translational level of PHYB or its other
downstream genes. These mutants were defective in R light signaling as well as in auxin
homeostasis. Hence, these red-light mutants may provide some unique candidates which are
involved in R light and auxin cross-talk in root development.
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Abstract
Background: Root morphology is known to be affected by light quality, quantity and direction. Light signal is
perceived at the shoot, translocated to roots through vasculature and further modulates the root development.
Photoreceptors are differentially expressed in both shoot and root cells. The light irradiation to the root affects
shoot morphology as well as whole plant development. The current work aims to understand the white light
intensity dependent changes in root patterning and correlate that with the global gene expression profile.
Results: Different fluence of white light (WL) regulate overall root development via modulating the expression of a
specific set of genes. Phytochrome A deficient Arabidopsis thaliana (phyA-211) showed shorter primary root
compared to phytochrome B deficient (phyB-9) and wild type (WT) seedlings at a lower light intensity. However, at
higher intensity, both mutants showed shorter primary root in comparison to WT. The lateral root number was
observed to be lowest in phyA-211 at intensities of 38 and 75 μmol m − 2 s − 1. The number of adventitious roots
was significantly lower in phyA-211 as compared to WT and phyB-9 under all light intensities tested. With the root
phenotypic data, microarray was performed for four different intensities of WL light in WT. Here, we identified ~
5243 differentially expressed genes (DEGs) under all light intensities. Gene ontology-based analysis indicated that
different intensities of WL predominantly affect a subset of genes having catalytic activity and localized to the
cytoplasm and membrane. Furthermore, when root is irradiated with different intensities of WL, several key genes
involved in hormone, light signaling and clock-regulated pathways are differentially expressed.
Conclusion: Using genome wide microarray-based approach, we have identified candidate genes in Arabidopsis
root that responded to the changes in light intensities. Alteration in expression of genes such as PIF4, COL9, EPR1,
CIP1, ARF18, ARR6, SAUR9, TOC1 etc. which are involved in light, hormone and clock pathway was validated by qRTPCR. This indicates their potential role in light intensity mediated root development.
Keywords: Root, Light signaling, Intensity, Gene expression, Auxin, Hormone

Background
Light is an essential parameter for the optimal growth
and survival of plants. The quality, quantity, direction
and duration of light are important factors required for
various aspects of plant development [1]. Root development comprises of different aspects such as primary root
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elongation, lateral root elongation, lateral root branching, root geotropism, root hair formation etc. Root patterning beneath the soil plays a crucial role in
penetration, anchorage and gravitropism leading to absorption of water and nutrient. To perceive light, plants
have evolved with many canonical photoreceptors such
as phytochromes (PHYs), cryptochromes (CRYs), phototropins (PHOTs) and UVB-resistance 8 (UVR8) [2, 3].
Light regulates the patterning of shoot as well as root
system [4]. It has been shown to regulate all the aforesaid aspects of root development at different stages of
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