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ABSTRACT
Among abiotic stresses, heat stress has the most devastating impact on plant growth. In the
present study, heat shock transcription factor HsfA1d was isolated from Arabidopsis
thaliana

and cloned into an in-house constructed gateway compatible cloning vector

pUC57GW-CmRccdB through infusion cloning. Entry clone was confirmed through
restriction digestion and sequencing analysis. For subcellular localization, HsfA1d was
cloned in-frame with yellow florescent protein (YFP) in pGWB442 through LR clonase
reaction resulted in YFP-HsfA1d chimeric gene construct. Homodimerization of HsfA1d was
studied using Bimolecular Florescence complementation (BIFC) assay. For BIFC, HsfA1d
was cloned in-frame with sequences that codes for N and C termini of yellow florescent
protein, into 2 in-house constructed vectors pGSA002-nYFPn and pGSA002-nYFPc
respectively. After confirmation through restriction enzyme digestion, the newly constructed
vectors were transformed into Agrobacterium tumefaciens GV3101 for transient expression
in tobacco (Nicotiana benthamiana) through syringe-infiltration. Subcellular localization of
YFP-HsfA1d in DAPI-stained cells was evaluated using confocal microscopy. For plant
transformation, HsfA1d was cloned into 2 plant expression vectors pGWB402Ω and
pGWB442 through LR clonase reaction. After confirmation through RFLP analysis, the
vectors were transformed into Agrobacterium GV3101 for tobacco leaf disc infection.
Putative transgenic plants were selected and regenerated on appropriate selection media
using different growth regulators. After PCR and confocal-based confirmation, transgenic
plants were evaluated for their response to heat stress. HsfA1d, HSP70 and HSP90 exhibited
4.8, 2.8 and 2 folds increase respectively in their expression under heat stress compare to
room temperature. HsfA1d was found to significantly enhance the expression of downstream
gene HSP70 while no such effect on the expression of HSP90 was recorded. The plants
transformed with HsfA1d were found to retain more water and accumulate more proline
under heat stress. The transgenic plants exhibited efficient protective system, causing less
7

electrolyte leakage and less chlorophyll damage under heat stress. It is concluded that
HsfA1d plays a vital role in thermotolerance enhancement and hence recommended for
increasing plant thermotolerance.
vi
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I. INTRODUCTION
Heat stress is one of the most threatening abiotic factors, which affect the plant
growth from germination up to maturity (Zhang et al. 2000). The elevated temperature
causes physiological injuries in roots, leaves, stems and fruit resulting in decreased plant
productivity (Vollenweider and Günthardt-Goerg, 2005). The life cycle and productivity of
plants are reduced due to the effect of heat stress on the physiological processes of
photosynthesis and respiration (Barnabás et al., 2008). Structural alteration in chloroplast
protein complex and reduction of enzymes activities are among the early effects induced by
thermal stress (Ahmad et al., 2010). Moreover, thermal stress changes the permeability by
causing injuries in the cell membrane. The heat induced structural changes causes ionleakage from leaf cells and alter energy allocation to the photosystems (Allakhverdiev et al.,
2008; Wahid and Shabbir, 2005). The sustained plant photosynthetic and respiratory
performance under high temperature stress, is largely due to the maintenance of cellular
membrane function (Chen et al., 2010). Similarly, the cell differentiation, elongation and
expansion is altered due to the effect of heat stress on the organization of microtubules and
ultimately the cytoskeleton (Potters et al., 2008).
The production of reactive oxygen species (ROS) associated with heat stress,
ultimately reduces plant photosynthetic and respiratory capabilities by increasing
chlorophyllase activity and decreasing the amount of photosynthetic pigments (Sharkey and
Zhang, 2010). The genes involved in carbohydrate metabolism are down regulated under
thermal stress. Such changes in gene expression alters activities of enzymes involved in
carbon metabolism, sucrose synthesis and starch accumulation (Ruan et al., 2010). Under
thermal stress, the production of osmolytes increases the protein and membrane bilayer
stability (Mirzaei et al., 2012). The heat induced accumulation of both primary and
secondary metabolites significantly contributes to plant responses associated with heat stress
(Wahid et al., 2007). The thermal stress causes accumulation of soluble phenolics; decreased
peroxidase and polyphenol oxidase activity, and increased phenylalanine ammonia-lyase
activity; in tomato plants presumably as part of the acclimation to heat (Rivero et al., 2001).
The production of several phytohormones including ABA, salicylic acid (SA), and ethylene
(ET) are increased while that of others, such as cytokinin (CK), auxin (AUX), and
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gibberellic acids (GAs) are decreased, under heat stress. The fluctuations in synthesis of
phytoharmones, associated with heat stress, causes the premature plant senescence
(Larkindale et al., 2005). The increased level of ABA and ET and reduced level of AUXs
transport, under thermal stress causes the abscission of reproductive organs (Binder and
Patterson, 2009). Similarly, the pollen sterility was also found to be associated with altered
biosynthesis of AUX in developing anthers (Sakata et al., 2010).
Approximately 5% of the plant transcriptome is up-regulated, under thermal stress,
by 2 folds or more. The transcripts is constituted by genes associated with a variety of
processes including metabolism, transcription, translation, responses to environmental
stresses, signaling related to phytohormone, calcium, sugar and lipid (Saidi et al., 2011).
Heat stress invokes the production of ROSs like other abiotic stresses (Potters et al., 2007).
Such ROSs, hinder the metabolic activities and affect plant growth, by causing damage to
cellular components and photosynthetic apparatus (Xu et al., 2006). ROS induces
malfunctioning of mitochondrial electron transport chains associated with carbon
metabolism resulting in lower energy production (Foyer and Noctor, 2009). The plant
adaptation to abiotic stresses, is associated with ROS/redox signaling networks operating in
chloroplast and mitochondria. These signals control the processes of transcription,
translation, energy metabolism and protein phosphorylation. Moreover, under stress
conditions these signals contribute to the interplay between organelles homeostasis and
different cellular components (Mittler et al., 2011). The molecular signals transduced by
ROS provide stimulus for plant response to biotic and abiotic stresses (Gechev et al., 2006).
Heat stress also activates stress protection genes encoding a high level of heat shock
proteins (HSPs) (Kotak et al., 2007). The thermo-labile proteins in plant cells are protected
against heat-induced denaturation by many HSP proteins which are known for their
chaperones activity (Waters, 2013). Thus plant thermotolerance under heat stress is mainly
dependent on accumulation of heat shock proteins. Plants synthesize 5 major classes of
HSPs including small HSPs (smHSPs), HSP60, HSP70, HSP90 and HSP100 (Sun et al.,
2002). Based on their sequence homology and cellular localization the smHSPs have been
divided into 6 classes. Three classes (I, II and III) function in the cytoplasm while class IV,
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V and VI are located in mitochondria, endoplasmic reticulum and chloroplast respectively
(Vierling, 1991).
The expression of heat shock genes in eukaryotes is mainly regulated by heat shock
transcription factor (Hsf ; Xue et al., 2014). The genome of Arabidopsis thaliana encodes 21
Hsfs, which can be categorized into 3 major classes (A, B, C) and 14 groups (A1 -A9, B1 -B4,
C1). A1 group is important in heat shock response and comprise of 4 Hsf genes, HsfA1a,
HsfA1b,

HsfA1d

and

HsfA1e

(Nover

et

al.,

2001).

Studies

on

quadruple

knockout HSFA1a/HSFA1b/HSFA1d/HSFA1e and 4 triple knock mutants showed that
HsfA1a, HsfA1b and HsfA1d are mainly involved in thermolerance enhancement while role
of HsfA1e was found to be non-significant (Yoshida et al., 2011). Besides thermotolerance,
HsfA1 group also play role in tolerance to salt, osmotic and oxidative stresses (Liu et al.,
2011). Hsf proteins contain a DNA-binding domain, that binds to heat shock elements
(HSEs) with a consensus sequence of GAAnnTTCnnGAA, located in the promotor region of
HSP (Xue et al., 2014). Once the Hsf gets connected to the HSP, it results in the production
of HSP. These HSP acts as molecular chaperons and protect the protein or enzymes from
irreversible aggregation, by converting the misfolded proteins to its native form (Guo et al.,
2008). Thus, Hsfs play a significant role in thermotolerance by regulating HSPs (Scharf et
al., 2012).
To cope with detrimental effect of heat, there is a need for development of
thermotolerant varieties. Conventional plant breeding and improved agricultural practices
has played a major role to meet with food demand of ever increasing population. But there
are shortcomings in this strategy. The modern biotechnology offers new ideas and
techniques to compliment in crop improvement i.e. productivity and nutritional values.
Genetically modified (GM) crops has contributed a lot to increase yield per unit area since
2006 (James, 2007)
The rapid growth of recombinant DNA technology, in the last ten years, has made it
possible to study the regulation and function of a large number of genes. For enhancement
of plant thermotolerance, there is a need to clone and functionally characterize all the
candidate genes which have been reported to play role in thermotolerance enhancement.
Restriction digestion and ligation has remained the backbone of gene cloning traditionally.
11

However, in recent years a fast and reliable alternative cloning methodology called gateway
cloning has been developed, which relied upon phage recombination strategy (Riqiang and
Qingshan, 2008). The gateway system exploits the site-specific recombination system to
shuttle sequences between plasmids bearing flanking compatible recombination attachment
(att) sites as utilized by bacteriophage lambda. A DNA fragment once captured as an entry
clone, can be recombined into a variety of destination vectors resulting in expression clones
used for specific purposes. The desired plants are obtained by the introduction of such
modified genes. Enhancement of thermotolerance, through the use of genetic engineering
approach, appears most appropriate for tobacco because of its transformation and
regeneration potentials (Bernaudat, 2012).
Various genetic transformation techniques such as Agrobacterium mediated
transformation, biolistic method, electroporation and polyethylene glycol (PEG) can be used
for genetic manipulation in plants. Among them, the most dominant technology used is
Agrobacterium mediated transformation (Romano et al., 2003). Cost effectivity, low copy
number and stable integration of T-DNA are some of the advantages which make
Agrobacterium a desirable mean for plant genetic transformation (Czernilofsky et al., 1986;
Olhoft et al., 2004). Conducive environment for transgene integration is influenced by
many factors including genotype and age of explant, bacterial strain, pH, co-cultivation time
and temperature (Uranbey et al., 2005).
Knockout lines of Arabidopsis thaliana with HsfA1d has shown dramatic decrease in
thermotolerance (Liu et al., 2011). Therefore, in the current study an attempt has been made
to isolate HsfA1d from Arabidopsis thaliana and overexpress it in tobacco for further
characterization with following objectives,
 Molecular cloning of HsfA1d
 Sub-cellular localization of HsfA1d
 Transformation of tobacco with HsfA1d and its subsequent regeneration
 Expression analysis of HsfA1d and downstream regulatory genes
 Physiological analysis of transgenic tobacco
12

II. REVIEW OF LITERATURE
Tanabi et al. (1998) established that a family of heat shock factors (HSFs 1-4) was
encoded by vertebrate genome. Among them, the transcriptional and DNA-binding activities
of HSF1 and HSF3 were activated upon heat shock. Heat shock along with other stresses
were found to induce transcriptional activities of Hsf1, like all classical Hsfs. The cell lines
lacking HSF3 were constructed through somatic recombination to evaluate its role in heat
tolerance. The knockout cell of HSF3 showed severe reduction heat shock response and did
not exhibit thermotolerance though they were expressing normal level of HSF1. The HSF1
oligomerized to an active trimer in wild-type cells at intermediate heat shock temperatures.
In the HSF3 null cell line HSF1 remained as an inert monomer. The re-introduction of an
exogenous HSF3 gene, HSF3 null cells were restored to a nearly normal heat shockresponsive state. These results accomplished the positive role of HSF3 in regulating thermal
tolerance. Moreover, the activity of HSF1 was found to be influenced by HSF3.
Sun et al. (2002) found that heat stress causes synthesis of small HSPs in all type of
cells. There was much diversity in plant sHsps suggesting its special importance. Based on
their intercellular localization and sequential homology, six classes of sHsps have been
identified in plants. Besides heat stress, other stresses were also known to cause induction of
plant sHsps. The sHsp gene expression and protein accumulation under the influence of
environmental stresses strengthened the view of protein involvement in acquisition of
thermotolerance. Both in vitro and in vivo assays showed that sHsps acts as molecular
chaperones. The knowledge about sHsp gene expression, protein structure and functions has
been summarized in the current review.
Rensink et al. (2005) identified the genes that were up-regulated in potato under
abiotic stresses. The seedlings were initially grown in green house and exposed for 27 h to 3
different type of abiotic stresses e.g. cold (4 °C), heat (35°C) and salt (100 mM NaCl).
Expression profiles from tissues of roots and leaves, were captured at 3 time points
following initiation of the stress (3, 9, and 27 h), using ∼12,000 clone potato cDNA
microarray. One stress condition, caused significant up- or down-regulation of 3,314 clones.
The various abiotic stress associated factor encoded by genes in potato were found to have
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homology with those of rice and Arabidopsis. Thus suggested similar response pathways
function in potato.
Ogawa et al. (2007) found Hsfs as the key elements for regulating HS response in
eukaryotic organisms. Under thermal stress HsfA2 has been found to have the highest
expression among all Arabidopsis Hsfs belong to class A. In current study, HsfA2overexpressed transgenic lines (El2V::HsfA2) showed significantly higher level of both
basal and acquired thermotolerance compare to wild type plants. By contrast, reduced
thermotolerance

was

exhibited

by

dominant

negative

mutants

of

HsfA2

(El2V::HsfA2DC264) plants. The putative target genes identified in El2V::HsfA2 plants,
through microarray analysis, comprised of heat stress inducible genes and other stressresponsive genes. El2V::HsfA2 plants, besides thermotolerance, efficiently cope the
detrimental effect of salt and osmotic stresses, suggesting that HsfA2 confers tolerance to
multiple stresses. The root of El2V::HsfA2 plants were rapidly developed into callus while
El2V::HsfA2DC264 plants demonstrated delayed growth. These observations suggested that
HsfA2 plays an important role in cell proliferation in addition to conferring stress tolerance.
Yamada et al. (2007) found that acquisition of thermotolerance was prerequisite for
plant survival. They found that transient treatment of Arabidopsis thaliana seedlings with
heat shock protein 90 (HSP90) inhibitors like geldanamycin and radical, resulted in
induction of heat-responsive genes and thus heat acclimation. The activity of exogenously
expressed glucocorticoid receptor (GR) was reduced under heat stress. The dependence of
GR activity on HSP90 suggested that heat shock was the main factor for decreasing the
cytosolic activity of HSP90 in vivo. Microarray analysis exhibited that heat shock exposure
and HSP90 inhibitors treatment were the 2 main player for causing up-regulation of many
genes that ultimately degrade the proteins.
Yeh-jin and Zimmerman (2008) engineered potato (Solanum tuberosum L.) with
carrot (Daucus carota L.) gene encoding HSP17.7 (DcHSP17.7) to confer resistance against
heat stress. To differentiate the protein coded by transgene from the potato indigenous
protein, DcHSP17.7 gene was fused to 6XHistidine (His) tag and transformed into potato
under CaMV35S promoter. Western analysis of transgenic potato lines revealed that
14

engineered DcHSP17.7 was constitutively but not abundantly expressed in absence of heat
stress. Upon exposure to heat stress, leaves from multiple regenerated transgenic potato lines
were found to possess stable membrane compare to control. Moreover, the transgenic potato
lines also exhibited enhanced invitro tuberization both in terms of size and dry weight
compared to control. This was the first ever study conducted, to their knowledge, showing
that thermotolerance in potato plants can be engineered via the constitutive expression of
carrot HSP17.7gene.
Yokotani et al. (2008) concluded that high-temperature stresses reduce plant growth
and crop yield. In this study, they isolated the rice genes confer resistance to thermal stress.
The R04333 line was isolated from approximately 20,000 transgenic Arabidopsis lines,
which exhibited tolerance to heat shock at cotyledonary stage. The inserted rice cDNA in
R04333 encoded OsHsfA2e. Arabidopsis plants transformed with OsHsfA2e showed
thermotolerance. The rice genome encodes 5 A2-type HSF genes, out of which 4 genes,
including OsHsfA2e, were induced by high temperatures in rice seedlings. The OsHsfA2e
protein was found to be nuclear localized. Microarray analysis established that Arabidopsis
transformed with OsHsfA2e, under normal temperature, induced the expression of certain
stress related genes containing several HSP classes. All the organs of transformed plants
exhibited thermotolerant phenotype. Besides, the transformed Arabidopsis revealed to
confer high-salinity stress. These results suggested, that OsHsfA2e provided a very good tool
in hands of molecular biologist for improvement of crop stress tolerance.
Jiang et al. (2009) through sequence alignments and phylogenetic analysis observed,
that RcHSP17.8 was a cytosolic class I sHSP. Moreover, RcHSP17.8 expression in R.
chinensis was induced by heat, cold, salt, and drought, osmotic and oxidative stresses. To
study the possible effect under stress conditions, recombinant RcHSP17.8 was
overexpressed in Escherichia coli and yeast. Under heat, salt and oxidative stress conditions,
the recombinant E. coli and yeast cells that accumulated RcHSP17.8 showed improved
viability in comparison to wild type. These results accomplished, that cytoplasm localized
class I sHSP (RcHSP17.8) of R. chinensis not only confer stress resistance in microorganism but also invoke tolerance in plants exposed to adverse environmental conditions.
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Ikeda et al. (2011) concluded that many eukaryotes have 1-3 heat shock factors
(Hsfs), but in contrast the number of Hsfs in plants exceeds 20. Twenty Hsfs have been
divided inti 3 main classes A, B and C. Class A Hsfs play an important role in transcription
activation but details roles of individual Hsfs have yet to be characterized. They showed that
the expression of heat-inducible Hsfs and HSPs are negatively regulated by other Hsfs
belong to class B of Arabidopsis thaliana. Many heat inducible genes are up-regulated in
hsfb1 hsfb2b double mutant plants under normal temperature. Upon exposure to heat (42°C),
the plants revealed marginally higher thermal tolerance compare to control. These data
advocated that under normal temperature, heat shock response was hindered by HsfB1 and
HsfB2b. Under normal temperature, HsfB1 and HsfB2b were found to play role in
expression of heat inducible genes for the acquisition of thermotolerance. They established
that in Arabidopsis, activation and repression of Hsfs majorly contribute to the regulation of
heat shock response.
Kim et al. (2011) established that small heat shock proteins were involved in stress
tolerance. In previous experiments, they isolated and characterized a rice cDNA clone,
Oshsp26. Upon exposure to oxidative or heat stress, Oshsp26 encodes a chloroplastlocalized small heat shock protein. In this study, they made use of Agrobacterium-mediated
transformation system for the delivery of this gene into tall fescue plants. The PCR,
southern, northern, and immunoblotting techniques were used to confirm integration and
expression of transgene. Significantly Lower electrolyte leakage and accumulation of
thiobarbituric acid was recorded in transgenic plants compared to the control plants, upon
exposure to heat or methyl viologen. During heat stress (42°C), photosystem II of transgenic
plants was found to work more efficiently compare to control plants. These results
accomplished the role of OsHSP26 protein in protection of PSII during heat and oxidative
stress in vivo.
Liu HC et al. (2011) found that there were 4 homologs of class A1 heat shock factor
(HSFA1) genes in Arabidopsis, responsible for encoding the master regulators of heat shock
response (HSR). However, due to functional redundancy, previous experiments conducted
with double knockout (KO) did not highlight this point. To elaborate their function, they
generated a quadruple KO (QK) and 4 triple KO mutants. Their data accomplished, that
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members of the HSFA1 group not only majorly contribute in HSR but also effect growth and
development. The quadruple were found to be effected, both in terms of altered morphology
and growth while no such changes were seen in triple KO mutants. Drastic reduction in
basal and acquired thermotolerance of QK mutant was recorded but varied in triple KO
mutants. The study of transcriptomic profiles exhibited that HSFA1 was involved in upregulation of more than 65% of the heat stress (HS). Besides heat stress, HSFA1s were also
found to contribute in the expression of several HS genes induced by H 2O2, salt and
mannitol. In conclusion, the Arabidopsis HSFA1s manifest not only HSR as master
regulator, but also functions as key player in other abiotic stresses.
Nishizawa-Yokoi et al. (2011) established that the response of many cells to various
abiotic stress was HsfA2 dependent. HsfA2 acted as main player of Hsfs signaling network.
They found the involvement of HSE sequence in the expression of HsfA2. They established
that how mutations, brought in class A Hsfs, effect the expression of HsfA2 under HL stress.
Under HL and HS stresses, significant suppression in the expression of HsfA2 was recorded
in Arabidopsis mutants (KO-HsfA1d/A1e). Transient reporter assays exhibited that both
HsfA1d and HsfA1e were involved in activation of HsfA2 transcription. In KO-HsfA1d/A1e
mutants the expression of 560 genes containing several stress-related genes and Hsf was
decreased, under high light stress, compare to control plants. Similarly HL stress, brought
reduction in photosystem II activity of KO-HsfA1d/A1e mutants while no effect was
recorded on the PSII activity of control plants. Furthermore, double knockout of HsfA1d and
HsfA1e were recorded to show less tolerance to thermal stress. These findings revealed that
HsfA1d and HsfA1e not only manifest regulation of HsfA2 expression, but also contributed
to Hsf signaling network under stresses.
Yoshida et al. (2011) established that the expression of heat and drought-responsive
genes was regulated by stresses inducible Arabidopsis DREB2A transcription factor. They
found HSE upstream of DREB2A that played a vital role in its expression by serving as cisacting element. Out of 21 Hsfs, they chosed 4 HsfA1-type (belong to HsfA1 class) proteins as
candidate transcriptional activators. They generated multiple mutants and witnessed the
disappearance of HS-responsive expression of DREB2A in triple (hsfa1a/b/d) and quadruple
(hsfa1a/b/d/e) mutants. Moreover, the triple mutant showed drastically lower expression of
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HS-responsive gene resulting in reduced tolerance to HS stress. The hsfa1a/b/d/e quadruple
mutants not only showed severe reduced growth but also many mutant genes were found to
be down regulated even when no stress was applied. In the present study they concluded the
eminent role of HsfA1a, HsfA1b, and HsfA1d in thermotolerance acquisition and plant
efficient growth.
Ahmed et al. (2012) optimized the different factors effecting transformation of
potato with chitinase gene through agrobacterium. Nodes of potato cultivars Desiree and
Sh-5 were used as explant. LBA4404 strain of Agrobacterium transformed with pB1333EN4-RCG3 possessing hygromycin as selectable marker was used for infecting potato
explant. Infection and co-cultivation time, cefotaxime concentration, and days to preselection were the parameters optimized during transformation. Two min was recorded as
the best infection time. Cefotaxime used at the rate of 200 mg/l was found to effectively
control the growth of Agrobacterium. Seven days of pre selection period was established to
be the best time for transgene to express itself, before selection pressure was applied. Sh-5
and Desiree were recorded to exhibit high mean value of regeneration (2.82 and 3.08) and
transformation efficiency (2.60 and 3.00) respectively. Polymerase chain reaction with
RCG-3 specific was used to confirm the putative transgenic plants at molecular level.
Higashi et al. (2013) reported that Thellungiella salsuginea (formerly T. halophila)
exhibited more tolerance to high salts, chilling temperature. They established that T.
salsuginea showed greater heat tolerance than Arabidopsis, a close related species. T.
salsuginea HsfA1d (TsHsfA1d) was identified to significantly enhance thermotolerance of
Arabidopsis. FOX-hunting was used to detect TsHsfA1d among a variety of T. salsuginea
cDNAs related to heat stress. The expression of many genes were enhanced constitutively in
Arabidopsis transformed with TsHsfA1d. TsHsfA1d was found to be localized in both the
nucleus and the cytoplasm while observing the Arabidopsis mesophyll protoplasts. The
TsHsfA1d dependent HsfA1-HSP90 complexes formed in cytoplasm, were found to
negatively regulate AtHsfA1s. More heat tolerance was observed in Arabidopsis plants
overexpressing AtHsfA1d compare to wild type. They accomplished that Arabidopsis heatstress response was positively regulated by the products of both TsHsfA1d and AtHsfA1d and
would be useful to engineer of heat-stress tolerance in other plants.
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Guo et al. (2014) used the techniques of electron cloning and rapid amplification of
cDNA ends, for cloning CaHsfA2 from the Capsicum annum thermotolerant line R9. The
sequence of amino acid coded by CaHsfA2 were found to contain the different conserved
domains of Hsf. Nearest phylogenetic relationship was established between CaHsfA2 and
HsfA2 from Lycopersicom peruvianum and Mimulus guttatus, which was consistent with its
botanical classification. Under heat-shock treatment (42 °C) for 2 hours different tissues of
both thermotolerant cultivar R9 and thermos-sensitive line B6 showed different expression
levels of the CaHsfA2 gene. In case of B6, highest expression of CaHsfA2 was found in leaf
followed by stem flower and root. While flower of R9 to showed highest expression of
CaHsfA2 followed by leaf, stem and root.
Liu ZB et al. (2014) reported that crop growth and development was severely
retarded by disturbance in cellular homoeostasis caused by heat stress. Thus, it was very
important to engineer heat tolerance in crops. In this study, they identified a novel gene
BnTR1 in Brassica napus that was found to play a key role in heat stress response in planta.
BnTR1displays E3 ligase activity in vitro, being a membrane-bound RINGv (C₄HC₃)
protein. They demonstrated that modest expression of BnTR1 was good enough to confers
thermal resistance minimize adverse environmental influence on B. napus and Oryza sativa.
They found the involvement of BnTR1 in mediating Ca²⁺ dynamics which further increased
the transcripts of HSFs and HSPs and thus contributing to plant thermotolerance. Thus
BnTR1 was found to play role in thermotolerance enhancement.
Qian Xu. (2014) reported that heat stress adversely the physiological and cellular
aspects of numerous plant species. The growth of cell wall and development of many other
process were found to be regulated by proteins belong to expansins family. The invitro role
of expansins proteins in regulating heat tolerance was yet to be determined. Thus, they
isolated an expansin gene PpEXP1 from perennial grass species (Poapratensis) and
transferred to tobacco through agrobacterium. The relationship of PpEXP1 with αexpansins and its two other homologue (Festucapratensis and Agrostisstolonifera) were
determined through sequencing analysis. Tobacco transformed with PpEXP1 gene revealed
lower electrolyte leakage, lipid peroxidation, hydrogen peroxide and less cellular damage
compared to control plants under thermal stress. Similarly, genetically modified tobacco
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exhibited higher chlorophyll and relative water content. Higher net photosynthetic and seed
germination rate compared to control plants was recorded activity for transformed tobacco
under heat stress. The results recorded in these experiments led to the recommendation of
using PpEXP1 gene for engineering heat-tolerance in plant germplasm.
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III. MATERIALS AND METHODS
This research was conducted at Institute of Biotechnology and Genetic Engineering,
The University of Agriculture Peshawar and Mid-Florida Research and Education center,
Department of Plant Pathology University of Florida USA during the year 2013-15.
3.1

Molecular cloning of HsfA1d
Heat shock factor HsfA1d was isolated from Arabidopsis thaliana and cloned into an

in-house constructed cloning vector pUC57GW-CmRccdB resulted in entry clone. Gateway
cloning system was used for the preparation of entry clone. This cloning system allows
transfer of DNA fragments from entry clone into a variety of destination vector with
maintenance of reading frame. The synthesis of entry clone has been divided into 5 sections
such as preparation of insert, preparation of linearized vector, infusion of insert into
linearized vector, amplification of cloning product and confirmation of entry clone.
3.1.1

Preparation of insert
Total RNA was extracted from leaves of Arabidopsis thaliana and converted into

cDNA. The HsfA1d was amplified with gene specific primers through Polymerase Chain
Reaction (PCR) using AtcDNA as template. The amplified AtHsfA1d was used as insert.
3.1.1.1 RNA Extraction
Total RNA was extracted according to manufacturer protocol using Qiagen RNeasy
plant mini kit. The leaf tissues excised from Arabidopsis thaliana (Col-O) were ground into
fine powder with tissue lyser drill after treatment with liquid nitrogen. RLT buffer (450 µl)
was added to leaf tissue (100 mg) and vertexed vigorously. Shifting of lysate was carried out
to QIAshredder spin column followed by 2 min centrifugation. Absolute ethanol at rate of
500 µl was mixed immediately. The sample was shifted to RNeasy mini-spin column and
centrifuged (12000 rpm) for 15 sec. Flow through was discarded and column was placed
back in the collection tube. RW1 buffer (700 µl) was then added and centrifuged (1000 rpm)
for 15 sec. The flow-through was thrown and washing was done with RPE buffer (500 µl)
followed by centrifugation (1000 rpm) for 15 sec. Washing with 500 µl RPE buffer was
repeated and centrifuged (1000 rpm) for 2 min. Finally RNA was eluted using 40 µl RNase
free water and centrifuged for 1 min at 1000 rpm.
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3.1.1.2 cDNA synthesis:
Before cDNA synthesis, RNA was treated with DNase (Wiame et al., 2000).
Reaction mixture was prepared by adding 1 µl each of reaction buffer (10X) and DNase-I to
1 µg RNA and its volume was raised to 10 µl by the addition of DEPC water. It was
incubated at 37 ºC for 30 min. Then 1 µl EDTA (50 mM) was added and re-incubated at 65
ºC for 10 min. First strand cDNA was synthesized by adding 1 µl each of oligo (dT) and
dNTP mix (10 mM) to a tube. The mixture was heated at 65 ºC for 5 min and incubated on
ice for 1 min. After brief centrifugation, 4 µl of first strand buffer (5X) were added followed
by the addition of 1 µl each of DTT (0.1 M), RNaseouttm recombinant RNase inhibitor and
superscript-III RT enzyme. Mixed by pipetting, incubated at 50 ºC for 30 min and then
inactivated by heating at 70 ºC for 15 min.
3.1.1.3 Primer designing and AtHsfA1d amplification
The primers for amplification of AtHsfA1d were designed in such a way, that it has
15bp of sequential homology at its 5 ̷ end with linearized vector (pUC57GW) and at 3 ̷ end
it has sequential complementarity with AtHsfA1d.
HsfA1d forward primer: 5-GCCGCCTTCACCATGGATGTGAGCAAAGTAACCAC-3
HsfA1d reverse primer: 5-CTGGGTCACCCTCGATCAAGGATTTTGCCTTGAGGGATC-3

The reaction mixture was prepared by adding 2.4 µl each of forward and reverse primer
(10mM), template AtcDNA (0.4 µl) and HiFi PCR mix (5 µl). Amplification of AtHsfA1d
was carried out using GeneAmp PCR system 9700 (applied biosystem). The thermal profile
used with initial denaturation (98 ºC for 2 min) followed by 30 cycles of polymerization
with each one consist of denaturation (98 ºC for 10 sec) annealing (55 ºC for 15 sec) and
extension (72 ºC for 2 min). Then 72 ºC for 10 min was employed for final extension. PCR
product (2 µl) was mixed with loading dye (1 µl) and loaded on 1% agarose gel.
Electrophoresis of amplified products was carried out at 100 volt for 30 min, visualized
under ultraviolet (U.V) light and photographed using gel documentation system Fisher
Biotech.
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3.1.2

Preparation of linearized vector
For the preparation of linearized vector, restriction digestion and of an in-house

constructed gateway compatible cloning vector pUC57GW-CmRccdB (Appendix.1) was
carried out followed by gel purification.
3.1.2.1 Restriction digestion of pUC57GW-CmRccdB
Digestion of pUC57GW-CmRccdB with restriction enzymes NcoI and XhoI was
carried out to remove the CmRccdB fragment. The digestion reaction was prepared by
adding 10X buffer (1µl), sterilized distilled water (6.8 µl), DNA (2 µl), restriction enzyme
NcoI (0.1 µl), restriction enzyme XhoI (0.1 µl) into a sterile PCR tube and incubated at 37
ºC for 2 hours. Electrophoresis of digested products was carried out using agarose gel (1%),
visualized under ultraviolet (U.V) light and photographed using gel documentation system
Fisher Biotech.
3.1.2.2 Purification of linearized vector
The 2804 bp linearized vector was purified from gel using QIAquick gel extraction
kit as follow,
The DNA fragment was excised from agarose gel with sharp scalpel and weighted in
eppendorp tube (1.5 ml). Buffer QG and gel were mixed in the ratio of 3:1 by volume and
were allowed to shake at 50 ºC for 10 min. Isopropanol at the rate of 1 gel volume was
added to the mixture and applied to QIAquick column. Centrifugation was carried out for 1
min. Flow-through was discarded and column was placed back in collection tube. The same
centrifugation was repeated with 500 µl QG buffer. Washing was done by adding PE buffer
(750 µl) to spin column and centrifuged for 1 min. Flow-through was thrown and column
was placed back in the same collection tube. For the removal of residual wash buffer,
centrifugation of Qiaquick column was repeated at 13000 rpm for 1 min. The column was
placed in centrifuge tube (1.5 ml). EB buffer (50ul) was added and centrifuged for 1 min to
elute the DNA.
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3.1.3

Infusion of insert into linearized vector
Infusion of insert (Amplified AtHsfA1d) into linearized vector (pUC57GW) was

carried out using HD cloning kit. Before cloning, the concentration of both linearized vector
(pUC57GW) and insert (AtHsfA1d) were adjusted to 12.77 ng/µl and 50 ng/µl respectively
using thermo scientific nanodrop. Both vector and inserts were allowed to mix in 4 different
ratios as shown Table 1 below. Cloning enhancer (0.6 µl) was added to all 4 reactions and
incubated first at 37 ºC for 20 min and then at 80 ºC for 15 min. The reactions were diluted
by adding distilled water (6 µl). One µl from each reaction was separated into another set of
tubes. HD enzyme (0.8 µl) was added to each reaction and mixed.
Table 1. Different vector-insert ratio used in 4 infusion reaction.
Ingredients

Concentration
(ng/µl)

Reaction 1
(µl)

Reaction 2
(µl)

Reaction 3
(µl)

Reaction 4
(µl)

Linearized vector
(pUC57GW)

12.77

0.7

0.4

0.2

1

Insert (AtHsfA1d)

50

0.7

1

1.2

0.4

3.1.4 Amplification of cloning product
The cloning product was transformed into stellar cell (E.coli HST08) for amplification.
3.1.4.1 Preparation of E coli competent cell
One colony of stellar cells was inoculated in 5 ml LB media overnight at 37 ºC with
200 rpm. One ml from overnight culture was added to a flask containing 50 ml LB media
and incubated at 37 ºC for 2 hours with 200 rpm till the OD reached 0.6 (OD600= 0.6). The
flask containing culture was incubated on ice for 30 min. The culture was equally distributed
into 2 pre-cooled sterile tubes and centrifuged at 4000 g for 5 min. The supernatant was
poured off and each pellet was re-suspended in 15 ml CaCl2 (50 mM). The culture was
incubated on ice for 15 min and centrifuged at 3800 g for 5 min. The supernatant was
poured off and the pellet was re-suspended in 2 ml CaCl2 (50 mM) having 15% glycerol.
Then 200 µl was aliquot into 1.5 ml centrifuge tubes and stored at -80 ºC.
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3.1.4.2 Transformation of stellar cells with pUC57GW-HsfA1d
Transformation of stellar competent cells with cloning product of 4 different
reactions was carried out according to freeze thaw method as follow; first the cells were
taken out from -80 ºC freezers and placed on ice for 7 min. After thawing the competent
cells were distributed into 4 tubes at the rate of 10 µl into each tube. Then 0.2 µl from each
of the 4 type of cloning product were added into respective tubes and incubated on ice for 10
min. The tubes were exposed to heat shock at 42 ºC for 45 sec in water bath. After heat
shock the tubes were immediately shifted to ice for 1 min. Then 50 µl soc media was added
into each tube and incubated at 37 ºC for 1 with 200 rpm. Plating was carried out using LB
media supplemented with kanamycin (50 mg/l) and incubated at 37 ºC overnight to observe
the colonies.
3.1.4.3 Plasmid extraction
QIAprep spin miniprep kit was used for plasmid extraction. Bacterial colony was
inoculated in LB medium (5 ml) with kanamycin (50 mg/l) as selectable marker followed by
overnight incubation at 37 ºC. Centrifugation (12000 rpm) of bacterial cultures at room
temperature for 3 min was carried out. Following the manufacture instructions, the
supernatant was poured off and the pellet was re-suspended in buffer P1 (250 µl). P2 and N3
buffers at the rate of 250 µl and 350 µl respectively were added and thoroughly mixed
followed by centrifugation (13000 rpm) for 10 min. The supernatant was taken and
centrifuged in QIAprep spin column for 1 min. The spin column was placed back in
collection tube after discarding the flow-through. For washing, 750 µl buffer PE was added
to QIAprep column and centrifuged for 1 min. After throwing away the flow-through, recentrifugation for 1 min for the removal of residual wash buffer was done. Then 50 µl
elution buffer was applied to QIAprep column placed in centrifuge tube (1.5 ml). QIAprep
column was kept at room temperature for 1 min. Final centrifugation (10000 rpm) was
carried out for 1 min to elute the plasmid DNA and stored at -20 oC.
3.1.5 Confirmation of entry clone (pUC57GW-HsfA1d )
Restriction digestion and sequencing analysis were used for confirmation of entry
clone.
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3.1.5.1 Restriction digestion of entry clone
Restriction digestion of entry clone along with empty vector (pUC57GW-CmRccdB)
was carried out using restriction enzymes NcoI and BglII. The digestion reaction was
prepared by adding 10X buffer (1µl), sterilized distilled water (6.4 µl), DNA (2 µl), 0.3 µl of
each restriction enzymes NcoI and BglII, into a sterile PCR tube and incubated at 37 ºC for 2
hours. Then 4 µl loading dye was added to digestion product (10 µl) and loaded on 1%
agarose gel. Electrophoresis was carried out at 100 volt for 30 min and photographed using
gel documentation system Fisher Biotech.
3.1.5.2 Sequencing analysis of entry clone
For sequencing analysis, 20 µl of the entry clone (100 ng/µl) along with universal
primers M13

forward (5-TGTAAAACGACGGCCATG-3) and M13

reverse (5-

CAGGAAACAGCTATGACC-3) were sent to company. Clustal omega and APE softwares
were used for sequencing alignment. After confirmation, glycerol stocks of stellar cell,
transformed with entry clone, were prepared.

3.2
3.2.1

Subcellular localization and BiFC assay
Vector Construction for BiFC
For subcellular localization, HsfA1d was cloned in-frame with sequence that codes

for yellow florescent proteins in plant expression vector pGWB442. For BiFC, heat shock
transcription HsfA1d was cloned, in-frame with sequences that codes for C and N termini of
yellow florescent proteins, into 2 in-house constructed expression vectors pGSA002-nYFPn
(Appendix 2) and pGSA002-nYFPc (Appendix 3) respectively through LR clonase reaction.
The cloning reaction was prepared as follow; first both entry clone (pUC57GW-HsfA1d) and
destination vectors (pGSA002-nYFPn , pGSA002-nYFPc) were diluted to 20 ng/µl and 40
ng/µl respectively using EB buffer. Then LR clonase reaction was initiated by adding entry
clone (1µl), destination vector (1 µl), clonaseII (0.5µl) and incubated at 25 ºC for 1 hour.
3.2.2

Transformation of cloning product
The cloning product was transformed into stellar cells using heat shock method as

follow; first the cells were taken out from -80 ºC freezer and incubated on ice for 7 min.
After thawing, the competent cells were distributed into 2 tubes at the rate of 20 µl into each
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tube. One µl each from both type of cloning product was added into respective tubes and
incubated on ice for 10 min. The tubes were exposed to heat shock at 42 ºC for 45 sec in
water bath. After heat shock, the tubes were immediately shifted to ice for 1 min. Then 100
µl soc media was added into each tube and incubated at 37 ºC for 1 hour with 200 rpm.
Plating was carried out using LB media supplemented with 50 mg/l spectinomycin and
incubated at 37 ºC overnight to observe the colonies.
3.2.3

Growing culture and plasmid extraction
Two colonies from each plates were picked and added to test tube containing 5 ml

LB supplemented with spectinomycin (50 mg/l) and incubated at 37 ºC with 200 rpm
overnight. Then plasmid was extracted from each bacterial culture using QIAprep spin
miniprep kit
3.2.4

Confirmation of cloned plant expression vectors
Restriction digestion of both cloned plant expression vectors pGSA002-

nYFPnHsfA1d, pGSA002-nYFPcHsfA1d along with their empty vectors pGSA002-nYFPn ,
pGSA002-nYFPc were carried using restriction enzyme NcoI. Each digestion reaction was
prepared by adding 10X buffer (1µl), plasmid DNA (2µl), NcoI (0.1µl) and sterile distilled
water (6.9µl) into a sterile eppendorp tube and incubated at 37 ºC for 2 hours. Then loading
dye (4 µl) was added to digestion product (10 µl) and loaded on 1% agarose gel.
Electrophoresis was carried out at 100 volt for 30 min, visualized under ultraviolet (U.V)
light and photographed using gel documentation system Fisher Biotech. After confirmation
of cloned plant expression vectors (pGSA002-nYFPn -HsfA1d and pGSA002-nYFPc-HfsA1d),
through restriction digestion with enzyme NcoI, glycerol stocks were prepared and stored at
-80 ºC.
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3.2.5

Agrobacterium competent cell preparation
One colony of Agrobacterium GV3101 was inoculated in 5 ml LB media overnight at

28 ºC with 200 rpm. Then 1 ml from the overnight grown culture was added to 50 ml LB
media and incubated at 28 ºC for 3 hours with 200 rpm till the OD reached 0.6 (OD600=
0.6). The culture was incubated on ice for 30 min and equally distributed into two precooled sterile tubes followed by centrifugation at 4000 g for 5 min. The supernatant was
poured off and each pellet was re-suspended in 15 ml CaCl2 (50 mM). The culture was
incubated on ice for 15 min and then centrifuged at 3800 g for 5 min. The supernatant was
poured off and pellet was re-suspended in 2 ml CaCl2 (50 mM) having 15% glycerol. Then
200 µl was aliquot into 1.5 ml centrifuge tubes and stored at -80 ºC.
3.2.6

Agrobacterium transformation
Transformation of competent agrobacterium GV3101 with cloned pGSA002-nYFPn-

HsfA1d and pGSA002-nYFPc-HfsA1d were carried out as follow; first the agro competent
cells were taken out from -80 ºC freezer and placed on ice for 7 min. After thawing, the
competent cells were distributed into 2 tubes at the rate of 10 µl into each tube. Then 1 µl
from each of the 2 type of vector were added into respective tubes and incubated on ice for
10 min. The tubes were exposed to cold shock at -80 ºC for 5 min. After cold shock
treatment the tubes were incubated at 37 ºC for 5 min in water bath. Then the tubes were
placed back on ice for 1 min. One ml soc media was added into each tube and incubated at
28 ºC for 2 hours with shaking at 200 rpm. Plating was carried out using LB media
supplemented with spectinomycin (50 mg/l) and incubated at 28 ºC overnight to observe the
colonies. Glycerol stocks of agrobacterium GV3101 transformed with plant expression
vector (pGSA002-nYFPn-HsfA1d and pGSA002-nYFPc-HfsA1d) were prepared.
3.2.7 Growing tobacco plants for infiltration
Tobacco seeds were sown in 4.5 square inch pots containing 2B soil (provided by
FAFARD company) and immediately watered. Two weeks after sowing plants were
transplanted and allowed to grow for 2 weeks more before infiltration (Appendix 4)
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3.2.8

Inoculum preparation for tobacco infiltration
Agrobacterium GV3101 colonies transformed with pGWB442-HsfA1d, pGSA002-

nYFPn-HsfA1d, pGSA002-nYFPc-HsfA1d, pGSA002-PiEffector16-nYFPn , and pGSA002PiEffector16-nYFPc were inoculated in LB (5 ml) media supplemented with spectinomycin
(50 mg/l). The cultures were grown overnight at 28 ºC with 200 rpm. Each of the 5 ml
overnight grown cultures were shifted to 50 ml falcon tubes and centrifuged for 5 min at
3000 g. The supernatant was poured off and the pellet was washed by re-suspending in 20
ml sterile water and centrifuged for 5 min at 3000 g. The supernatant was poured off, the
pellet was re-suspended in 5 ml MMA solution and incubated at room temperature for 2
hours. The inoculum (10 ml) for each construct was prepared with 0.6 optical density
(OD600= 0.6) using MMA solution.
3.2.9

Tobacco infiltration
Tobacco plants were divided into 5 groups, each one with three plants. For

subcellular localization one group of plants was infiltrated with pGWB442-HsfA1d and
incubated for 42 hours in the dark. The uninfiltrated plants were treated as control. After
observation of florescence, the infiltrated leaf segments were dipped in DAPI solution for 20
min and re-observed under YFP, DAPI and merged channels using confocal microscope.
For homodimerization, 5 ml of inoculum harboring pGSA002-nYFPn-HsfA1d was
mixed with 5 ml each of pGSA002-PiEffector16-nYFPc and pGSA002-nYFPc-HsfA1d.
Similarly 5 ml of inoculum harboring pGSA002-PiEffector16-nYFPn was mixed with 5 ml
each of pGSA002-PiEffector16-nYFPc and pGSA002-nYFPc-HsfA1d. In order to ensure coexpression, each of the 4 inoculum combination was infiltrated into a separate group of
plants as shown in table 2 below. After 42 hours of incubation in the dark, slides were
prepared to observe under confocal microscope for florescence.
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Table 2. Four different vector combinations used for tobacco infiltration.

pGSA002-nYFPn-HsfA1d

pGSA002-PiEffector16nYFPn

pGSA002-PiEffector16nYFPc
pGSA002-nYFPn-HsfA1d ×
pGSA002-PiEffector16nYFPc
pGSA002-PiEffector16nYFPn
×
pGSA002PiEffector16-nYFPc

3.3

Plant Transformation

3.3.1

Vector construction for plant transformation

pGSA002-nYFPc-HsfA1d
pGSA002-nYFPn-HsfA1d
pGSA002-nYFPc-HsfA1d

×

pGSA002-PiEffector16nYFPn × pGSA002-nYFPcHsfA1d

For plant transformation HsfA1d was cloned into 2 plant expression vectors
pGW402Ω (Appendix 4) and pGWB442 (Appendix 5) through LR clonase reaction.
Transformation of both cloned plant expression vectors pGWB442-HsfA1d and pGWB402ΩHsfA1d were carried out into agrobacterium GV3101.
3.3.2

Explant preparation
Tobacco seeds were sterilized by dipping the seeds in 50% bleach solution with 2

drops of tween20 and incubated for 10 min with shaking at 230 rpm. Then seeds were rinsed
3 times with sterile water and cultured on MS plain media. After 2 weeks the explants were
ready for infection (shown in Figure 1)
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Figure 1. Tobacco leaf discs used for infection of Agrobacterium GV 3101 harboring
pGWB442-HsfA1d.
3.3.3

Inoculum preparation
Agrobacterium GV3101

colonies transformed with pGWB442-HsfA1d and

pGWB402Ω-HsfA1d were inoculated in 5 ml LB media supplemented with spectinomycin
(50 mg/l). The cultures were grown overnight at 28 ºC with shaking at 200 rpm. Each of the
5 ml overnight grown cultures were added to the flask containing 45 ml LB and incubated at
28 ºC for 3 hours with shaking at 200 rpm. Then the culture were shifted to 50 ml falcon
tubes and centrifuged for 10 min at 3000 g. The supernatant was poured off and the pellet
was washed twice using MMA solution (20 ml) supplemented with acetosyringone (100
mM). Finally the pellet was re-suspended in MS media such that its OD was adjusted to 0.6
(OD600 0.6).
3.3.4

Infection and co-cultivation
The tobacco leaf discs were infected with inoculum of GV 3101 harboring

pGWB442-HsfA1d and incubated for 10 min at 22 ºC at 90 rpm (Appendix 7). After
infection, leaf discs were co cultivated on hormone free MS media supplemented with 100
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mM acetosyringone for 3 days under dark (Appendix 8). The uninfected plants were treated
as negative control.
3.3.5

Selection and regeneration
After co-cultivation, the explants were transferred to MS media supplemented with

BAP (2 mg/l), NAA (0.2 mg/l), cefotaxime (200 mg/l) and kanamycin (100 mg/l). The
plates were incubated at 25±2 ºC under 16 light/8 dark photoperiod. After 2 weeks the
explants were sub-cultured. Well-developed calli after 4 weeks were transferred to MS
media with NAA (0.2 mg/l) and increased amount of BAP (3 mg/l) for regeneration. Shoots
were excised and transferred to hormone free MS media supplemented with kanamycin (100
mg/l). The regenerants were transferred and acclimatized in soil. The putative transgenic
plants produced flowers and seeds were collected at maturity. Wild types plants were
allowed to develop through the same way with the exception of agro-infection and exposure
to selection media.
3.3.6

Transfer to soil and seed production
The regenerated invitro plants were transferred to 2B soil after development of

sufficient root system. The plants were covered with plastic sheet for 1 week to keep high
level of humidity (Appendix 9). The transgenic plants ultimately produced flowers and seeds
were collected at maturity. The seeds were sown in 2B soil and allowed to grow for 1 month
to produce T1 seedlings along with wild type.
3.3.7

Transgenic confirmation through confocal microscopy
Leaf segments from T1 and uninfected wild type plants were excised, and were

checked for florescence under confocal microscope.
3.3.8

Confirmation at Molecular Level

3.3.8.1 DNA Extraction: Genomic DNA was extracted according to manufacturer
instructions using Qiagen DNeasy plant mini kit as follow; the leaf tissue excised from T1
seedlings along with wild type, were ground into fine powder with tissue lyser drill after
treatment with liquid nitrogen. The AP1 buffer (400 µl) and RNase A (4 µl) were added to
leaf sample (100 mg), vertexed and incubated for 10 min at 65 ºC. Then AP2 buffer (130 µl)
was added and incubated on ice for 5 min before centrifugation (14000 rpm). QIAshredder
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spin column was shifted to 2 ml collection tube. The lysate was applied to QIAshredder spin
column and centrifuged (14000 rpm) for 2 min. The flow-through was mixed with AP3
buffer (1.5 volume) in a new eppendorp tube. Then 650 µl of the mixture was taken and
applied to DNeasy mini spin column placed in collection tube (2 ml) followed by
centrifugation (10000 rpm) for 1 min. Flow through was thrown away and the remaining
sample was treated in the same way. The spin column was shifted another collection tube (2
ml). Then 500 µl AW2 wash buffer was applied to spin column followed by 1 min
centrifugation (10000 rpm). Washing step was repeated with 2 min centrifugation (14000
rpm). Then 100 µl AE buffer was applied to spin column placed in centrifuge tube (1.5 ml)
and kept at room temperature for 5 min. Finally spin column was centrifuged (10000 rpm)
for 1 min to elute the DNA.
3.3.8.2 Polymerase Chain Reaction
Reaction mixture was prepared by adding, 1µl 10X buffer (10mM), 0.2 µl dNTP (40
mM), 0.3µl each of forward and reverse primer (10 µM), sterilized distilled water (7 µl),
genomic DNA (1µl) and 0.05 µl Ex Taq (5 units/µl), into a centrifuge tube followed by
proper mixing through pipetting. DNA extracted from wild type plant was used as negative
control while plasmid DNA was used as positive control. The reaction mixture was exposed
to PCR with Initial denaturation 98 ºC for 2 min, followed by 30 cycles of polymerization
with each one having denaturation 98 ºC for 10 sec, annealing 55 ºC for 30 sec, extension 72
for 2 min. The final extension of 72 ºC 10 min was employed. For confirmation, loading dye
(2µl) was added to PCR product (4µl) and loaded on agarose gel (1%). Electrophoresis was
carried out at 100 volt for 30 min, visualized under ultraviolet (U.V) light and photographed
using gel documentation system Fisher Biotech.
3.4

Expression analysis of transgenic

3.4.1

Heat treatment
Transgenic plants along with wild type were exposed to heat stress (42 ºC) in growth

chamber. After 3 hours samples were collected for expression analysis
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3.4.2

RNA extraction and real time PCR
Total RNA from 5 transgenic and wild type plants were extracted according to

Qiagen RNeasy plant mini kit. RNA was quantified and treated with DNase (Wiame et al,
2000) followed by first strand cDNA was synthesis. Reaction mixture for each transgenic
and wild type was prepared by adding the following ingredients into a centrifuge tube SYBR
Green (5µl), cDNA (2µl), 0.3 µl each from forward and reverse primers and water (2.4µl).
The reaction mixtures were exposed to real time PCR using thermal Profile with Initial
denaturation of 98 ºC for 2 min, followed by 44 cycles of polymerization with each one
having denaturation 98 ºC for 10 sec, annealing 55 ºC for 30 sec, extension 72 for 2 min.
The final extension of 72 ºC 10 min was employed. The primers used for the expression of
target gene HsfA1d and downstream regulatory genes HSP70, HSP90 along with actin as
internal control has been shown in table 3.
Table 3. Primers used for expression analysis
Primers (qPCR)

Sequence

Tm

HsfA1d-F
HsfA1d-R

5-GGAATTTGCGAATGAAGGTT-3
5-TCAACACATGCGCTAACAGA-3

51.5 ºC
54.6 ºC

HSP70-F
HSP70-R

5-GAACGATTCTAGCACCACCA-3
5-CGTCAATCTTAAGTGGAACTCG-3

54.7 ºC
53.4 ºC

HSP90-F
HSP90-R

5-TGTTCTCACCTCAGGGTTCA-3
5-GCATGTCAGCTTCTGCATCT-3

55.6 ºC
55.6 ºC

Tob Act-F
Tob Act-R

5-TGGCATTCATGAAACCACAT-3
5-CACTGAGGACAATGTTTCCG-3

52.8 ºC
53.7 ºC

3.5

Physiological analysis of transgenic plants

3.5.1

Heat treatment
Transgenic plants along with wild type were exposed to heat stress (42 ºC) in growth

chamber. Samples were collected for physiological analysis after 4 days and following
parameters were studied.
3.5.2

Cell membrane stability (CMS)
Electrolyte leakage (EL) was measured to evaluate cell membrane stability (Blum

and Ebercon, 1981). Leaf discs (0.2 g) were taken and allowed to incubate in 20 ml
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deionized water for 12 hours on shaker. The initial conductance C i was recorded by
measuring the conductance of solution using a corning conductivity meter 441. Leaf tissues
were then autoclaved at 121 ºC for 15 min. The conductance of solution was measured again
as C max after 12 hours of incubation. Leaf EL was calculated using equation: EL (%) =
Ci/Cmax * 100.
3.5.3

Chlorophyll content
Chlorophyll content was determined according to the method of Arnon (1949). Leaf

tissues of 0.1 g fresh weight were dipped in dimethyl sulfoxide for 2 days under dark.
Absorbance of solution was measured at 645 and 633 nm spectrophotometer. Chlorophyll
content was estimated using equation: Chlorophyll (mg/l) = 20.2 D645+ 8.02 D663
3.5.4

Relative water content (RWC)
Fresh leaf samples of 1 g were taken and their weight was measured as fresh weight

(FW). Then the leaves were allowed to become fully turgid by dipping them in distilled
water for 12 hours in at 4ºC. Turgid weight (TW) was measured after getting them blotted
dry. Then the leaf samples were dried in an oven in an oven at 87 ºC for 72 hours and their
dry weigh (DW) was measured. Relative water content was measured using the equation:
RWC (%) = (FW-DW)/(TW-DW).
3.5.5

Proline content
Proline content was measured by the method of Bates et al. (1973). Fresh leaf

samples of 0.3 g were taken in mortar containing 10 ml of 3% sulfosalyclic acid. Leaf
sample were grinded with pestle and filtered into test tube. Two ml of the filtrate were taken
in another test tube and then 2 ml each of glacial acetic acid and ninhydrine reagent were
added. Then the samples were boiled in water bath at 100 ºC for one hour. After heating,
samples were allowed to cool down on ice and then 4 ml toluene were added to produce 2
layers on shacking. The upper layer was collected and its absorbance was measured at 520
nm wavelength using spectrophotometer. Proline content was calculated using equation,
Proline (μmol/g F.W) = [(μg proline/mL x mL toluene)/115.5 μg μmol-1]/[g sample/5]
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VI. RESULTS
4.1

Molecular cloning of AtHsfA1d
HsfA1d was isolated from Arabidopsis thaliana and cloned into a gateway

compatible cloning vector pUC57GW-CmRccdB resulting in entry clone.
4.1.1

Amplification of AtHsfA1d
Total RNA was extracted from Arabidopsis thaliana (Col-0) and converted into full

length complementary DNA (cDNA). AtcDNA was amplified with HsfA1d specific primers
using standardized PCR conditions. The amplified fragment of AtHsfA1d was 1458 bp long
as expected when visualized on agarose gel (Figure 2). AtHsfA1d was used as insert in
cloning reaction.
1

2

3

Figure 2. PCR-based amplification of AtcDNA with HsfA1d specific primers.
L = 1kb plus DNA ladder, Lane 1 = AtHsfA1d
4.1.2

Restriction digestion of pUC57GW-ccdB
Restriction digestion of a gateway compatible cloning vector pUC57GW-CmRccdB

through enzymes NcoI and XhoI resulted in the expected 3 fragments of 2804, 833 and 630
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bp size as shown in the Figure 3. The purified 2804 bp fragment (pUC57GW) was used as
linearized vector in the cloning reaction.

Figure 3. Restriction digestion of cloning vector pUC57GWccdb with NcoI and XhoI.
L = 1kb plus DNA ladder. Lane 1 = pUC57GWccdb
L

4.1.3

2

Infusion cloning and transformation
For Infusion cloning, insert (AtHsfA1d) and linearized vector (purified pUC57GW)

were allowed to mix in 4 different ratios (Table 1). The infusion of insert into linearized
vector resulted in entry clone (puc57GW-HsfA1d). The cloning product of all 4 reactions
with different vector insert combination, were transformed into stellar competent cells.
Maximum number of 85 colonies were observed for reaction 2 followed by reaction 4, 3 and
1 with 38, 12 and 10 colonies respectively (Figure 4).
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1

2

3

4

Figure 4. Stellar cells transformed with product of cloning reactions (pUC57GW-HsfA1d)
4.1.4 Confirmation of entry clone (pUC57GW-HsfA1d)
Entry clone was confirmed through restriction digestion and sequencing analysis
4.1.4.1 Restriction digestion of pUC57GW-HsfA1d
Plasmids were extracted from selected colonies transformed with cloned pUC57GWHsfA1d and their restriction digestion were carried out along with pUC57GW-CmRccdB as
control, using restriction enzymes NcoI and BglII. The digestion product when visualized on
agarose gel resulted in the expected 4 fragments of 2828 bp. 807 bp, 391 bp and 237 bp for
entry clone and 2 fragments of 3637 bp and 630 bp for control (Figure 5)
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Figure 5. Restriction digestion of entry clone pUC57GW-HsfA1d along with
pUC57GWccdB (control) using enzymes NcoI and BglII.
L = 1kb plus DNA ladder, 1 = pUC57GWccdB, Lane 2-7 = pUC57GW-HsfA1d
3
2
5
1
4.1.4.2 Sequencing analysis of pUC57GW-HsfA1d

L

For further confirmation of inserted cDNA, sequencing analysis was carried out
using universal primers M13 forward (5-TGTAAAACGACGGCCATG-3) and M13 reverse
(5-CAGGAAACAGCTATGACC-3) as shown in Figure 6.

7000
4000
3000
2000
1000
700
400
300
200
75

39

Figure 6. Sequence alignment of entry clone pUC57GW-HsfA1d with coding sequence of
Arabidopsis thaliana HsfA1d.
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Chromatogramic view of sequence alignment of entry clone pUC57GW-HsfA1d with
coding sequence of Arabidopsis thaliana HsfA1d has been shown in the Figure 7.

Figure 7. Chromatogramic view of sequence alignment of entry clone pUC57GW-HsfA1d
with coding sequence of Arabidopsis thaliana HsfA1d.
The resultant entry clone pUC57GW-HsfA1d after confirmation with restriction digestion
and sequencing analysis has been shown in Figure 8.
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Figure 8. Entry clone pUC57GW-HsfA1d
Kan= Plant selectable marker, MCS= Multiple cloning site, NcoI= restriction site
for enzyme NcoI. XhoI= restriction site for enzyme XhoI, HsfA1d= cloned gene
4.2 Sub-cellular localization and BiFC assay
4.2.1 Vectors construction for BiFC
For sub-cellular localization, HsfA1d cloned in frame with YFP into pGWB442 was
used while for BiFC, HsfA1d was cloned in frame with sequences codes for N and C termini
n

of YFP protein into two in house constructed vectors pGSA002-nYFP and pGSA002c

nYFP through LR clonase reaction. Then transformation of the cloning product into stellar
cells was carried out followed by plating on LB media supplemented with spectinomycin.
The plates were incubated overnight at 37 ºC to observe the colonies (Figure 9).
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Figure 9. Stellars cells transformed with cloning product.
1 = pGSA002-nYFPn-HsfA1d, 2 = pGSA002-nYFPc-HsfA1d
4.2.2 Restriction digestion of cloned plant expression vectors
Plasmids were extracted from selected colonies transformed with cloned vectors

300
75

1

2

3

4

5

pGSA002-nYFPn-HsfA1d and pGSA002-nYFPc-HsfA1d. Restriction digestion of cloned
1000

vector pGSA002-nYFPn-HsfA1d with NcoI resulted in the expected 3 fragments of 10702 bp,
1121 bp and 391 bp while digestion of control pGSA002-nYFPn produced the expected 2
fragments 10557 bp and 1840 bp. Similarly Restriction digestion of cloned vector pGSA002nYFPc-HsfA1d with NcoI resulted in the expected 3 fragments 10702 bp, 797 bp and 391 bp
while digestion of control pGSA002-nYFPc produced the expected 2 fragments of 10557 bp
and 1516 bp (Figure 10).
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Figure 10. Restriction digestion of cloned pGSA002-nYFPn-HsfA1d and pGSA002nYFPc-HsfA1d along with their empty vectors (control) using enzyme NcoI.
L= 1kb plus DNA ladder, 1= pGSA002-nYFPn , 2= pGSA002-nYFPn -HsfA1d, 3
= pGSA002-nYFPn-HsfA1d, 4= pGSA002-nYFPc and 5= pGSA002-nYFPcHsfA1d
After confirmation through restriction digestion, the vector pGSA002-nYFPn-HsfA1d
where HsfA1d has been cloned in frame with sequence that codes for N terminus of YFP has
been shown in the Figure 11.

Figure 11. Cloned plant expression vector pGSA002-nYFPn-HsfA1d .
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CaMV35S= promotor, Spectinomycin adenyletransferase = bacterial selectable
marker, NOS = terminator sequence, EYFP n= sequence that codes for N terminus
of yellow florescent proteins, HsfA1d= cloned gene
After confirmation through restriction, the vector pGSA002-nYFPc-HsfA1d where
HsfA1d has been cloned in frame with sequence that codes for C terminus of YFP has been
shown in the Figure 12.

Figure 12. Cloned plant expression vector pGSA002-nYFPc-HsfA1d.
CaMV35S= promotor, Spectinomycin adenyletransferase= bacterial selectable
marker, NOS = terminator sequence, EYFPc = sequence that codes for C
terminus of yellow florescent proteins HsfA1d = cloned gene
4.2.3 Agrobacterium transformation
Agrobacterium GV3101 cells were transformed with cloned plant expression vectors
pGSA002-nYFPn-HsfA1d and pGSA002-nYFPc-HsfA1d. Then plating of transformed cells
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was done on LB media supplemented with spectinomycin (50 mg/l) and incubated at 28 ºC
to observe the colonies (Figure 13).

Figure 13. Agrobacterium GV3101 colonies transformed with pGSA002-nYFPn-HsfA1d (1)
and pGSA002-nYFPc-HsfA1d (2).
4.2.4

Tobacco infiltration
For subcellular localization, tobacco leaves were infiltrated with agrobacterium

GV3101 harboring pGWB442-HsfA1d. The infiltrated leaves were observed for florescence
under confocal microscope after 42 hours of incubation (Figure 14).

Figure 14. Expression of yellow florescent proteins tagged with HsfA1d in tobacco leaves
infiltrated with agrobacterium GV 3101 cells harboring pGWB442-HsfA1d (1)
and un-infiltrated as wild type (2).
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The yellow florescent protein showed its expression in multi locations of leaves infiltrated
with agrobacterium GV3101 harboring pGWB442-HsfA1d as shown in Figure 15.

Figure 15. Expression of YFP in multi locations of leaves infiltrated with GV3101
harboring pGWB442-HsfA1d
The leaf segments showing florescence were DAPI stained for 20 min and re
observed under YFP, DAPI and merged channels at 20X magnification using confocal
microscope. The appearance of florescence on the same spot under 3 different channels
confirmed nuclear localization of HsfA1d as shown in the Figure 16.
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Figure 16. Observation of DAPI stained leaf segment under 3 different channels of YFP,
DAPI and merged.
4.2.5 Bimolecular Florescence complementation (BiFC) assay
For BiFC, one group of plants was co-infiltrated with pGSA002-nYFPn-HsfA1d ×
pGSA002-nYFPc-HsfA1d and three groups of plants were co-infiltrated with pGSA002nYFPn-HsfA1d

×

pGSA002-PiEffector16-nYFPc,

pGSA002-PiEffector16-nYFPc

and

pGSA002-PiEffector16-nYFPn

pGSA002-PiEffector16-nYFPn×

×

pGSA002-nYFPc-

HsfA1d respectively as control. After 42 hours of incubation in the dark, slides were
prepared to observe under confocal microscope for florescence. The co-expression of C and
N terminals of yellow florescent fusion protein resulted in florescence as shown in the
Figure 17.
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Figure 17. Co-expression of C and N terminals of YFP in tobacco leaves during BIFC
4.4

Transgenic Plants development

4.4.1

Vector construction for plant transformation
Heat shock transcription HsfA1d was transferred from entry clone pUC57GW-

HsfA1d into 2 binary destination vectors pGWB402Ω and pGWB442 through LR clonase
reaction. Transformation of the cloning product into stellar cells was carried out followed by
plating on LB media supplemented with spectinomycin. The plates were incubated
overnight at 37 ºC to observe the colonies as shown in the Figure 18.
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Figure 18. Stellar cells transformed with cloning product of pGWB442-HsfA1d (1) and
pGWB402Ω-HsfA1d (2).
4.4.2

Confirmation of cloned plant expression vectors
Plasmids were extracted from 2 colonies each transformed with cloned pGWB402Ω-

HsfA1d and pGWB442-HsfA1d and subjected to restriction digestion along with their empty
control vectors pGWB402Ω and pGWB442 using enzyme NcoI. Results showed that
restriction digestion of cloned pGWB442Ω-HsfA1d produced 4 expected bands of 8081 bp,
2433 bp, 1316 bp and 391 bp while its control pGWB442 produced the expected 3 fragments
of 8081 bp, 2288 bp and 2035 bp. Similarly restriction digestion of cloned pGWB402ΩHsfA1d resulted in the expected 3 fragments of 8665 bp, 2439 bp and 391 bp while it control
pGWB402Ω produced 2 fragments of 9384 bp and 2294 bp when visualized on agarose gel
as shown in the Figure 19.
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Figure 19. Restriction digestion of cloned plant expression vectors using enzyme NcoI.
L= 1kb plus DNA ladder, 1= pGWB402Ω, 2 = pGWB402Ω-HsfA1d 3 =
pGWB402Ω-HsfA1d, 4 = pGWB442, 5 = pGWB442-HsfA1d and 6 = pGWB442HsfA1d.
After confirmation through restriction digestion the cloned plant expression vector
pGWB402Ω-HsfA1d with CaMV35S promotor, kanamycin as plant selectable marker and
omega as translational enhancer has been shown in Figure 20.
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Figure 20. Cloned plant expression vector pGWB402Ω-HsfA1d
CaMV35S= promotor, Neomycin phosphotransferase/kan= Plant selectable
marker, T-DNA RB= right boarder, T-DNA LB= left boarder, Omega (Ω)=
translational enhancer, NOS= terminator sequence, HsfA1d= cloned gene
After confirmation through restriction digestion the cloned plant expression vector
pGWB442-HsfA1d, where HsfA1d cloned in frame with yellow florescent protein, CaMV35S
promotor and kanamycin as plant selectable marker has been shown in Figure 21.
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Figure 21. Cloned plant expression vector pGWB442-HsfA1d.
CaMV35S= promotor, nptII= Plant selectable marker,
YFP= yellow florescent proteins, HsfA1d= cloned gene
4.4.3 Agrobacterium transformation
Agrobacterium GV3101 cells were transformed with cloned vectors pGWB402ΩHsfA1d and pGWB442-HsfA1d. Plating of transformed cells were done on LB media
supplemented with spectinomycin (50 mg/l) and incubated at 28 ºC to observe the colonies
as shown in the Figure 22.

Figure 22. Agrobacterium GV3101 cells transformed with pGWB402Ω-HsfA1d (1) and
pGWB442-HsfA1d (2)
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4.4.4

Plant transformation
The tobacco explants treated with agrobacterium harboring pGWB442-HsfA1d

proliferated on media supplemented with kanamycin while the uninfected control leaf discs
got brown and ultimately died (Figure 23A). Well-developed calli were produced on MS
media supplemented with BAP (2 mg/l) and NAA (0.2 mg/l) growth regulators after 4
weeks (Figure 23B). The calli started regeneration in 3 weeks on MS media supplemented
with BAP (3 mg/l) and NAA (0.2 mg/l; Figure 23C) followed by rooting on hormone free
MS media in 2 weeks (Figure 23D). The regenerated putative transgenic plants were
acclimatized and established in soil (Figure 23E). The plants produced flowers and seeds
were collected at maturity (Figure 23F)

Figure 23. Different phases of invitro tobacco plant regeneration and establishment in soil.
(A) Proliferation of leaf discs (B) Callus formation (C) Shoot development (D)
Root formation (E) Establishment in soil (F) Flower production
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4.4.5

Transgenic plants confirmation through confocal microscopy
The seeds collected from putative transgenic plants along with wild type were grown

in 2B soil for 1 month to get T1 seedlings. Leaf segments excised from T1 seedlings were
observed under confocal microscope. The yellow florescent proteins tagged with HsfA1d
showed florescence, while wild type plants did not show any florescence as shown in the
Figure 24.

Figure 24. Expression of yellow florescent proteins in transgenic plants.
1-5= Transgenic plants expressing YFP cloned in frame with HsfA1d.
WT= wild type.
4.4.6

Transgenic confirmation at molecular level.
PCR with HsfA1d specific primers, using putative transgenic DNA at template,

resulted in expected 1458 bp amplified band. No such amplification was observed when
wild type DNA was used as template shown in figure 25.
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Figure 25. PCR based amplification of genomic DNA extracted from transgenic plants
3 specific primers.
C with control
along
L using HsfA1d
5
L = 1kb plus DNA ladder, P= positive control, Lane 1-5= PCR-based amplification of
genomic DNA, extracted from 5 independent transgenic plants, with HsfA1d primers, WT=
Wild type
The amplification of transgenic DNA with HsfA1d specific primers confirmed20000
the
transgenic nature of the plants.
4.5

Expression analysis of transgenic Plants
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7000
5000

Transgenic plants (OX) were evaluated for the expression of target gene (HsfA1d)
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and downstream genes (HSP70 and HSP90) both under room temperature (25 ºC) and
heat
2000
stress (42 ºC)
4.5.1

Expression analysis of transgene
Results showed that transgenic plants exhibited expression of HsfA1d both at room

2000

temperature and under heat stress conditions while no expression of HsfA1d was recorded
700 in
1500

wild type plants. Transgenic plants showed 4.8 folds increase in expression of HsfA1d under
500

heat stress compare to room temperature (Figure 26)

75

56

Figure 26. Effect of heat treatment on expression of HsfA1d
OX= Transgenic plants, WT= Wild type
4.5.2 Expression analysis of downstream gene
Results exhibited that 3.3 folds higher expression of HSP70 was recorded in transgenic
plant compare to wild type at room temperature. However, under heat stress transgenic
plants showed 5.3 folds higher expression of HSP70 compare to wild type. Heat stress
caused 2.3 and 2.8 folds increase in expression of HSP70 in wild type and transgenic plants
respectively (Figure 27)
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Figure 27. Effect of heat treatment on expression of downstream gene HSP70
OX= Transgenic plants, WT= Wild type
Results exhibited that no significant difference in the expression of HSP90 was recorded
between transgenic and wild type plants both at room temperature and under heat stress.
Both transgenic and wild type plants exhibited 2 folds increase in the expression HSP90
under heat stress (Figure 28)

Figure 28. Effect of heat treatment on expression of downstream gene HSP90
OX= Transgenic plants, WT= Wild type
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4.6

Physiological analysis of transgenic plants

4.6.1

Electrolyte Leakage
Results showed that no significant difference in electrolyte leakage between wild

type and transgenic plants were recorded at room temperature. However, under heat stress
wild type exhibited significantly higher EL (54 %) compare to transgenic plants. Wild types
and transgenic plants showed 61% and 9 % increase respectively in EL under heat stress
compare to room temperature (Figure 29)

Figure 29: Effect of heat treatment on electrolyte leakage
OX= Transgenic plants, WT= Wild type
4.6.2

Chlorophyll content
Results exhibited that at room temperature no significant difference in chlorophyll

content between wild type and transgenic plants were recorded. However, under heat stress
wild type showed significantly lower chlorophyll content (2.8 folds) compare to transgenic
plants. Heat stress caused 3 and 1 fold decrease in chlorophyll content of wild type and
transgenic plants respectively compare to room temperature (Figure 30).
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Figure 30. Effect of heat treatment on chlorophyll content
OX= Transgenic plants, WT= Wild type
4.6.3

Relative water content
Results showed that under heat stress wild type plants were found to retain

significantly lower water content (35%) compare to transgenic plants. However, no
significant difference in RWC between wild type and transgenic plants was recorded at
room temperature. Wild type and transgenic plants exhibited 47% and 20 % lower RWC
respectively under heat stress compare to room temperature (Figure 31).
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Figure 31. Effect of heat treatment on Relative water content
OX= Transgenic plants, WT= Wild type
4.6.4

Proline content
Results exhibited that heat stress significantly increased proline content both in

transgenic (5.8 folds) and wild type plants (2.5 folds) compare to room temperature.
Transgenic plants exhibited significantly higher proline content (3 folds) compare to wild
type under heat stress. However, no significant difference in proline content between wild
type and transgenic plants were recorded at room temperature (Figure 32)
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Figure 32. Effect of heat treatment on proline content.
OX= Transgenic plants, WT= Wild type
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V. DISCUSSION
Under natural field conditions, plants are exposed to a plethora of biotic and abiotic
stresses. Abiotic stresses are the primary cause of crop loss worldwide, reducing crop
productivity by an estimated 50% annually (Rodziewicz et al., 2014). Among abiotic
stresses; heat stress has the most detrimental impacts on plant growth (Zhang et al., 2000).
The plant respond to elevated temperature through the production of heat shock proteins
(HSP) (Kotak et al., 2007). Plants synthesize five major classes of HSPs including small
HSPs (smHSPs), HSP60, HSP70, HSP90 and HSP100 (Sun et al., 2002). Based on their
sequence homology and cellular localization the smHSPs have been divided into six classes.
Three classes (I, II and III) function in the cytoplasm while class IV, V and VI are located in
mitochondria, endoplasmic reticulum and chloroplast respectively (Vierling, 1991). The
HSP acts as molecular chaperons and protect the enzymes from irreversible aggregation
(Waters, 2013).
Heat shock transcription factors (HSFs) are mainly responsible for regulation of heat
shock gene expression in eukaryotes. The expression of heat shock-responsive genes in
eukaryotes is mainly regulated by heat shock transcription factors (Hsfs; Xue et al., 2014).
The genome of Arabidopsis thaliana encodes 21 Hsfs, which can be categorized into 3
major classes (A, B, C) and 14 groups (A1 -A9, B1 -B4, C1). A1 group is important in heat
shock response and comprise of 4 Hsf genes, HsfA1a, HsfA1b, HsfA1d and HsfA1e (Nover et
al.,

2001).

Studies

on

quadruple

knockout HsfA1a/HsfA1b/HsfA1d/HsfA1e and

4

triple knock mutants showed that HsfA1a, HsfA1b and HsfA1d are mainly involved in
thermotolerance enhancement while role of HsfA1e was found to be non-significant
(Yoshida et al., 2011). Nicotiana benthamiana has provided the plant community with a
valuable tool for protein localization, interaction, or plant-based systems for protein
expression and purification (Bernaudat, 2012).
The present study consists of 4 chapters including cloning of HsfA1d gene,
subcellular localization of HsfA1d, transformation of tobacco with HsfA1d and finally
transgenic analysis. Site specific recombination properties of bacteriophage lambda provides
a foundation for gateway cloning and make it a universally acceptable cloning technology
(Xu and Li, 2008).

Through gateway cloning technology a DNA sequence can be
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transferred into multiple destination vectors for expression analysis. The cloning chapter is
further divided into 4 parts that is preparation of insert, preparation of linearized vector,
infusion of insert into linearized vector resulting in entry clone and finally confirmation of
entry clone. For the preparation of insert, total RNA was isolated from Arabidopsis thaliana
(Col-0) and converted into complementary DNA. The full length cDNA was used as
template for amplification of HsfA1d. The primers were designed in such a way that it had
15 bp of sequential homology at its 5 ̷ end with linearized vector and at 3 ̷ end it had
complementarity with target gene HsfA1d. The PCR resulted in the expected 1458 bp
HsfA1d gene flanked with 15 bp of attB regions when visualized on agarose gel.
Amplification of single band indicated that primers were specific for HsfA1d only. These
results were in agreement with Kazemi et al. (2015). The PCR product was used as insert in
the cloning reaction. For the preparation of linearized vector restriction digestion of an inhouse constructed gateway compatible cloning vector pUC57GW-CmRccdB with enzymes
NcoI and XhoI was carried out. Restriction digestion resulted in the 3 fragments of 2804 bp
(pUC57GW), 833 bp and 630 bp when visualized on agarose gel. The production of
expected DNA fragments showed that enzymes were very sequence specific in digestion.
For Infusion reaction, insert (PCR product i.e. AtHsfA1d) with 50 ng/µl concentration and
linearized vector (purified 2804 bp pUC57GW) having 12.77 ng/µl concentration, were
allowed to mix in 4 different ratios. During infusion reaction, the insert was fused in
linearized vector through infusion enzyme. The infusion enzyme fuses attB sequence of
insert (HsfA1d) with attP sequence of linearized vector (pUC57GW) resulting in entry clone
pUC57GW-HsfA1d. The infusion cloning technology is useful because it can clone any
insert into any location within a vector. It can clone a broad range of fragment sizes. In a
single reaction it can clone multiple DNA fragments simultaneously into any vector with no
requirement of any phosphate treatment or ligation. The cloning product was transformed
into highly efficient stellar cells. Maximum number of 85 colonies were observed for
reaction 2 with 0.4 µl vector and 1 µl insert ratio followed by 38 colonies for reaction 4 with
1 µl vector and 0.4 µl insert ratio. Similarly reaction 3 with 0.2 µl vector and 1.2 µl insert
ratio produced 12 colonies followed by 10 colonies for reaction 1 having 0.7 µl for each
vector and insert. The best results shown by using vector insert at the rate of 1: 2.5 for
infusion reaction. The product ccdB gene inhibited growth of most E. coli strains by
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disturbing the function of their DNA gyrase. Thus the unreacted ccdB gene acts as negative
selection following recombination and transformation. When recombination occurred
between a donor vector and an attP-PCR product or between destination and an entry clone,
the ccdB gene on destination vector was replaced by gene of interest. Cells that taken up
unreacted vectors carrying the ccdB gene or by-product molecule retaining the ccdB gene
failed to grow. These results were in line with Xu and Li. (2008). For confirmation
restriction digestion of entry clone pUC57GW-HsfA1d along with control donor vector
pUC57GW-CmRccdB was carried out, using restriction enzymes NcoI and BglII. The
digestion product when visualized on agarose gel resulted in the 4 fragments of 2828 bp.
807 bp, 391 bp and 237 bp for entry cloned pUC57GW-HsfA1d and 2 fragments of 3637 bp
and 630 bp for control donor vector pUC57GWCmRccdb. The production of expected
fragments as a result of restriction digestion indicated that entry clone was perfectly
synthesized. These results also exhibited that both the enzymes were very sequence specific
in digestion. For further confirmation sequencing analysis of entry clone pUC57GW-HsfA1d
was carried out using universal primers M13 forward (5-TGTAAAACGACGGCCATG-3)
and M13 reverse (5-CAGGAAACAGCTATGACC-3) present on either sides of multiple
cloning sites of pUC57GW-HsfA1d. Sequencing alignment data revealed 99% homology of
the cloned HsfA1d with AtHsfA1d. Confirmation of entry clone through sequencing analysis
was in agreement with Erdemir et al. (2012).
Agro-infiltration provides a widely used technique for gene expression in plants
because of its simplicity and versatility. The ability of agrobacterium to infiltrate the entire
leaf with 1 or multiple gene make it a useful tool for sub-cellular localization of genes. The
type and age of explant used for agro infiltration experiment is of prime importance for
transient expression of gene. Agro-infiltration of Nicotiana benthamiana has provided the
plant community with a valuable tool for protein localization, interaction, or plant-based
systems for protein expression and purification (Bernaudat, 2012).

The seeds of N.

benthamiana planted and grown for 4 weeks in green house were used for infiltration of
agrobacterium harboring HfsA1d tagged with YFP reporter gene. The infiltrated 4 weeks old
cotyledonary leaf explant resulted in florescence after 42 hours of incubation. However, no
florescence was observed when 8-10 weeks old leaves of N. benthamiana were used for
infiltration. These results are not in line with Leckie and Stewart. (2011), who used and
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recommended the use of 8 weeks old leaves of N. benthamiana for agro-infiltration. After
observation of yellow florescent proteins, the leaf segments were stained in DAPI solution
for 20 min and re-observed under 3 different channels of YFP, DAPI and merged. The DAPI
solution stains only nuclear material. All the 3 channels emit lights of different wavelength
and frequency. The appearance of florescent proteins at the same spot under three different
channels indicated that HsfA1d, tagged with YFP, is localized in the nucleus. The proteinprotein interactions in living cell can best be visualized and studied through the use of
bimolecular fluorescence complementation (BiFC) assay (Citovsky et al., 2006). During
BiFC, two non-fluorescent fragments of the yellow fluorescent protein (YFP) are fused
together resulting in the formation of fluorescent complex (Schutze et al., 2009). BiFC was
carried out for further confirmation of subcellular localization of HsfA1d. For BiFC, HsfA1d
was cloned in frame with sequence coding for N and C termini of yellow florescent proteins
in 2 separate destination vectors pGSA002-nYFPn and pGSA002-nYFPc respectively. The LR
clonase enzyme recognizes attL sequences flanking HsfA1d on entry clone pUC57GWHsfA1d and attR sequences flanking ccdB gene on destination vectors pGSA002-nYFPn and
pGSA002-nYFPc. Recombination resulted in the exchange of segments between the
homologous attL and attR sequences i.e. HsfA1d was transferred to destination vector and
ccdB gene was shifted to entry clone. Non florescent N and C termini of YFP resulted in
florescence when they were co-expressed in the infiltrated tobacco cells. These results
strengthened the earlier reports of Citovsky et al. (2006) and Schutze et al. (2009) who used
BiFC for subcellular localization of interacting molecules.
For plant transformation, HsfA1d was cloned into 2 destination vector pGWB442 and
pGWB402Ω through LR reaction. The LR clonase enzyme recognizes the specific
recombination attL sequences flanking HsfA1d on entry clone and attR sequences flanking
ccdB gene on destination vectors. Recombination resulted in the exchange of segments
between the homologous attL and attR sequences i.e. HsfA1d was transferred to destination
vectors and ccdB gene was shifted to entry clone. Restriction digestion of cloned pGWB442HsfA1d with NcoI resulted in 4 expected bands of 8081 bp, 2433 bp, 1316 bp and 391 bp
while its empty control pGWB442 produced 3 bands of 8081 bp, 2288 bp and 2035 bp.
Similarly restriction digestion of cloned pGWB402Ω-HsfA1d resulted in the expected 3
fragments of 8665 bp, 2439 bp and 391 bp while the control pGWB402Ω produced 2
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fragments of 9384 bp and 2294 bp when visualized on agarose gel. Confirmation of cloned
vector through restriction digestion indicated that LR clonase was very efficient in exchange
of segments between aatL and attR sequence. This also showed that restriction enzyme NcoI
was very sequence specific in digestion.
The agrobacterium tumefaciens and related species cause infections in plant have
been known since long ago. However, the ability of agrobacterium to transfer its T-DNA
into the plant genome has been extensively used for genetic manipulation of plants in the
last 20 year (Stanton, 2003). In present study, the young age of explant (2 weeks old) and
bacterial optical density (0.6) provided conducive environment for agrobacterium to infect
the explant (Guo et al., 2014). Three days co-cultivation of explants with agrobacterium
under 22 °C temperature was found to be the optimum period and temperature for transgene
integration into the plant genome. These results strengthened earlier reports about the
significance of co-cultivation time and temperature (Ribas et al., 2011). The addition of
acetosyringone (100 mM) provided a stimulus for excision of agrobacterium T-DNA and its
integration into the plant genome (Ziemienowicz, 2001; Kavitah et al., 2010). The
successful elimination of agrobacterium achieved in the current study, through the
application of cefotaxime (200 mg/l) were in line with Ishida et al., 1996. The application of
cefotaxime in such concentration was found to be lethal for agrobacterium and causing no
damage to explant. Efficient selection of transformed cell achieved in the study conducted,
through the addition of kanamycin (100 mg/l), strengthened the earlier reports (Opabode,
2006). The kanamycin resistant gene, present in transformed cells, produced protein which
detoxified the effect of kanamycin.
Callus induced in the present study, by adding BAP (2 mg/l) and NAA (0.2 mg/l),
were in line with Dhaliwal et al. (2004) that high concentration of cytokinine (BAP) and low
concentration of auxin (NAA) cause callus induction. The application of such growth
regulators in specific concentration resulted in dedifferentiation of cells and thus callus was
produced. The results recorded in the current study for shoot induction were in agreement
with Dhaliwal et al. (2004). The enhanced rate of cell division, achieved through the
application of BAP (3 mg/l) and NAA (0.2 mg/l), facilitated shooting. Root induction with
hormone free MS media in the present study, were in line with Ali et al. (2007).
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The transfer and establishment of in-vitro plantlets in soil is very critical stage.
Transgenic plants were transferred to soil when sufficient roots were established. The roots
were washed thoroughly under tap water to remove the media contents before transfer to
soil. The plants covered with plastic sheet initially for one week, helped to maintain high
level of humidity. Proper soil medium, optimum water supply, high humidity, 16/8
photoperiod and 25 ºC temp provided a conducive environment for establishment of plant in
soil. Confirmation of transgenic plants at cellular level, achieved through the use of confocal
microscopy, were in agreement with Zdravko et al. (2004). The expected 1458 bp band
amplified by PCR strengthened the reports of Kalenahalli et al. (2013), that PCR can be
used effectively for confirmation of transgenic plant at molecular level. The successful
transformation achieved through the use of agrobacterium were in line with Conner et al.
(2012). The easy transformation and regeneration potential shown by Nicotiana
benthamiana in the current study strengthened the earlier reports of Valenzuela et al. (2005).
The T1 seedlings of tobacco were exposed to heat stress (42 ͦC) and evaluated for
their expression and physiological analysis. Results showed that transgenic plants exhibited
expression of HsfA1d both at room temperature and under heat stress conditions while no
expression of HsfA1d was recorded in wild type plants. Transgenic plants showed 4.8 folds
increase in expression of HsfA1d under heat stress compared to room temperature. The
results that heat stress causes up regulation of transgene were in agreement with Qain et al.
(2014) and Xue et al. (2014). Results exhibited that 3.3 folds higher expression of HSP70
was recorded in transgenic plant compare to wild type at room temperature. However, under
heat stress transgenic plants showed 5.3 folds higher expression of HSP70 compared to wild
type. Heat stress caused 2.3 and 2.8 folds increase in expression of HSP70 in wild type and
transgenic plants respectively. The results that heat stress induce the expression of heat
shock genes were in line with Qain et al. (2014). Results exhibited that no significant
difference in the expression of HSP90 was recorded between transgenic and wild type plants
both at room temperature and under heat stress. Both transgenic and wild type plants
exhibited 2 folds increase in the expression HSP90 under heat stress. The results were in line
with Higasi et al. (2013) who reported that transgenic Arabidopsis overexpressing TsHsfA1d
caused up-regulation of many genes under normal growth temperature.
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Results showed that no significant difference in electrolyte leakage between wild
type and transgenic plants were recorded at room temperature. However, under heat stress
wild type exhibited significantly higher EL (54 %) compared to transgenic plants. Wild
types and transgenic plants showed 61% and 9 % increase respectively in EL under heat
stress compare to room temperature. Heat stress resulted in the expansion of pores present in
cell membrane of wild type plant and thus more electrolyte leakage occurred. On the other
hand, the cell membrane of transgenic plants were protected against the heat stress induced
damage resulted in less electrolyte leakage. These results were in line with Xue et al., 2010.
Results exhibited that at room temperature no significant difference in chlorophyll content
between wild type and transgenic plants were recorded. However, under heat stress wild
type showed significantly lower chlorophyll content (2.8 folds) compare to transgenic
plants. Heat stress caused 3 and 1 fold decrease in chlorophyll content of wild type and
transgenic plants respectively compared to room temperature. The significant decrease in
chlorophyll content exhibited by wild type plants compared to transgenic plants, under heat
stress, were in agreement with reports of Xu et al., 2014. The biosynthesis of chlorophyll
was prone to the devastating effect of heat (Tewari and Tripathy, 1998). In case of
transgenic plants, the enzymes involved in biosynthesis of chlorophyll were protected
against heat stress by Hsfs and thus no significant decrease in chlorophyll content was
recorded.
Results showed that under heat stress wild type plants were found to retain
significantly lower water content (35%) compared to transgenic plants. However, no
significant difference in RWC between wild type and transgenic plants was recorded at
room temperature. Wild type and transgenic plants exhibited 47% and 20 % lower RWC
respectively under heat stress compared to room temperature. The heat stress increases the
rate of transpiration, reducing the relative water content of the plant (Kumar et al., 2013).
The high relative water content shown by transgenic plants compared to wild type
strengthened the earlier reports of Xu et al. (2014). The HSPs regulated by Hsfs minimize
the loss of water by protecting the cell membrane and cell wall against the heat induced
damage, helping the transgenic plants to retain more water under heat stress.
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Results exhibited that heat stress significantly increased proline content both in
transgenic (5.8 folds) and wild type plants (2.5 folds) compared to room temperature.
Transgenic plants exhibited significantly higher proline content (3 folds) compared to wild
type under heat stress. However, no significant difference in proline content between wild
type and transgenic plants were recorded at room temperature. In the current study, the
significant increase in proline content shown by transgenic plant compared to wild type
under heat stress, are in line with Xue et al. (2010). The HsfA1d induces the production of
HSP, which acts as molecular chaperones and protect the enzymes involved in biosynthesis
of proline (Cvikrová et al., 2012). Thus high proline is accumulated under heat stress in case
of transgenic plants. These results strengthened the earlier reports that plants release proline
as osmo-protectant under stress condition and thus can be used as excellent stress marker
(Gupta et al., 2013).
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VI. CONCLUSIONS AND RECOMMENDATIONS
The synthesis of entry clone through infusion reaction and preparation of binary
destination vector through LR reaction provide efficient system for vector construction. The
in-house constructed gateway compatible cloning vector pUC57GW-CmRccdB can be
efficiently used for the synthesis of entry clone. Similarly, the in-house constructed gateway
compatible vector pGSA002-nYFPn, pGSA002-nYFPc can best be used to accomplish the
subcellular localization of genes. Heat Shock transcription factor HsfA1d is localized in
nucleus. The growth regulators (BAP and NAA) can be efficiently used to get the plant
regenerated. HsfA1d was found to significantly enhance the expression of downstream gene
HSP70 while no such effect on the expression of HSP90 was recorded. HsfA1d, HSP70 and
HSP90 exhibited 4.8, 2.8 and 2 folds increase respectively in their expression under heat
stress compare to room temperature. The plants transformed with HsfA1d were found to
retain more water and accumulate more proline under heat stress. The transgenic plants were
concluded to have efficient protective system, causing less electrolyte leakage and less
chlorophyll damage under heat stress.
Based on the physiological parameters studied, incorporation of HsfA1d is highly
recommended for enhancement of thermotolerance in heat sensitive crops. Based on their
subcellular localization, the use of HsfA1d is recommended as nuclear marker in future
experiments. Similarly the vector constructed in the current study including pUC57GWHsfA1d,

pGSA002-nYFPn-HsfA1d, pGSA002-nYFPc-HsfA1d, pGWB442-HsfA1d

pGWB402Ω-HsfA1d, are recommended to be use in future experiments.
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APPENDICES

Appendix1. In- house constructed gateway compatible cloning vector pUC57GWccdB.
Kan= Plant selectable marker, MCS= Multiple cloning site, NcoI= restriction
site for NcoI enzyme. XhoI= restriction site for XhoI enzyme
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Appendix 2. In-house constructed vector pGSA002-nYFPn with sequence codes for N
terminus of yellow florescent proteins.
CaM35S= promotor, Spectinomycin adenyletransferase= bacterial selectable
marker, NOS = terminator sequence, EYFP n= sequence that codes for N
terminus of yellow florescent proteins
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Appendix 3. In-house constructed vector pGSA002-nYFPc with sequence codes for C
terminus of yellow florescent proteins.
CaM35S= promotor, Spectinomycin adenyletransferase = bacterial
selectable marker, NOS = terminator sequence, EYFPc= sequence that codes
for C terminus of yellow florescent proteins
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Appendix 4. Tobacco leaves used for infiltration of GV3101 harboring pGWB442-HsfA1d.
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Appendix 5. Destination vector pGWB402Ω
CaMV35S = promotor, Neomycin phosphotransferase/kan = Plant
selectable marker, T-DNA RB= right boarder, T-DNA LB= left boarder,
omega (Ω) = Translational enhancer, NOS = terminator sequence
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Appendix 6. Destination vector pGWB442
T-DNA RB= right boarder, T-DNA LB= left boarder , CaMV35S= promotor,
neomycin phosphotransferase/kan= Plant selectable marker,YFP=Sequences
that codes for yellow florescent proteins, NOS= terminator sequence.
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Appendix 7. Tobacco leaf discs infection with agrobacterium GV3101 harboring
pGWB442-HsfA1d

Appendix 8. Co-cultivation of infected leaf discs on hormone free MS media
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Appendix 9. Acclimatization of transgenic plants in soil
Appendix 10. Kanamycine stock solution (100 mg/ml vol. 10 ml)


Add 1 gram kanamycine to 9 ml autoclaved water and dissolve it.



Raise its volume to 10 ml by the addition of sterile water.



Take the solution through a sterile syring and allowed to pass through a filter into
another sterile test tube.



Aliquot @ 1 ml into 1.5 ml eppendorp tube, label and store at -20 ºC.

Appendix 11. Cefotaximestock solution (100 mg/ml, vol. 10 ml)


Add 1 gram cefotaxime to 9 ml autoclaved water and dissolve it.



Raise its volume to 10 ml by the addition of sterile water.



Take the solution through a sterile syring and allowed to pass through a filter into
another sterile test tube.



Aliquot @ 1 ml into 1.5 ml eppendorp tube, label and store at -20 ºC.
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Appendix 12. Acetosyringone stock solution (200 mM vol. 10 ml)
Molecular weight of acetosyringone = 196.2


1M (1000 mM) = 196.2 g/l



1 mM

= 196.2/1000



200 mM

= 196.2/1000*200
= 39.24



1 liter (1000 ml)

= 39.24



1 ml

= 39.24/1000



10 ml

= 39.24/1000*10
= 0.39 g



Take 9 ml DMSO and add 0.39 gram acetosyringone



Dissolve it properly and raise its volume to 10 ml by the addition of DMSO if
needed.



Filter sterilize, aliquot @ 1 ml into eppendorp tube and store at -20 ºC.

Appendix 13. Benzyl Amino Purine stock solution (1 mg/ml, vol. 30 ml)


Take 30 mg BAP in 50 ml falcon tube and add approxi. 500 µl 1N NaOH.



Dissolve it properly and raise its volume to 30 ml by the addition of autoclaved
water.



Filter sterile it into another 50 ml falcon tube, label and store at 4 ºC.

Appendix 14. 1L MS media


Take 800 ml distle water (nano pure) and add 4.4 g MS powder.



Add 0.1 g myoinositole.



Sucrose 30 g



Bring volume to 1000 ml by the addition of distle water.



Adjust pH to 5.8.



TC agar 8 gram (0.8%)



Autoclave.
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Appendix 15. Calcium chloride stock solution (50 mM, vol. 50 ml)


Molecular weight of CaCl2 = 110.98



1M (1000 mM)

= 110.98g/l



1 mM

= 110.98/1000



50 mM

= 110.98/1000*50
= 5.5 g



1000 ml

= 5.5



1 ml

= 5.5/1000



50 ml

= 5.5/1000*50
= 0.275



Take 0.28 g CaCl2 and dissolve in 40 ml distle water.



Raise its volume to 50 ml by the addition of distle water.



Label and store at 4 ºC.

Appendix 16. 1L LB media


Take 800 distle water and add 25 g LB powder



Dissolve it properly and raise its volume to 1 liter by the addition of distle water.



Autoclave and label it.



For plates 15 g agar is added before autoclaving.

Appendix 17. 1N NaOH solution (vol.75 ml)


Molecular weight of NaOH = 40



40/1000*75



Take 3 g NaOH and add 40 ml autoclaved water



Properly dissolve it and then raise its volume to 75 ml by the addition of water.



Label and store at 4 ºC.

=3g

Appendix 18. MMA solution (vol. 200 ml)


Take autoclaved bottle and add 2 ml 1M MgCl2(autoclaved)



Add 20 ml of 100 mM MES solution with 5.6 pH.
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Raise its volume to 200 ml by the addition of autoclaved water.



Label and store at 4 ºC.



100 mM acetosyringone is added before use.

Appendix 19. Glycerol (15%) of bacterial culture (vol. 1 ml)


15*1000/50 = 300



Take 300 µl of 50% glycerol in autoclaved eppendorp tube



Add 700 µl of bacterial culture



Properly label and store at -80 ºC

Appendix 20. 1L SOC media
Take 900 ml distilled water in beaker and add BactoTryptone (20 g), Bacto Yeast Extract (5
g), 5M NaCl (2 ml), 1M KCl (2.5 ml), 1M MgCl 2 (10ml),1M MgSO4 (10 ml), 1M glucose
(20 ml). Raise its volume to 1L by the addition of distilled water and autoclave it.
Appendix 21. Procedure for pH measurement


Rinse probe with DI water

 Place in pH 7 buffer
 Press standby
 Press setup twice
 Press enter
 Allow the probe to stabilize
 Press standardize
 Allow the probe to stabilize
 Press standardize
 Press standby
 Rinse the probe with DI water
 Place in pH 4 buffer
 Press standby
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 Allow the probe to stabilize
 Press standardize
 Allow the probe to stabilize
 Press standardize
 Make sure it says good electrode
 Press standby and rinse the probe with DI water
 Place in liquid whom pH is desired to measure and press standby
 Adjust pH using HCl and NaOH solutions
 Press standby between two pH measurements.
Appendix 22. Preparation of glycerol stock


A colony transformed with pUC57-HsfA1d was added in 5ml LB media
supplemented with 50mg/l kanamycin.



The culture was incubated at 37 ºC with shaking at 200 rpm overnight.



Then 300 µl glycerol (50%) was added to 700 µl culture that resulted in 1 ml of 15%
glycerol stock.



The cyrotubes containing glycerol stock were properly labeled and stored at -80 ºC.
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