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Abstract

Desiccation tolerant or resurrection plants have the ability to dry to equilibrium with the
ambient air and recover when rehydrated. Xerophyta humilis is a monocotyledonous
resurrection plant that loses chlorophyll during dehydration. For X. humilis to survive in their
natural habitat, correct timing of flowering is essential. Environmental factors such as
temperature and photoperiod play an important role in floral induction in several plant species.
In this study environmental cues and molecular genetics involved in the regulation of
vernalisation and photoperiod are analysed. It was found that flowering was promoted by a
prolonged cool period followed by transfer to long-day (LD) photoperiods with high light.
Results show that in the complex floral pathway of X. humilis cold and high light play important
roles. A change in the photoperiod or desiccation only did not initiate flowering. A homologue
of VRN2, a floral repressor in Triticum monococcum was isolated by using PCR and RACE. The
full length sequence predicted a CCT domain and two B-boxes, similar to the floral pathway
gene CONSTANS, a floral activator in Arabidopsis thaliana and so the homologue was termed
XhCO. Bioinformatic analyses for cis acting motifs of a 1.1 kb 5’ region identified light, circadian
and stress responsiveness. XhCO expression was monitored by semi-quantitative RT PCR and
showed a diurnal rhythm with a peak in the middie of the day and a larger peak in the night,
which coincides with the expression pattern of VRNZ2. Expression appears to be light
dependent, with more transcript accumulating in leaves of plants grown in low light compared

to ones grown in high light under LD. In short-days (SD) the expression was of similar levels in



low and high light and the peaks shifted slightly compared to LD. These results together suggest

XhCO has a similar function to VRN2.
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Chapter 1. introduction

1.1 Resurrection plants

Desiccation tolerance, the ahility to dry to equilibrium with the ambient air and recover when
rehydrated, is not exceptional in mosses, ferns, seeds, spores and pollen of higher plants
(Alpert, 2006). In vegetative tissues of higher plants however, this phenomenon is rare and only
few plants have the unique ability to revive from an air dry state (Gaff, 1971; Farrant, 2007).
The rehydration of some of these plants can give the appearance of reviving an apparently dead
plant; therefore they are often referred to as ‘resurrection plants’ (Gaff, 1971). Desiccation
tolerant plants are found on all continents, except Antarctica and mostly grow in South Africa,
West Australia and East South America (Gaff 1971, 1977; Gaff and Latz, 1978). Their habitats
are mostly on rocks in shallow soil, which dries out frequently throughout the year. Desiccation
sensitive plants cannot populate these habitats, so competition is absent for the desiccation
tolerant ones. Several monocotyledonous and dicotyledonous species have been identified
within the angiosperms; no gymnosperms have been reported. Some resurrection plants lose
their chlorophyll during dehydration (poikilochlorophyllous) and others retain their chlorophyll
(homoichlorophyllous) when dehydrating. When chlorophyll is lost, rehydration of the plant
takes several days as recovery of the metabolic activity needs chloroplasts and photosynthetic

pigments to be reconstituted (Sherwin and Farrant, 1996).

Xerophyta humilis is a monocotyledonous poikilochlorophyllous resurrection plant that is able
to survive desiccation to 5% relative water content (RWC). X. humilis is an indigenous Southern
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African plant, where it experiences dry cold winters and warm wet summers. To survive the dry
winters, the plants have to dry down and stay dehydrated until enough water is available for
rehydration. During this process, the damage of turgour loss is minimised and macromolecules
such as proteins and nucleic acids stay functional. Mechanisms whereby this might be achieved
are outlined in Farrant (2007). When the plants are rehydrated, oxidative damage is minimised
by the plant and repair mechanisms are activated. X. humilis takes approximately nine days to
dehydrate (Farrant et al., 1999) and three to four days to rehydrate. The drying and rehydration
rate is important for recovery, as when this happens too fast, the plant does not survive

(Farrant et al., 1999; Sherwin and Farrant, 1996).

The wet period needs to be long enough for X. humilis plants to rehydrate, photosynthesise and
grow before drying occurs again. An even longer period is needed when the plant is ready to
reproduce and flowering has to be initiated. Other environmental cues, such as exposure to
cold and light intensity could also play an important role in the flowering and reproduction
process. In this study flowering of X. humilis was analysed by studying the environmental cues
and the molecular genetics of the flowering process. Molecular genetics has been studied
during the dehydration — rehydration process in Sporobolus stapfianus, a desiccation tolerant
grass (Ngoc Le et al., 2007) and in X. humilis (Colett et al., 2004). No genes involved in flowering

were identified and only up or down regulation of the genes was analysed.



1.2 Flowering in model species

The transition from the vegetative state into reproductive state is a major decision that needs
accurate timing. Correct timing is essential for plants to survive and to maximize reproductive
success. Environmental cues, such as day length and temperature play an important role in
floral transition. Ecophysiology dictates that plants flower in the right season to allow for
pollination and seed production, which is also important for farmers to harvest crops in the
right season. The flower industry is also interested in the maximal production of flowers in

different seasons.

The genetics of flowering has been studied thoroughly in the model plant Arabidopsis thaliana.
A. thaliana is 3 facultative long day plant, which means that long day photoperiods promote,
but are not essential for flowering (Laibach, 1951). A. thaliana is a rosette plant which flowers
with relatively few leaves (6-10) in long-days, but eventually flowers in non-promotive short-
days with many more leaves produced before bolting (25-70) depending on the accession or
ecotype. Some biennial A. thaliana accessions isolated from Northerly latitudes also require an
extended period of cold, a vernalising period, in order to be made competent to flower in long-

days (Napp-Zink, 1987).

Photoperiod

Multiple pathways regulate the floral transition (see Figure 1.1) and interaction of these
pathways is necessary for correct floral timing. In A. thaliana the photoperiod accelerates

flowering when days are lengthened. Light is perceived by five phytochromes (PHY) (A through
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E) and two cryptochromes [CRY) (1 and 2} (reviewed in Lin, 2000). Different light quality affects
the floral transition in different ways: blue {440 nm) and far red (735 nm) promote flowering
through PHYA and CRY1 and 2 (Weller et o/, 2001; Platten et al, 2005; Guo et af, 1998),
whereas red light {(660nm) inhibits flowering through PHYB and D {Aukerman et al, 1997;

Halliday et af , 1994).
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Figure 1.1. Modified from Mouradov et al, 2002, An overview of the flowering pathway in A,
tholiana. The photoperiodic pathway activates CONSTANS (CO), which activates the floral
integrators FLOWERING LOCUS T (FT} and SUPPRESSOR OF OVEREXPRESSION OF CO 1 {50C1),
FRIGIDA {FRI} activates FLOWERING LOCUC C (FLC), which is repressed by vernalisation through
VERNALIZATION1 {VRN1), VRN2 and VERNALIZATION INSENSITIVE 3 (VIN3) The autonomous
pathway represses FLC when FRI s inactive. FLC represses the floral integrators. The gibberellin
pathway activates llowering.

The photoperiod regulates the activity of CONSTANS (CO) (Valverde et al,, 2004), which is also
regulated by the circadian clock (Sudrez-Lopez et gl., 2001). In plants the circadian clock
modulates a wide variety of biological and biothemical events, such as stomatal and organ
movement, photosynthesis and induction of flowering {reviewed in Hotta et al, 2007).

Environmental cues, such as light and temperature entrain the clock, which coordinates a
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circadian rhythm. The circadian clock runs with a period close to 24 hours, even in absence of
environmental cues, and maintains a relatively constant periad. In A. tholiona the clock can be
divided into three parts: the central oscillator, a set of genes that maintains the circadian
rhythm; input pathways, which carry environmental information to entrain the central

oscillator and output pathways, which regulate physiological pracesses (see figure 1.2).
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Figure 1.2, Modified from Hotta ef of (2007). Circadian rhythm in Arebidopsis thofiana,
Environmental cues entrain the core oscillator {C.0.}, which reguiates a range of physiological
outputs and maintains these rhythms in an appropriate phase relationship with the entraining
environmental cues. Arrows indicate a positive {inductive) relationship between components.
Rhythms in cotyledon movement and stomatal opening are illustrated as examples of
differently phased circadian outputs.




The clock controls daily rhythms in gene expression such as CO (Figure 1.3). €0 is a zinc finger
transcription factor {Puterill et of, 1995) and activates flowering by regulating the floral
integrators FT and SOC1 (Samach et af,, 2000). FT encodes a small protein that acts as a long
distance signal to induce Tlowering (Corbesier et gf., 2007). 50C1 is a MADS box transcription

factor that promotes the transition to reproductive apex development (Lee et of,, 2000),
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Figure 1.3. From Suarez-Lépez et of. {2001). CO expression in wild type-plants, Top: CO mRNA
abundance in plants entrained in LD and transferred to LL (constant light] Samples were
collected at the times shown after dawn [time 0). Bottom: Quantifcation of CO mRNA from the
experiment above. Representative result of three independent experiments in LL.

€O mutants flower later in long days (LD}, but not in short days {SD) {Puterill et af, 1995). Over
expression of €O resulls in early flowering compared to wild type {QOnouchi et af,, 200Q). CO
mRNA accumulates at the end and beginning of the photoperiod in LD, whereas under S0

accumulation only occurs in darkness (Sudrez-Lopez et all, 2001). CO protein is stabilized by



blue and far red light through CRY2 and PhyA (Valverde et al., 2004). CO contains two highly
conserved domains, an N-terminal Zinc finger region that resembles a B-box domain and a C-
terminal CCT (CO, CO-like, Timing of CAB expression 1) domain (Robson et al, 2001). GI
(GIGANTEA) activates flowering through CO and FT and has an effect on circadian rhythms

(Mizoguchi et al., 2005).

Flowering time in cereals, sometimes also referred to as heading date, is similarly influenced by
the photoperiod. Components of the flowering pathways of the LD plant A. thaliana are
conserved with the flowering pathway in SD plants, such as rice (Oryza sativa). OsG/ is a
homologue of AtG/ and has a very similar expression pattern under LD and SD (Hayama et al.,
2002). Hd1 (Heading date 1) is a CO orthologue in rice, which encodes a protein with a zinc
finger domain (Yano et al., 2000). Hd1 promotes heading under SD conditions and inhibits
heading under LD conditions. Hd1 upregulates Hd3a, which is a rice orthologue of FT (Kojima et
al., 2002). Kojama et al. show that the mRNA levels of Hd1 and Hd3a oscillate during the day
and night. However, no experiments were done during constant dark and constant light, so no
conclusions can be drawn if the expression is regulated by the circadian clock (circadian) and/or
by the photoperiod (diurnal). The protein encoded by Hd3a moves from the leaf to the shoot
apical meristem and induces heading in rice (Tamaki et al., 2007), which is conserved with FT
protein in A. thaliana. Differences in the flowering pathway in SD plants versus LD plants are
necessary to flower in the right conditions. Hd3 for example, is induced under SD, whereas FT is
induced under LD. OsGl suppresses flowering, which is opposite to Arabidopsis, where Gl

promotes flowering (Hayama et al, 2003).



GA pathway

Hormoanes such as Gibberellic acids (GA), auxins, cytokinins and brassinosteriods have been
associated with flowering time control. GA which is studied the most, promotes flowering when
applied to A. thaliana. GA mutants however, are dwarfed and delayed in flowering or fail
flowering all together (for review see Schwechheimer, 2008). Mutants that block GA signaling
(gai) or biosynthesis (gal-3) delay flowering, particularly in SD (Wilson et al, 2002). In SD, when
the LD flowering pathway is not active, the GA pathway is the major flowering pathway and
prevents flowering when it is not functional. GA mutations also have an effect on other plant
growth aspects such as plant growth development, stem elongation, germination and floral

development.

Autonomous and vernalisation pathways

The autonomous pathway promotes flowering by repressing FLC (Flowering Locus C) and
therefore autonomous pathway mutants (fca, fy, fpa, Id, fld) are late flowering due to elevated
levels of FLC (Koorneef et al., 1991). FLC is a MADS box transcription factor that represses floral
transition, which is repressed by vernalisation, a prolonged exposure to cold {Michaels and
Amasino, 1999; Sheldon et al., 1999). Vernalisation is required for many plant species to ensure
they stay vegetative in winter and flower in the right season. In biennial accessions of A.
thaliana FRIGIDA (FRI) is dominant of the autonomous pathway and upregulates FLC.
Vernalisation turns FLC off, so flowering can occur after winter (Johnson et al., 2000). Annual

accessions are rapid cycling types that have either a non functional fri allele or a weak fri allele.



Therefore the autonomous pathway regulates flowering in these accessions (Gazzani et al.,
2003). The vernalisation genes VERNALIZATION 1 (VRN1), VRN2 and VERNALIATION
INSENSITIVE 3 (VIN3) are involved in repressing FLC by modifying FLC chromatin. VRN2 is
required for maintenance of FLC transcriptional repression (Levy et al,, 2002; Gendall et al,,

2001; Sung and Amasinag, 2004).

In barley and wheat, also monocots like rice, flowering is induced in LD. Winter varieties of
barley and wheat require vernalisation to flower, whereas spring varieties are able to flower
without exposure to a cold temperature. Three genes have been identified that are involved in
vernalisation in wheat and barley: VRN1, VRNZ2 and VRN3 (Takahashi and Yasuda, 1971; Yan et
al., 2004; Yan et al., 2006). VRN1 is a MADS box transcription factor and is similar to A. thaliana
APETALAI (AP1) which is a floral meristem identity gene (Yan et a/., 2003). VRN is induced by
vernalisation. The length of vernalisation exposure has a direct effect on VRN1 expression
levels (Danyluk et al., 2003; Trevaskis et al., 2003, Yan et al., 2003). VRN1 is dominant in spring
varieties and represses VRN2. VRNZ2 is dominant in winter varieties and is a floral repressor.
VRNZ2 contains a zinc finger domain and a CCT domain (von Zitzewitz et al., 2005; Yan et al.,
2004). Diurnal expression of VRN2 has been observed under LD, but expression is absent under
SD (in winter) (Trevaskis et al., 2006; Dubcovsky et al., 2006). VRN2 modulates the quantitative
levels of VRN3, which is a FT homologue. VRN3 is induced by PPD-H1 (PHOTOPERIOD1), a
pseudo-response regulator gene and induces flowering in LD. PPD-H1 encodes a protein with a
pseudo receiver domain, which is involved in signal transduction and a CCT domain. PPD-H1 has

a diurnal expression pattern (Yan et al., 2006).



Flowering in Xerophyta humilis

Although large parts of the flowering pathway are conserved in SD and LD plants, monocots and
dicots, annuals and biennials evolved their own flowering pathway to maximise survival. FLC for
example is an important floral repressor in A. thaliana, a dicot, however no FLC homologues
have been identified in monocots. In cereals, VRN2 acts as a floral repressor and is upregulated
by VRN1. Polymorphisms in the promoter or the first intron of VRN1 are found in spring
varieties, which do not require vernalisation. Regions in the first intron are required for
transcriptional repression, like in FLC. Possibly VRN1 and VRN2 together provide a similar

vernalisation mechanism to FLC in A. thaliana.

Xerophyta humilis (Baker) Dur and Schinz is a monocotyledonous plant and it is not known
whether it is photoperiod responsive. Also, X. humilis is a perennial, which gives the possibility
of a different flowering pathway to the discussed model plants. The aim of this study is to
identify environmental cues and genes involved in the regulation of vernalisation and the
photoperiod. Environmental cues such as photoperiod and temperature were analysed and the

response to desiccation.

To identify homologues to known genes in model species, several techniques can be used. A
well known method is to design degenerate primers to conserved regions of the gene of
interest and these primers are amplified to cDNA or genomic DNA of the non model species. If a
PCR product of correct size is amplified, it can be purified, cloned into a vector and sequenced.

The sequence will reveal weather the correct product was amplified. Another technique to
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identify homologues is to screen a BAC library containing the genomic DNA or ¢cDNA with a
probe that anneals to the gene of interest. Once the library is made, colonies with possibly the
right gene need to be screened, which takes time and is costly. When using this method, it is
important to know when the gene of interest is expressed and in which tissue, so the correct
tissue is harvested at the correct time. As this information was unavailable this method was not

used in the current study.

Once part of a gene of interest is identified, there are several ways to ‘walk’ the genome and
identify 5° and 3’ regions of this particular gene. RACE (random amplification of cDNA) is
possibly the easiest for both upstream and downstream regions. 3'RACE uses the polyA-tail as a
starting point for the primer to anneal. The 5’ region does not contain this sequence and a small
sequence of the same oligo is added to the 5’end for 5’'RACE (Sambrook and Russel, 2006). This
sequence can then be used as an annealing point for a primer. TAIL-PCR (Thermal asymmetric
interlaced — PCR) is another technique to identify 5’ and 3’ regions of a gene of interest (Liu and
Whittier, 1995). The advantage of this technique is that genomic DNA can be used as template
and therefore introns and promoter regions can be identified. This is an easy and cost effective
method, like RACE. It is also possible to digest DNA with a restriction enzyme and then amplify
an upstream or downstream product with a specific primer and a primer that anneals to the
restriction site. To avoid unspecific priming a vectorette (Arnold and Hodgson, 1991) or
splinkerette (Devon et al, 1995) can be used. This technique is very similar to TAIL-PCR;

however a digest of the DNA is required. In this study RACE and TAIL-PCR were combined to
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identify the full sequence of the gene of interest, including the polyA-tail, an intron and a

promoter region.

Different techniques have been developed to monitor gene expression. Real Time — PCR is
currently the most utilized method. Apart from the cost and the preparation required for
optimisation of the reaction, this is an easy, accurate and effective method. Real Time — PCR is
a quantitative method; copies of DNA are immediately measured after each cycle, usually by a
fluorescent dye. Semi-quantitative RT PCR measures the copies of DNA by measuring UV
intensity once the PCR product is separated on an agarose gel and stained with ethidium
bromide. Although this method is less accurate, it is more cost effective. Other possible
techniques are Northern blotting, which requires radioactive labelling of the RNA once blotted
on a membrane or Digoxigenin (DIG; Roche, Germany) labelling. As Northern blots are non-
amplifying, low abundant mRNA is difficult to visualise. Therefore semi-quantitative RT PCR was

used for this study.
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Chapter 2. Materials and Methods

2.1 Flowering response of Xerophyta humilis to different environmental conditions

Xerophyta humilis plants were collected from Pilanesberg National Park and Baraklo National
Park, South Africa. The plants were maintained in a glasshouse at University of Cape Town
under ambient conditions as described in Dace et al., 1998. The effects of different
environmental factors namely photoperiod, hydration status and duration of desiccation, light

intensity and temperature on flowering of X. humulis were analysed as outlined below.
Hydration status and duration of desiccation

It had been reported that X. humulis plants that had been maintained in a desiccated state, at a
relative water content (RWC ) of >10 %, for extended periods of more than six to eight weeks
flowered upon rehydration (Jill Farrant, Department of Molecular and Cell Biology, University of
Cape Town, personal communication). In order to systematically investigate this phenomenon,
X. humilis were acclimatised for eight weeks in a phytotron. The phytotron that was used is a
custom made facility, which temperature can be controlled and is equipped with 250 W
incandescent light bulbs and metal halide canopies (SunMaster Cool Deluxe), providing light
intensities in the range of 1000 pmol m™. The following conditions were set: a 14 hour
photoperiod with an average light intensity of 380 pmol m?s™ (incandescent light for one hour,
both incandescent and high pressure halide lamps for 12 hours, incandescent light for one
hour), and a daytime temperature of 27 °C and 20 °C during the night period. Drying was

initiated by withholding water. The water content was measured at full turgour and the relative
13



water content (RWC) was calculated according to the following equations, where AWC is the

Absolute water content:

wet mass—dry mass %URWC = ____AwCc X 100%

AWC =
dry mass AWC @ fullturgor

To measure the AWC plants were watered after dark and samples from non vascular mesophyll
tissue were collected 13 hours later in the dark, before photosynthesis had started. Samples
were placed in Eppendorf tubes in an airtight bag and weighed on a balance. The samples were
then dried over silica gel at 70 °C for 48 hours. After drying, samples were cooled in a desiccator

for approximately 10 minutes before weighing. Samples for RWC were collected in the light.

When the plants reached an RWC <10 %, the plants were kept dry for a period of three to nine
weeks in the conditions mentioned above. After three, four, five, six, seven and eight weeks
plants were rehydrated by resuming soil watering under the same environmental conditions
and the flowering response was monitored. Wet controls were watered every other day, or

more frequently as required, for the whole duration of the experiment.

Photoperiod, light intensity, temperature and hydration status

It was observed that X. humulis plants moved in winter from the glasshouse to the warm
conditions of the Phytotron tended to flower. In order to systematically test the effects of
changing temperature, photoperiod and light intensity, the following set of experiments

(summarised in Tables 2.1 and 2.2) were carried out.
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X. humilis plants were acclimatised for one week in a 12 hr light: 12 hr dark (12:12)
photoperiod at an average light intensity of 70 umol m?s? at a temperature between 26 and
27 °C. All experiments were carried out with cool white fluorescent bulbs. Plants (wet controls)
were transferred to an incubator at 12 °C, which had an average light intensity between 25-30
umol m?s* and a 12:12 photoperiod for two and six weeks, or kept in a 12:12 photoperiod at an
average light intensity of 70 pmol m?s™* for two or six weeks at 26-27 27 °C. Plants were then
transferred to a photoperiod of 16 hours light and 8 hours dark (long-days; LD) or 8 hours light
and 16 hours dark (short-days; SD) with a light intensity between 25-30 umol m?s™ at 26-27 °C.
To include rehydration stress in the experiment, water was withheld from some plants. When
they reached a RWC of <10 % the plants were transferred to the cold incubator. After two, four
or six weeks these plants were rehydrated in either LD or SD conditions. Temperature controls
were kept at a light intensity of 70 pmol m%™ at 26-27 °C, dehydrated as before and moved

into LD and SD after two, four and six weeks.

Table 2.1. Experimental conditions employed in order to test the flowering response of X.
humulis to day length, temperature and hydration status. 1212 - 12 hr light and 12 hr dark; SD -
8 hr light and 16 hr dark; LD -16 hr light and 8 hour dark. Low light in a 12:12 photoperiod was
70 pumol m%s™ at 26-27 °C and 25 umol m%™ at 12 °C. SD and LD low light was 25-30 pmol m%s™.

12:12 photoperiod, 12:12 photoperiod, low light SD/LD photoperiod, low
low light, 26-27 °C light, 26-27 °C
Wet plants (controls) e 26°C2and6 weeks SD
> e 12°C2and 6 weeks > or
LD
Dry plants o 26°C2,4,6 weeks (dry plants rehydrated)
(RWC < 10 %) e 12°C2,4,6 weeks
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The effect of light intensity was also tested in similar experiments. It was noticed plants were in
an unhealthy state at 12 °C, therefore the cold incubator was set at 14 °C. X. humilis were
acclimatised for one week in a 12:12 hour photoperiod at an average light intensity of 70 pmol
m?s™ at 26-27 °C. Light sources were all cool white fluorescent. Plants were desiccated in a LD
photoperiod at an average light intensity of 30 pmol m’s™ at 26-27 °C. When the plants
reached a RWC <10 %, they were moved into an incubator at 14 °C (cold), which had an average
light intensity of 25-30 umol m?s™" (low light) with a LD photoperiod. After three weeks in the
cool incubator the plants were rehydrated in a LD photoperiod at an average light intensity of
400 pmol m%s* (high light) at 26-27 °C (warm). Temperature controls were kept at low light
conditions at 26-27 °C after drying down for three weeks and moved into the same warm high
light conditions. Wet controls were transferred from the acclimatising conditions (see above)
into warm or cold low light conditions and were then transferred after three weeks into warm

high light conditions (see Table 2.2).

Table 2.2. Experimental conditions employed in order to test the flowering response of X.
humulis to light intensity and day length, temperature and hydration status. 12:12 - 12 hr light
and 12 hr dark with low light = 70 umol m?s%; LD - 16 hr light and 8 hour; SD - 8 hr light and 16
hr dark; low light = 25-30 pmol m%s™, high light = 400 pmol m*s™.

12:12 photoperiod Condition 1 Condition 2

e LD low light 14 °C wet

o LD low light 26-27 °C wet
e LDlowlight 14 °Cdry .
> e LD low light 26-27 °C dry 5 LD( i?:;‘fi‘;zrt'fd
e SDlow light 14 °C wet 26-27 °C

e SDlow light 26-27 °C wet
e SDlowlight 14°Cdry

o SDlow light 26-27 °Cdry

Low light 26 °C
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The above experiment was repeated replacing LD in condition one (see Table 2.2) with SD.
Plants (wet controls) were transferred from the cool incubator with a SD photoperiod into high
light warm conditions with a LD photoperiod with the light intensities as above. Temperature
controls were kept at a SD photoperiod at low light conditions at 26-27 °C and then moved in
high light conditions (condition 2 Table 2.2). For the short day experiment, plants were also

dehydrated as described above and rehydrated after three weeks in the high light LD conditions.

In this experiment dehydration occurred at warm temperatures (26-27 °C) before moving the
plants into the cool incubator. In order to investigate if dehydration at cold temperatures
would influence initiation of flowering the following experiment was done: plants were
acclimatised for one week in a 12: 12 hr photoperiod at an average light intensity of 70 umol
m?s™ (cool white fluorescent) at a temperature between 26 and 27 °C. Plants were then
transferred into the cool incubator at 14 °C, which had an average light intensity of 25-30 umol
m’s™ with a SD photoperiod. Drying was initiated by withholding water. Three weeks after
plants reached a RWC <10%, they were transferred into the high light conditions mentioned

above.
2.2. Molecular genetics of flowering
DNA extraction

DNA extraction was based on the method of Dellaporta et al. (1983) with the following
alterations: 1 g X. humilis |leaf tissue was ground in liquid nitrogen and the fine powder was

added to 15 ml extraction buffer (0.1 M Tris, 0.05 M EDTA, 0.5 M NaCl, 10 mM B-
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mercaptoethanol, 1 % (w/v) Polyvinylpyrrolidone (PVP) in a 50 ml Beckman tube (Catalogue
number 357003). 2 ml 10 % (w/v) Sodium dodecyl sulphate (SDS) was added, mixed thoroughly
and incubated at 37 °C for 5 minutes. 5 ml 5 M potassium acetate was added, vortexed and
incubated on ice for 20 minutes. The sample was centrifuged for 20 minutes at 4 °C at 6500 g
(9000 rpm) using a JA-20 rotor in a Beckman centrifuge. The supernatant was filtered through
cheese cloth into a clean Beckman tube containing 10 ml Isopropanol and placed at -20 °C for
30 minutes. The new tube was centrifuged for 20 minutes as before. The pellet was dissolved in
700 ul 0.05 M Tris/0.01M EDTA and incubated overnight at -20 °C. The DNA solution was
transferred to a 1.5 ml Eppendorf tube and 0.4 pl of 100 mg ml™ RNaseA was added and
incubated at 37 °C for 30 minutes. Insoluble material was removed by centrifuging for 10
minutes at 15000 g and discarding the pellet. 500 pl Isopropanol, 75 pl 3 M sodium acetate was
added to the supernatant and this was centrifuged for three minutes at 15000 g. The pellet was
washed with 500 pul 80% Ethanol, centrifuged for three minutes at 15000 g, dried at 37 °C for 10

minutes and dissolved in 100 ul sterile water.
RNA extraction

RNA was extracted according to Azevedo et al. (2003) from X. humilis with optimisations by
Mariette Smart (Department of Molecular and Cell Biology, University of Cape Town; personal
communication). Extraction buffer (100 mM Tris pH 8.0, 2 % (w/v) cetyltrimethyl ammonium
bromide (CTAB), 30 mM EDTA, 2 M NaCl, 2 % {w/v) polyvinylpolypyrrolidone (PVPP), 0.05 %
(w/v) Spermidine, 2 % (v/v) B-mercaptoethanol, 0.3 mg ml™* Proteinase K) was pre-heated in a

1.5 ml Eppendorf tube at 42 °C for 10 minutes. Two to three leaves of X. humilis were ground
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in liquid nitrogen to a fine powder and this was added to 1 ml extraction buffer and vortexed
thoroughly. The sample was incubated for 90 minutes, with vortexing two to three times during
the incubation. The sample was then centrifuged for 15 minutes at approximately 13000 g at
4 °C and the supernatant was transferred to a clean Eppendorf tube. An equal volume of 24:1
chloroform: isoamy! alcohol was added to the supernatant and the mixture was vortexed
thoroughly. This was centrifuged for 15 minutes at approximately 13000 g at 4 °C. The
chloroform: isoamyl alcoho! extraction was repeated and a quarter volume of 10 M LiCl was
added to the supernatant. The RNA was precipitated at -20 °C overnight. After 25 minutes
centrifuging at 13000 g at 4 °C the pellet was washed by vortexing in 250 ul of 70 % (v/v)
ethanol. The pellet was centrifuged for 25 minutes at 13000 g at 4 °C and dried at 37 °Cin a
heating block for approximately 10 minutes. The pellet was dissolved in 30 ul water. RNA
quality was analysed by gel electrophoresis and the quantity was estimated by measuring the
absorbance at 260 nm using a ND-1000 NanoDrop® spectrophotometer (NanoDrop

Technologies, Wilmington USA)

Gene identification

Primers were designed to amplify a homologue of VRNZ2 (also called ZCCT1) from wheat
(accession number AAS5848), which is a dominant repressor of flowering that is down
regulated by vernalisation (Yan et al., 2004). ZCCT1 contains a CCT {CO, CO-like, TIMING OF CAB
EXPRESSION 1) domain (Strayer et al., 2000), which has similarities with CO and CO-like proteins

of Arabidopsis and rice. Primers were designed to this conserved CCT domain (Figure 2.1).
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Figure 2.1. Alignment of CCT domains of CO-like and ZCCT proteins. Arabi: Arabidopsis thaliana
CO-like, Radish: Raphanus sativus CO-like, Rice: Oryza sativa Hd1, Rye: Lolium perenne CO-like,
Wheat: Triticum aestivum Hd1-like, Barley: Hordeum vulgare CO-like, Wheat: Triticum
monococcum ZCCT1. The forward arrow indicates the forward primer and the reverse arrow the
reverse primer. Proteins 3 and 7 were reverse translated into nucleotides and degenerate
primers were designed according to the nucleotide sequences.

PP R

Rye DREAKVLRYKEXKXKKTRIFEKTTRYATRKAYAEZRPRIXGRFAKIS-——————- EAEMEVDQ 358
Ricel DREARVLRYREXKKKARKFEKTIRYETRKAYAFEARPRIKGRFAKRS~--~-~~ DVQIEVDQ 377
Arabi DREARVLRYREKKKMRKFEKTIRYASRKAYAEKRPRIKGRFAKKK--~——-—- DVDEEANQ 337
Apple DRVARVLRYREXRKNRKFEXT IRYASREKAYAETRPRIKGRFAKRT - ———~~- EVEI---- 315
Pea DREARVMRYREKRKNRRFEKTIRYASRKAYAETRPRIKGRFAKRT-—-~-—- DLNMNVNL 296
Rice2 GREARLMRYREKRXNRRFEKTIRYASRKAYLETRPR HDADDADADADDPR 352
Barley EREAKVMRYREKRKKRRYDKQIRYESRKAYAELRPRVNGRFVEVP~~ ==~~~ EAALLSPSF 198
Barley EREARVMRYREXRKRRRYDKQIRYESREAYAELRPRVNGRFAR/ P-—————~ EAVVSPSP 198
Wheat EREAXVMRYREXRKRRCYDKQIRYESRKAYAELRPRVNGCFVKVP~————~~ EAADSSSP 196

Figure 2.2. Alignment of CCT domains of ZCCT and CO-like proteins. Only part of the CCT
domain is shown. Rye: Lolium perenne CO-like, Ricel: Oryza sativa Hd1, Arabi: Arabidopsis
thaliana CO, Apple: Malus domestica CO-like, Pea: Pisum sativa CO-like, Rice2: Oryza sativa CO-
like, Barley: Hordeum vulgare ZCCT-Hb, Barley: Hordeum vulgare ZCCT-Ha, Wheat: Triticum
monocuccum ZCCT1. The reverse arrow indicates the reverse primer. Proteins 2 and 9 were
reverse translated into nucleotides and a degenerate primer was designed according to the
nucleotide sequence.
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To confirm the sequence, a second reverse primer was designed, in order to carry out nested
PCR (Figure 2.2). All oligonucleotides were synthesised by Synthetic DNA Laboratory, University

of Cape Town, South Africa.

PCR amplification of CCT-like sequences from X. humulis cDNA was carried out using VRNF
5'GAGGC(C/G)A(A/G)GGTG(C/A)T(G/C)AGGTA3’ as a forward and VRNR
5'G(G/A)T(C/A)(C/T)CTTG(A/G)C(AG)AA(A/G)CGGCC3’ as a reverse primer. The PCR reaction
contained 3 pl 3-fold diluted cDNA, 0.3 mM dNTPs, 1.5 mM MgCl,, 0.8 uM VRNF, 0.8 pM VRNR,
5 ul 5 x GoTaqg® Flexi buffer (Promega, Madison WI), 0.75 units GoTag® polymerase (Promega,
Madison WI) in a total volume of 25 ul. PCR cycling of 95 °C 5 minutes one cycle, 35 cycles of
95 °C 30 seconds, 55 °C 30 seconds, 72 °C 30 seconds, hold at 72 °C for 5 minutes was used with
the Geneamp® PCR system 2700 (Applied Biosystems). This PCR was repeated with the primers
VRNF and VRNref 5 CCT G(G/A)C(G/AJAA(G/A)C(G/A)GGC(A/C)TTGA3’ under the same PCR
conditions. PCR reactions were analysed by electrophoresis through 1 % {(w/v) agarose gels in
1X TAE (0.04M Tris Acetate 0.001M EDTA). Both primer sets amplified a product of
approximately 300 bp, which was gel purified with QIAGEN gel extraction kit (QIAGEN, GmbH,
Germany) according to the manufacturer’s instructions. The purified PCR product was ligated
into the pGEMTeasy vector (Promega, Madison, WI), which was used to transform chemically
competent DH5a Escherichia coli cells. 5 pl of the ligation reaction was added to an aliquot of
200 ul CaCl, competent E. coli cells on ice. After 30 minutes on ice the cells were heat shocked
at 42 °C for 90 seconds. The cells were placed on ice for 2 minutes and 800 ul of room

temperature Luria Bertani (LB) broth was added. The cells were incubated at 37 °C with
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agitating for one hour. Cells were plated on LB agar plates containing 60 ug mi? ampicillin.
Colonies were analysed for plasmid with insert by digesting the plasmid with EcoRIl (Roche,
Basel, Switzerland). The correct plasmids were extracted and purified using a Peglab | miniprep
kit (Peglab Biotechnologie GmbH, Erlangen, Germany) and sequenced using Big Dye terminator

technology (Macrogen Sequencing, Seoul, Korea).
Rapid amplification of cDNA ends (RACE)

The 3’ end of a potential VRN2 homologue was isolated according to Protocol 8.10:
Amplification of 3’ ¢cDNA (3’RACE) (Sambrook and Russel, 2006) with some modifications. Two
reactions were set up, with the following primers: VRNF (see above section ‘gene
identification’) and (dT);; Adapter-primer 5 GACTCGAGTCGACATCGA(T);; (Sambrook and
Russel, 2006) for the first reaction and 3’RACE 5'CAAGGATCAAGGGAAGGTTCGCA3’ and (dT);
for the second reaction. The PCR reaction contained 2 pl 2-fold diluted cDNA, 0.4 mM dNTPs, 2
mM MgCly, 0.64 uM VRNF or 3’RACE, 0.64 uM (dT);;-Adapter or 0.64 uM (dT)17, 10 pul 5 x
GoTaq® Flexi buffer (Promega, Madison WI), 1.5 units GoTaq® polymerase (Promega, Madison

WI) in a total volume of 50 pl. The PCR conditions are given in Table 2.3.

Table 2.3 Cycle conditions for 3’'RACE using the Geneamp® PCR system 2700 (Applied
Biosystems).

VRNF and (dT),,Adapter-Primer 3’'RACE and (dT)y
Number PCR conditions Number PCR conditions
of Cycles of Cycles

94 °C 5 minutes 94 °C 5 minutes
1 55 °C 2 minutes 1 56 °C 2 minutes
72 °C 10 minutes 72 °C 10 minutes
35 94 °C 40 seconds 35 94 °C 40 seconds

22



55 °C 45 seconds
72 °C 1.5 minutes

94 °C 40 seconds
55 °C 1 minute
72 °C 15 minutes

56 °C 1.5 minutes
72 °C 1.5 minutes

94 °C 40 seconds
56 °C 1 minute
72 °C 10 minutes

PCR reactions were analysed by electrophoresis through 1 % (w/v) agarose gels in 1X TAE and
products of 500 bp (VRNF/(dT);;Adapter-Primer ) and 400 bp (3'RACE/(dT);;) were excised,
eluted form the gel using Peqlab | miniprep kit (Biotechnologie GmbH Erlangen, Germany) and
cloned into the pGEMTeasy vector (Promega, Madison, WI) as described before (see section
‘gene identification’) and sequenced. Six and eight colonies respectively from each reaction

were sequenced.

Table 2.4 Cycle conditions for 5’RACE using the Geneamp® PCR system 2700 {Applied
Biosystems).

Number PCR conditions
of Cycles
94 °C 30 seconds
5 72 °C 3minutes
94 °C 30 seconds
5 70 °C 30 seconds
72 °C 3 minutes
94 °C 40 seconds
25 68 °C 30 seconds

72 °C 3 minutes

The 5’ end of the potential VRN2 homologue was isolated with the BD SMART™ RACE cDNA
Amplification Kit (BD Biosciences Clontech, USA). The BD SMART™ RACE user manual was

followed for cDNA synthesis and RACE. The BD Advantage™ PCR kit was used for the PCR
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reaction. The PCR reaction contained 0.4 uM Gene specific primer 2 (GSP2)
5’GCGATAACCGTGCAGCAGCGTCGGCAGGT?, 2.5 wl 11-fold diluted cDNA, 0.2 mM dNTPs, 5 ul
10X UPM (Universal Primer Mix), 5 pl 10X BD Advantage 2 PCR Buffer, 1 pl 50X BD Advantage 2

Polymerase Mix in a total volume of 50 pl. The PCR conditions are given in Table 2.4.

PCR reactions were analysed by electrophoresis through 1 % (w/v) agarose gels in 1X TAE and a
1.2 kb PCR product was excised and gel eluted using Peglab | miniprep kit (Biotechnologie
GmbH Erlangen, Germany) and cloned into the pGEMTeasy vector (Promega, Madison, WI) as
described previously (see section ‘gene identification’). Six different colonies were sequenced.
The sequence revealed a CONSTANS-like sequence, containing two B-boxes (an N-terminal zinc-

finger region) and a CCT domain.

TAIL (Thermal Asymmetric Interlaced) - PCR

The promoter region and the intron of the now potential CO homologue were isolated
combining the protocols of Liu and Whittier, 1995 and Michiels et al. 2003. Four arbitrary
degenerate (AD) primers were used (Liu and Whittier, 1995) and three gene specific primers,
GSP2 (sequence see section ‘5’RACE’), GSPrev 5'GCGAACCCTCCCTTGATC3’ and NesRev
5'TTTCGGCGTAAGCTTTGC3'. The primary PCR reaction contained 100 ng genomic DNA, an AD
primer (4.8 uM AD1or AD2, 2.4 uM AD3 or AD4), 0.4 uM GSP2, 0.3 mM dNTPs, 2 mM MgCl, 5
ul 5 x GoTaq® Flexi buffer, 0.75 units GoTag® polymerase in a total volume of 25 ul. The
secondary PCR reaction contained 2 pl 20-fold dilution of the primary reaction, the same AD

primer as used in the primary reaction (3 uM AD1 or AD2, 1.6 uM AD3 or AD4), 0.4 uM GSPrev,
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0.3 mM dNTPs, 2 mM MgCly, 5 1l 5 x GoTaq® Flexi buffer (Promega, Madison WI), 0.75 units
GoTaq® polymerase (Promega, Madison WI) in a total volume of 25 pl. The tertiary PCR
reaction contained 2 pi 20-fold dilution of the secondary reaction, an AD primer (0.8 uM, the
same as used in previous cycles), 0.4 uM NesRev, 0.3 mM dNTPs, 2 mM MgCl,, 5 ul 5 x GoTag®
Flexi buffer(Promega, Madison WI), 0.75 units GoTaq® polymerase (Promega, Madison WI) in a

total volume of 25 pl. The PCR conditions are given in Table 2.5.

Table 2.5. PCR conditions for TAIL-PCR

Reaction Number of cycles | PCR Conditions
Primary 1 93 °C 1 min, 95°C 1min
5 94°C30s,62°C,72°C2.5min
1 94°C30s, 25 °Cramping to 72 °C over 3 min, 72 °C 2.5 min

94 °C20s, 68 °C 3.5 min,
94 °C20s, 68 °C 3.5 min,

15 94°C 305, 44 °C 1 min, 72 °C 2.5 min
1 72 °C5 min
Secondary 94°C20s,56°C1min, 72 °C 2 min,
12 94°C20s,56°C1min, 72 °C 2 min,
94°C20s,44°C1min, 72 °C 2 min
1 72 °C5 min
Tertiary 30 94°C30s,44°C30s,72°C2.5min
1 72°C5min

PCR reactions were analysed by electrophoresis through 1 % (w/v) agarose gels in 1X TAE and a
600 and an 800 bp tertiary PCR product were excised from the gel, eluted using Peglab |

miniprep kit (Biotechnologie GmbH Erlangen, Germany) and cloned into the pGEMTeasy vector
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(Promega, Madison WI) as described previously (see section ‘gene identification’). Four colonies
were selected for sequencing. All the sequencing results together suggests a CO/CO-like
homologue in X. humilis was found and from now this sequence will be referred to as XhCO

(Xerophyta humilis CONSTANS).

XhCO gene expression analysis

Sample collection

The expression profiles of XhCO under the different conditions used in the flowering
experiments were analysed. The environmental conditions are summarised in Table 2.2.
Samples were collected from plants in environmental condition one after 20 to 21 days. Plants
were then moved to environmental condition 2 and after 9 to 10 days samples were collected

from the same plants (see Table 2.2).

X. humilis leaf samples were collected every four hours over a 24 hour period, starting at 10am
and ending at 10 am the following day. Samples taken during the dark phase were harvested
using a green safe light (LEE filter 090 Dark yellow Green; LEE filters, Hampshire England). Dead
or brown tips of the leaves were cut off and healthy leaves were taken when possible. Samples

were flash frozen in liquid nitrogen and stored at -80 "C until RNA was extracted.

Samples were also collected from plants dehydrated in the cool incubator in a SD photoperiod
and rehydrated in high light warm conditions (condition 2, Table 2.2). Samples were collected in

the high light conditions only, ten days after being transferred into condition 2.
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The influence of light was studied by transferring X. humilis plants at dusk after five days from a
12:12 hr photoperiod with a light intensity of 70 umol m?s'1 at 26-27 °C into constant light (with
a light intensity of 70 umol m?s’1 at 26-27 °C) or constant dark. Samples were collected in
constant light and constant dark, using a green safe light in constant dark, every four hours over
a 28 hour period starting at 10 am (2 hours after previous dusk) and ending at 2 pm the

following day.

RNA of the individual samples was extracted according to the method above and cDNA of each
RNA sample was synthesised with Impromtll RT Kit (Promega, Madison WI) according to the
manufacturer’s instructions. ¢DNA was synthesised with oligo d(T);7 from the kit, using 1 Ug of

total RNA.

Semi-quantitive RT-PCR analysis of XhCO

The expression of XhCO was analysed under different environmental conditions (see Table 2.2)
with semi-quantitative RT-PCR. cDNA of the samples collected (see section ‘sample collection’
above) was used as template for the PCR reaction. XhCO was amplified with the intron spanning
primers to allow discrimination between transcript and genomic copies: RTF
5'GTGGCTGACAGCGTCGTTCC3’ and RTR 5’GTCGACCTCGGCGTCGACCT3'. The PCR product was
normalised against 18S RNA. The primers for 18S RNA, Xv18SF
5'CAGGCGCGCAAATTACCCAATCC3 and Xv18SR 5'CCTACCGTCCCGTCCCAAGGTC3’ were

designed by Revel lyer, (Department of Molecular and Cell Biology, University of Cape Town).
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The PCR reaction contained 2.5 Wl three-fold diluted cDNA, 0.33 uM Forward primer (RTF or
Xv18SF), 0.33 uM Reverse primer (RTR or Xv18SR), 0.27 mM dNTPs, 1.5 mM MgCl;, 6 pl 5 x
GoTaq® Flexi buffer (Promega, Madison WI), 1 unit GoTaq® polymerase (Promega, Madison WI)
in a total volume of 30 pl. A PCR cycle of 95°C 3 minutes, 24 cycles of 95 °C 30 seconds, 59 °C 45
seconds, 72 °C 45 seconds, hold at 72 °C for 5 minutes was used with the Geneamp® PCR
system 2700 (Applied Biosystems). The PCR product was electrophoresed through a 1.5% (w/v)
agarose gel and stained in 500 pl/ 500ml ethidium bromide for 20 minutes. The gel was de-
stained in distilled water for 10 minutes and visualised under UV light using a Gel Doc XR™
(Biorad, Hercules, USA). The intensity of the ethidium bromide staining was measured with
Quantity One 4.5.2 software. (Biorad, Hercules, USA). Relative levels of XhCO to 18s transcripts

were plotted against time.
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Chapter 3. Results

3.1 Flowering response of Xerophyta humilis to different environmental conditions

Hydration status and duration of desiccation

In the natural environment, X. humilis grows in habitats where they experience cold, dry
winters and warm wet summers, during which they produce flowers. However, it had been
reported that X. humulis plants that had been maintained in a desiccated state, at a relative
water content (RWC ) of >10 %, for extended periods of more than six to eight weeks flowered
upon rehydration (Jill Farrant, Department of Molecular and Cell Biology, University of Cape
Town, personal communication). Therefore the effect of the duration of desiccation on
flowering of X. humilis plants was investigated in further detail. Observation of flowering of X.
humilis during rehydration, after different dehydration treatments was carried out as detailed
in section ‘hydration status and duration of desiccation’ in chapter two. Plants were dehydrated
and rehydrated under LD at 27 °C, day temperature and 20 °C night temperature. Rehydrated
plants were monitored for a period of six weeks following resumption of watering, and the wet

controls were monitored for the entire duration of the experiment.

Flowers were observed after three weeks in control 1 and six weeks in control 2 (Table 3.1).
Flowers were also observed in trays from which the plants had been desiccated for five and six
weeks. As the size of tray and thus number of plants varied, the number of per area (flowers
dm™) is also given. Although flowering was initiated after five and six weeks of dehydration,

flowers only appeared three and six weeks respectively after rehydration. Flowering was also
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observed in the wet controls after three and six weeks. Possibly the plants that were used for
the experiment were suffering from other stress factors, which initiated flowering, such as the
environment of the phytotron. We concluded flowering was not initiated in response to

desiccation only and that more environmental cues needed to be investigated.

Table 3.1. Number of flowers observed following different desiccation and rehydration
treatments. Plants were desiccated for three, four, five, six, seven or eight weeks and then
rehydrated.

Plant condition Number of flowers Flowers dm™
Wet Control 1 2 0.15
Wet Control 2 3 0.22
Desiccated 3w 0 0
Desiccated 4 w 0 0
Desiccated Sw 3 0.36
Desiccated 6 w 2 0.25
Desiccated 7 w 0 0
Desiccated 8 w 0 0

Photoperiod, light intensity, temperature and hydration status

Some plants, such as certain ecotypes of Arabidopsis thaliana and winter wheats (Triticum
monocuccum) require exposure to cold in order to flower (for review see Henderson and Dean,
2004 and Trevaskis et al. 2007). This requirement of cold exposure is called vernalisation. It is
possible that X. humilis also needs vernalisation to initiate flowering. When it was observed that
X. humulis plants tended to flower when they were moved from the winter conditions in the
glasshouse to warm conditions in the phytotron, the influence of exposure to extended periods
of cold temperature was included in the environmental experiments. The conditions of

photoperiod and temperature investigated are summarised in Table 2.1. No flowers were
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observed under these conditions, which suggest another environmental cue is necessary to
initiate flowering in X. humulis. As these experiments were all carried out at relatively low light
intensity and light quantity can affect flowering (Thomas, 2006) the effect of light intensity was

tested in a similar experiment (outlined in Table 2.2).

Of the treatments summarised in Table 2.2, only plants that were transferred from LD wet at
14 °Cinto to high light conditions at 27 °C caused flowers to appear after approximately 10 days
in the high light conditions. Desiccated plants that were rehydrated upon transfer from LD 27°C
and SD 14°C into the high light conditions also flowered, but this was only after three weeks in
the high light conditions. [t is possible the plants flowered because of stress caused by the high
light. Tray 1B did not flower as expected, possibly because the plants in this tray had just

flowered a few months prior to this experiment (see Figure 3.1).

Table 3.2. Number of flowers formed after different environmental treatments in low light (25
umol m2s™ at 14 °C or 30 pumol m?s™ at 22 "C) followed by transfer to long days of high light
(400 pmol m?s™) at 27 °C. SD: 8 hr light and 16 hr dark; LD: 16 hr light and 8 hr dark.

Condition Tray | No. No. Flowers | Condition Tray No. No. Flowers
No. | flowers | dm? No. Flowers | dm™
LD wet 14°C 1A > 038 SD wet 14°C | 2A 0 0
1B 0 0 5B 0 0
. 2A 0 0 o 6A 0 0
LD wet 22°C T 0 0 SD wet 22°C o8 0 o
. 3A 0 0 . 7A 3 0.55
LD dry 14°C 3B 0 0 SDdry 14°C 78 0 0
4A 0 0 8A 0 0
o QC
LD dry 22°C 2B 3 098 SD dry 22 3B 0 0

In order to confirm the floral response of X. humilis when transferred from LD low light at 14°C

to LD high light 27°C, this part of the experiment was repeated with plants that had not
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previcusly been used in any other experiments. Alsa these plants were recently removed from
their original environment. Three biological repeals were analysed, two of which flowered

upon transfer to the high light conditions [Table 3.3},

Table 3.3. Confirmation of floral induction in X humulis in response to LD cold low light
transferred into LD warm high light treatment {see table 3.2, 1A anag 1B).

condition Tray | No. No. Flowers
No. flowers | dm? . |
l? EI —_— U

LD wet 14°C | g8 BT 0.83

Figure 3.1. X hurnifis under high light LD photoperiod at 27°C. Tray 1A shows three flowers;
tray 1B shows three dry flowers from a previous experiment.

Both trays eight and nine produced flowers 9-12 days after rehydration in the high light
condition. It is possible that tray seven did not flower as expected as the tray was much smaller
than the others and therefore experienced slightly different soil rehydration conditions. That is,

there was less soil to withhold water and it is possible that there was not sufficient water
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available for the plants to flower. Also there are fewer plants in the smaller tray and since not

all plants in a tray flower {even in the large tray) (see Figure 3.1 and 3.2}, it is possible that by

chance none of the plants were ready to flower in the small tray.

Figure 3.2, X humilis under high light LD photoperiod at 27°C. A total of 11 flowers were
observed in tray 8 (left) and three flowers in tray 9 (right).

X humilis flower in the warm wet season after a cold and dry winter season, it was therefore

expected for desiccated plants that were transferred from SO at 14 "Cinto LD high light at 27 °C,

to flower, as this simulates natural environmental conditions. However, dry plants exposed to
cold, which mimics the natural winter conditions and transferred into warm high light
conditions, which mimics summer conditions did not flower. 1t is likely that as these plants were
transferred into the cold when already dry, the plants did not sense the cold. X. humilis is a
poikilochlorophyllous plant, thus it loses chlorophyll during dehydration. This is a protection
mechanism against oxidative stress, caused by dehydration (Sherwin and Farrant 1996; 1993).

When the plants are desiccated if is no longer possible for photosynthesis to take place, which
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is possibly why plants cannot ‘sense’ the cold. Therefore an experiment was carried out where
plants were dried down in the cool incubator (instead of drying down in warm conditions as
was done in the previous experiment) with a SD photoperiod at 14 °C at a low light intensity 25
umol m?s™. Flowers appeared after 8-12 days after transferring into high light conditions in one
of the three trays that were observed. This confirms that plants dried in the cold under SD, do
indeed flower when transferred to long warm days of high light intensity. It is unclear why they
other two trays did not flower, although it is possible the plants suffered when drying down in

the cool incubator and did not fully recover when rehydrated.
3.2 Molecular genetics of flowering
Gene identification

The flowering pathway in Arabidopsis involves many different proteins. One of the key proteins
involved is Flowering Locus C (FLC), which is a MADS-box transcriptional regulator. FLC
represses flowering, which is down regulated by vernalisation (Sheldon et al., 1999, Michaels
and Amasino, 1999). Although other components of the photoperiodic pathway from
Arabidopsis have been found in monocots, FLC genes have only been identified in dicots. VRN1
and VRNZ2 have been identified as vernalisation genes in cereals (Dubcovsky et al. 1998) and
show strong epistatic interactions (Tranquilli and Dubcovsky, 2000). VRN1 is dominant in spring
wheat and promotes early flowering, whereas VRN2 is dominant in winter wheat (Tranquillli
and Dubcovsky, 2000), represses flowering and is down regulated by vernalisation (Yan et al.,

2004). TaVRN1 and TaVRN2 are different from the AtVRN1 and AtVRN2 genes of Arabidopsis. In
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fact ToVRN1 is similar to Arabidopsis APETALAL (AP1) which is a floral meristem identity gene,
and TaVRN2 has similarities to ALCONSTANS [CO) and CO-like proteins (Yan et al., 2004) which
are involved in photoperiodic flowering {Putterill et af, 1995). Two genes have been identified
at the wheat VRNZ locus, TeZCCT1 and TaZCC7T2 It was found that ZCCTE, which has a Zinc
finger damain and CCT domain is VANZ {Yan et al., 2004}. Just as there is no FLC homologue in
cereals, no VANZ homologue exists in Arabdopsis. This could indicate a different vernalisation

pathway in monocots compared to the dicots.

Primers were designed to amplify a VRN2 homologue in X humilis {see Figure 2.1 and 2.2),
which amplified in the conserved CCT domain, A 350 bp sequence was amplified, which was
used to identify the 5' end and the 3" end, When the full sequence was identified using RACE-
PCR and TAIL PCR, the DNA sequence from start till stop codon was translated into aming acids

i sifico. This revealed two B-boxes and a CCT domain (see Figure 3.3)

%0 e Aha i g

Figure 3.3 Conserved domains in XACO sequence, translated /n sifico into amino acids
{ www_nchi.nim.nih.gov/blast). Red bar: CCT motif. This short motif is found in a number of
plant proteins, It is rich in basic amino acids and has been called a CCT motif after CO, COL and
TOC1, The CCT motif is about 45 amino acids long and contains a putative nuclear localisation
signal within the second half of the CCT motif. fecl mutants have been identified in this region.
Blue bars: B-boxes, which are zinc-finger regions at the N-terminal.
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In animals B-boxes show protein-protein interaction and the CCT demain has a role in nuclear
localizatian and protein-protein interaction {Rebson et al, 2001). Homology was shown with CO
and CO-like proteins, mainly of plant species, which indicates that a CO homologue has been

isolated {5ee tahle 3.4}, Similarity is highest in the CCT domain.

Table 3.4. Similarities of XhCO amino acid sequence with database entries. E |s the Expectation
value. The lower the E value, the more significant the score {See BLAST information). Values
have been listed from highest alignment score with XHCO to lowest score with XhCO.

[ Accession No Protein Species Score | E value
T
AACS9310 Constans-llke protein 2 falus x domestica (Apple) 244 Se-53
AnXA7173 Constans-like b Pisum sativum (Pea) 244 | 5e-63
ABR57243 Constans-like 4 Piceo abies (conifer) | 243 | BeB3
AALSS264 Constans- like €05 Hordeum vulgare {barley) 239 | le-bl
AAME2947 Constans-like 3 Arabidopsis thaliona 238 | 3e-61
MP_157038 Constans Arabidopsis thaliana 24T | 3eES
arsle L5 S BLODECESATAT] FEADSRFLCVESDSEIER: 36 SMDITVVEDEW TR E—-T SR L s —————- —DESARNLEYRERET. 141
arabil HR3a2 ELCOErEIThAT] FORNIARFEOSREDFRIETS 48 TiDNELVEES2G TR —-TETEAN QLA B———————————EZEA SV R VERKRE 241
pes [ 13 #l COSCHITHAT PERSLERN LCAT DS L, 3 ELEVESVEDEN SN e TR T — —— - - ———- Do i MH THERR 227
barley HEE T GHHEEREIEEA S WELA S SE I A vhRA s pras Dk viEs ehRkARGEL €1 — A VEDAL LA GEA A P AR T R VASFGRE - -~ - —EAr_MRYREFRT 282
Wreln M AFERRA —— e — L AGELGRRFCDS KRRl I Y CRAT IR ¥ L OARYESS 43 =TT O R B e Trha s e v v v w mer—— = —— R VMR YAEFRS 253

2onlTep MVEEELCE S FREAG= T VHET A e ~FF AT [ AGA S YRATSATIEECTVHYERY ‘58 LTV PIRTL AN S F TR T L AR P W — =« GTY RL DREAT T AYFEREE . 327
stabl  MLEZESHTTGEGENasns s mm e WRARFCDTCT SERC TV CRANSE YL NECDARVESY 50 T WAUTPRSTR S T TAm bR Tren T E T T R M T TSR EAT LA EEE 1%
' e op T ST AT T Eooarey PR PR R

apzl= FELRFARERVHLOE VR QLT AT CRROLLA” CTCIEL I AIREEZ S3SATRVEVIRSYD #6  BrbFERTIRI SRR A IR IR FLER TE V- —E TERER ~——————~—XCRYET 326
szabzl G RTEEERANWLOECEQat ANV CHROR A TEIRLT N ek ED SHANRRYE ITEVYD G4 BREFEVT RIS AP BB T X PR T LS 2P D ——— MY CF ey J30
pea EFRTEEURYTL N TE AT AW, TUKAORRR" CRECTELINEARF A HRE | S KTeHE i BRRERT IRV RS i AR TR ER [ Tl n TD oot L L 2F —————LF SYTENE 303

barley Ge--FRERTHLIE TEERTANTCRADAA R CATIDAN [ NSARFIASRHLLLF-TPSFF 116  HRAF QT IAYRSRHL r AR AR D I PR S TAR DO RO T SEASSR L ANDGEIY EY 432
Fidelr] T T TR A T T KA, T o F SIRTITYSA T AARHERLF) LEFD 105  HSAFENT JAYA SRy AT RPA T R PR AT T I Y SIARORTRAL IV DGEYESY 239
senlber BRC AR SEWILECEQR SRR TORALRA T OV SRR RAKPLARRRIMAF VFCSE 118 WFFERT T RERSRIR VAL AFR (T FANE - =TT e m ms TSRELF==—=Try 18:
arab: E RS SN B ACER AT A P PRI S CTRCTAE A AR FLAPERCANE ILFISE 115 TRETERT [RTRSAMATRRIAPI-HE? FANE «E [EARE NI waw e W MYHORINTY

=ia Adgdad . LIRS L al =I| E L

AN I . FHe B oggmeabaig

Figure 3.4. Alignment of sequences of Table 3 4. Oniy conserved areas are shown. Asterisk (*}
shows conserved amino acids. Apple: Malus x domestica (AAC99310), Arabil: Arabidopsis
thaliang |[AAMB2947); Pea: Pisum sativin (AAXA7173); Barley: Hordeurn vufgare (AAL99264);
*hCO: Xerophyta humifis; Conifer: Picea abies (ABR57243); Arabi: Arghidopsis thaliano
(NP_197088)

The sequencing results of RACE and TAIL-PCR were combined by searching for the overlapping
regions using the Clustal global alignment tool at: www.ebi.ac.uk /clustalw/. The sequence of
the XhCO locus is given in figure 3. An alignment of XhCO and sequences outlined in Table 3.4

are given in Figure 3.4,
E13]
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CAACGECTEAGATGARGATGGATEEOGATGAAGTEAT TUGGTRAAGAT CRGCGGTEAT
crocTooATCACAATCAGCACAGGTCTC AR ATTETA oA S
TEGALCTR T ARRCCR I T T MG T ARRA T T O A ACAAAAAAGTTGTACATTT
GATG AT TATAACTTICTA T T - TATTGT CTLSCATTT I T TS
ARAMAARTTTATCTCAAGGTTATAT ATTECATCAAATCTARAARS T TTAN 775
TOTTICCARRARATA T CARACGACGTUCTARAGATTEA I CARRAT I TTGAT CATTTIE
BN T T TGATACTT T TTTRAAGAACTT T CAACT SAAMAGT TGANTAT T
TUA TGCARTCTAT AR GIAGTTCARRAGT T TACAARAG T ACCAATRAAT ATSTS
A T T TTAAT TAAARTATCTCTT TO GUATATCATTTTGTATTT T
TTGANC - CAATTT T ACAGRT TTTGATCTANT TTACARCTTTATAS
PrOAsGT T T ARAAAL TACT TARAAAT A T AAA TARL D AAACT ARART 1T
TOCCSTTTTTOGACATTATGATCACCSCOTaAasATCSC o TCACCSC O~

TRATTOGATARAGAAG T IGGT AT A TGUCANG ATIC I AATTE I GUARRGAA T AU
CAAATN.CCTASCAACATCAMMACG UG TTTTARACAGTACATGASIIGC IGAGCTGET
ACOAGAMM ARG TOAGS T T TBATAT GEAACCCHAATAT CATTEES GG GGC TEATACS
cearTrocccasc TIaTARCCN T corac rcacsac N oo
TAATTGAUTGRTCCACTAGARAAGARG T AAT AR AARCAN A . T AG
ATT COACGTCAATOGOGAGTCACCATCTTATGT T CTGGTACTGATCOTTTTA
GATAGCCTTELNRERMELN U WM RTE P NI BN slr e
GCAGAGAGUTTATCATTTATCAAAGARGGAGARGRAGAAGTAGRACRGT JecTac
CUAGURGHTT CCCHOAL TGRS TACTAGAG AL THIGUGO TR GINCATOCGACTCATAC
PG TG CEGOGaIGA T TO T T AL TOEE G TOOCGACTOGACS T ToC TOTHEGACSETT
GCGATGCCOGTGTCCACTC OO L CAAL SEAL T TS TTCCCGCCATGAAC T CTOTGGAT
ATGUGAGHTGTEC GAGUAAGC TEEGEI 55T GETGACUTG CARGEUAGAC GUCGCL 500
CTCTHUCCUTOCTUIGACACSHRCAT ORI TGOCARCOC D TOUOCCACCUC LA
Ao O T T AT AT OO O AT T AL DT OLCATIACCR DA
A TOAAAT IO T O A AN P AL A DA CAD T T AR GAT GAGAN T I AT
GACGOCGASGOOEAGHE TGOS COa TERT TRCTCOCCCCTGUAT COGOOAGTAATEITC
ATARMGETHTEEATAT AR TEGAGGUGC I GEAGHT GARRGAGAL GHUGELG5UTCAGTT
TTATITTCACGATATAGA I T TACT I TUA T O I RLAT T T T N RCOR DU
GUTUACAUNGITU I T O CG I CGCCUGARAACCAGT IO I AGCCEECOCGGTECACTATE
CTOCGI TOGOCI OO I AT GOC T CATGAGC CACALL

T TGRS T GGG TS TECCT
A A L AT G T T G T GG AGUR T AR S AT TGA T CACCOOR I T AR
ARG LA IS TCATCAS G T A CAS I S ACAN I AGG ARG AACAC AN S TT OO ASANGAC
R TR T AT T T L A R B U T A G U A AR L DAL AT CAA L GIFA LGS
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2321 TICGGARAGCGGGLUGAGHT LGACGOLGAGGTCSACCGGR T CTACT 0L TECEROGCGE
2379 ACCCCACSOCGGCACToCTTaTICoACCAARGTTATEGCGTCETTCrARCCT T G
7437 TATTTTACTACATATETATATATGCGUAACGCATATATAAC TAMMAGTACTCACCTG
2495  COGACGCTGCTGCACGOTTATCECCANCEANCCTCECCGTCRACGOCSGTAATTGTTT
2553  AATGTCAGGTTTTTOCAATGCTGTACTAT TAATAT T TTTC I TCTTACTCSATTTCCTG
2611 CIECTTOTGUTELAVATTATTGO A 'GATAR GEAC TCAAG TAAAGOTUTTCTTTTT
ZE6T TTTAAAAARRASAAAAAARAFY

Figure 3.5. Nucleotide sequence of XhCO. The start codon {ATG), the intron and the stop codon
(TGA) are inverted (white text with black background). The sequences highlighted in the 5
upstrearn region are listed in table 3.6

TAIL -PCR revealed noi only the intron in the sequence; also part of the upstream region was
identified. It is possible that the promoter or part of the promoter has bean identified of XhCO.
To analyse the promeoter region, the PlantCARE database
{hitp://bioinformatics.psh.ugent.be/webtools/plantcare/html/) was searched for conserved cis-
acting motifs in the 5" upstream region and in the rest of the gene. Several motifs involved in
light response were found in the promoter region.  Also motifs involved in stress
responsiveness, circadian control and promoter elements were found. Table 3.5 lists the

different motifs and Figure 3.4 indicates the position of the motif within the XhCO gene locus.

Table 3.5 Motifs in the promoter region of XhC0 of July the g'" 2008,

Motif found Strand Position | Sequence Function
3-AF1  binding | - 491 AAGAGATA | hight responsive element
site T
- 102 AGAAACAT | part of a module for light response
:= + 54,971 ATTAAT part of a conserved DMA module involved in light
rEspONsivENEss
Z G2z TITCAAL light responsive element
+ agn CACGTG cis-acting  regulatory  element  involved o light
rESpDﬂSiVEHE.SS
+ 467 AAAGATEGA | part of 3 light respensive elerment
o 687 /985 GEAGATG part of a light responsive element
- 111 GATAaGA | involved  in shoot-specific  expression  and  light
rEsponsiveness
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TG ;
+f- ]99;’528“ _AAAMETT_ Eﬁétingeler}m;.roluea-i_n heat strgsﬁﬁ.&ﬁn—s—ﬁ;&?
TC
+/- 280/915 (C/TIAACT MYB binding site involved in drought-inducibility
G
+ 147 ATTTTCTTC | cis-acting  element  involved in defense and  stress
A responsiveness
e 104% CAAMNMMMN cis-acting regulatory element invalved in circadian control
ATE
CAAT +f- Nfﬂ_'“ | caar common cis-acting element in promoter and enhancer
E 4 EE regions

In Arabidopsis, tlowering is promoted by light coinciding with AtCO under LD, but not unger 5D
congitions (Valverge st gl., 2004) and is modulated by the circadian clock (Sudrez-Lopez et af.,
2001). The enviranmental cue experiments shows that light intensity plays an important factor
in flowering (see section ‘photoperiod, light intensity, tempersature and hydration status’). Alse
the upstream region of XhCO is involved in light and stress responsiveness and circadian control
(Table 3.5). These results, together with the Identification of conserved domains for light
regulation in the 5" upstream sequence of XACO (Figure 3.4}, supports XhCO function as a CC or
CO-fike gene. it is possible XhCO is regulated by photoperiod, like CO in Arabidopsis. To confirm

the Influence of light on XhCO expression, expression patterns were studied in X humilis plants.

XhCO gene expression analysis

Expression of XhCO was analysed with semi-guantitative RT-PCR under the enwvironmental
conditions summarised in Table 2.2, Figure 3.6 shows the expression patterns of Xh(CO analysed
in plants that were transferred from low light LD conditions into high light LD conditions. A

small peak occurs at nine hours after dawn [ZT9) and a larger peak occurs at ZT21 hours in both

low light and high light conditions (Figure 2.6 C). Fiowering was initiated under these conditions.
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Figure 3.6. Expression pattern analyses of XhCO in X. humilis. A: Diurnal expression pattern of

XhCO that had experienced long days of 25-30 pmol m™ s at 14 °C for 21 days followed by (B)
transfer to long days of 400 pmol m? s at 26-27 °C for 10 days. This treatment caused plants
to flower. A representative of two technical repeats and four biological repeats is shown. C:
quantification of A (open diamonds) and B (closed squares). D: Diurnal expression pattern of
XhCO in plants that had experienced long days of 25-30 umol m? s at 26-27 °C for 21 days
followed by (E) transfer to long days of 400 pmol m?s™ at 26-27 °C for 10 days. This treatment
did not cause plants to flower. A representative of two technical repeats is shown. F:
quantification of D (open circles) and E (closed triangles). XhCO RNA was analysed by semi-
quantitative RT-PCR and values are shown after normalising to 185 rRNA levels. Open and
shaded bars represent light and dark respectively.

When plants were transferred from LD warm low light into LD warm high light (Figure 3.6 D)
and flowering did not occur, the second peak was lost and the first peak was shifted. Also
expression in high light dampens the oscillation. XhCO expression appears to be higher in low

light conditions than in the high light conditions (Figure 3.6 C and D).

When plants were transferred from SD cold conditions into LD high light conditions, a peak at
ZT9 hours and ZT21 hours was observed in the high light conditions (Figure 3.7 C). This
treatment did not cause plants to flower, however the pattern in the LD high light conditions
are similar to the expression pattern in Figure 3.6 C, where plants were also exposed to cold,

but then under LD, which did cause plants to flower.
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Figure 3.7. Expression pattern analyses of XhCO in X. humilis. A: diurnal expression pattern of
plants that had experienced short days of 25-30 umol m* s™ at 14 °C for 21 days followed by
transfer (B) into long days of 400 umol m? s™* at 26-27 °C for 10 days. This treatment did not
cause plants to flower. C: quantification of A (open diamonds) and B (squares). Representative
of two technical repeats is shown. D: diurnal expression pattern of plants that had experienced
short days of 25-30 umol m™ s™* at 26-27 °C for 21 days followed by (E) transfer into long days
of 400 pmol m™? s™ at 26-27 °C for 10 days. This treatment did not cause plants to flower. F:
quantification of D (open diamonds) and E (triangles). A representative of two technical repeats
is shown. XhCO RNA was analysed by semi-quantitative RT-PCR and values are shown after
normalising to 185 rRNA levels. Open and shaded bars represent light and dark respectively.

The expression pattern under SD low light condition had one large peak at ZT21 hours under
cold conditions (Figure 3.7 C) and a peak at ZT9 under warm conditions (Figure 3.7 F). In both
SD treatments the expression patterns of XhCO are similar in low light SD and high light LD

(Figure 3.7 C and F), whereas the expression was higher in LD low light (Figure 3.6 C and F).

As the plants did not flower as expected in the SD experiment, which is represented in Figure
3.6, plants were dried down in the cold which is presented in figure 3.8. This treatment did
cause plants to flower and expression patterns were analysed of the rehydrated plants. The
expression pattern of XhCO is similar to LD high light conditions when plants were transferred
from LD cold low light {see Figure 3.6 C), which also caused flowering. A clear peak occurs at 21

hours, while the smaller peak seems to have shifted to ZT13 hours.
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Figure 3.8. Diurnal expression pattern analyses of XhCO in X. humilis. Expression pattern of
plants that had experienced short days of 25-30 pmol m*s' at 14 °C for 21 days and dried

down in these conditions followed by transfer to and rehydration in long days of 400 pmol m £

s! at 26-27 °C for 10 days {closed squares). This treatment caused planis to flower. A

representative of two technical repeats is shown, XhCO RNA was analysed by semi-quantitative
RT-PCR and values are shown after normalising to 185 rRNA levels, Open and shaded bars
represent light and dark respectively.

in order to determine if XhCO is circadian or diurnal regulated, the expression pattern was
analysed in constamt light and constant dark (Figure 3.8). The oscillation dampens in both
constant light and constant dark, however in constant dark the oscillation dampens faster than
in constant light. This further indicates that light affects XhCO expression, but it seems that the

diurnal oscillation of XhCO is not driven by a circadian rhythm.
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Figure 3.9. Expression pattern analyses of Xh(CO in X. humilis in constant condtions. Expression
pattern of plants that had experienced a 12:12 photoperiod of 70 umol m 2 ¢ at 26-27 “C for
five days followed by constant light of 70 pmeol m ‘¢ a1 26-27 "C for 10 days |(open sguares} or
constant dark (triangles). A representative of two technical repeats is shown.
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Chapter 4. Discussion and conclusion

4.1 Flowering response of Xerophyta humilis to different environmental conditions

X. humilis is a desiccation tolerant plant and thus has the ability to revive from an air dry state.
To survive the dry winters in the natural environment it is necessary that the transition from
vegetative state into reproductive state is timed very accurately. In Arabidopsis thaliana the
floral timing is regulated and modulated through the interactions of multiple flowering
pathways (see Fig 1.1). Environmental factors such as temperature and photoperiod play an
important role in the floral transition. It is not known which environmental factors are involved
in the floral transition in X. humilis. In fact, most research into resurrection plants focuses on
the dehydration mechanism, with some studies investigating rehydration. Correct timing of the
floral transition is also part of the survival mechanism, however, no research has been done on

regulation of flowering in resurrection plants.

Firstly we were interested in which environmental cues induce flowering in X. humilis. It had
been observed that X. humilis plants flowered upon rehydration, after being in a desiccated
state for a period of six weeks or longer (Jill Farrant, Department of Molecular and Cell Biology,
University of Cape Town, personal communication). Therefore the flowering response to the
hydration status and desiccation duration was investigated. From these experiments it was
concluded that flowering was not initiated by desiccation only. Although flowers were formed

by plants that had endured five and six weeks of dehydration, they only appeared three and six
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weeks respectively upon rehydration, which was similar to control plants. This indicates that a
different cue must have caused flowering. This cue could have been the bright lights in the
phytotron, as later experiments showed that high light plays a role in the floral pathway in X.
humilis. As we were interested in which cues initiate flowering, other environmental cues were

also investigated.

From the environmental experiments shown in Table 2.2 and 3.1 it was concluded that a
combination of cues is necessary for X .humilis to flower. These experiments also show that
changing the length of the day does not initiate flowering on its own. Combining photoperiod
with cold and desiccating plants also did not initiate flowering. This shows that the flowering
pathway in X.humilis is a complicated network, and it is likely that several pathways are

responsible for floral induction.

The experiments discussed above were carried out under low light (light intensity between 25-
30 pumol m?s™*) and did not result in flowering, whereas when plants were moved into high light
(average light intensity of 400 umol m?s) conditions, flowering did occur (See table 2.2 and 3.2
and Figure 3.1 and 3.2). This shows that light quantity plays an important role in the flowering
pathway of X. humilis. Surprisingly plants moved from LD into LD flowered, whereas plants
moved from SD needed to be desiccated in the cold in order to flower in LD. These and the
results from the first experiment show that changes in the photoperiod alone cannot induce
flowering. Possibly X. humilis is a day-neutral plant and flowering is not induced by either LD in
response to photoperiod changes. It is also possible X. humilis is a LD plant, but other cues such

as cold are required to make the plants competent to flower when favourable conditions return,
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similar to biennial accessions of A. thaliana, Triticum monococcum (wheat) and Beta vulgaris
(sugar beet). Interestingly, these results show that it is not necessary for the plants to desiccate
to be able to produce flowers, as plants transferred from cold low light LD conditions into warm
high light LD conditions flowered. This shows that in the complex flowering pathway of X.

humilis exposure to cold is an important factor.

When plants were desiccated under low light conditions prior to incubation in cold, they did not
flower upon rehydration in the high light conditions. However, when plants were dried in the
cold incubator, plants did flower upon rehydration. This was expected as in the wild X. humilis
plants flower after they have experienced a cold and dry winter. X. humilis loses chlorophyll
during dehydration, therefore photosynthesis ceases when the plants are desiccated.
Photosynthesis is possibly necessary to sense low temperatures. Under low temperatures the
rates of enzymatic reactions involved in C, N and S reduction are more reduced than
photochemical and photophysical processes (reviewed in Ensminger et al., 2006). This could
indicate that theses processes are necessary for sensing low temperatures and therefore X.

humilis plants cannot sense cold when desiccated.

The above results show that both cold and high light are necessary to induce flowering in X.
humilis. Soimato et al., 2008 compared genes that were up regulated in cold and light and
genes that are up regulated in cold and dark and they showed that low temperature enhanced
the expression of several genes. The cold/light induced genes included transcription factors,
from which the largest group was zinc finger family transcription factors including CONSTANS.

They conclude that light is a necessity for induction of these transcription factors. In X. humilis
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plants high light could be a necessity to induce transcription factors involved in the floral

pathway.

4.2 Molecular genetics of flowering

Flowering is controlled by a large set of genes acting together in a complex network which is
influenced by the environment and various internal signals. Some of these genes have a
conserved sequence and function in several plant species. The gene CONSTANS (CO) for
example has been found in many species. CO has been identified in monocots like Oryza sativa
(rice) (Hayama et al., 2002), dicots like Arabidopsis thaliana (Putterill et al. 1995) and Pisum
sativa (pea) (Hecht et al., 2005) and even in gymnosperm trees such as Pinus sylvestris (pine)
(Pyhajarvi et al., 2007). Other genes of the flowering pathway are unique to a specific group of
plants. FLOWERING LOCUS C (FLC) for example is a floral repressor in A. thaliana and so far has
not been identified in monocots. FLC is repressed by vernalisation and is central to the control
of both the vernalisation and autonomous pathways. Because it was observed that X. humilis
plants flowered when moved from a cold glass house to a warm phytotron, our first interest
was to find a FLC homologue, which could be involved in vernalisation. However, no homologue
was found. It is possible X. humilis has a different vernalisation mechanisms to A. thaliana, like
in the monocots wheat and barley. Therefore | attempted to isolate a VRN2 homologue, which

represses flowering in winter varieties of wheat and barley (Yan et al., 2004).

The homologue was amplified from X. humilis cDNA with PCR (polymerase chain reaction),

using primers homologous to the gene of interest, cloned and sequenced. This means that if a
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homologue was not found, it does not exclude the possibility of X. humilis containing this gene.
The primers are designed to conserved areas of the gene of interest and because degenerate
primers were used, it is possible to pick up the wrong or no product, because of differences in
the sequence between the gene of interest in the model species and in X. humilis. A different
method to identify a homologue would be to screen a BAC library from X. humilis, by using a
probe of the gene of interest and screen the colonies that the probe anneals to. For this
method a library of the genome is required, which is a time consuming process. At present, only
cDNA libraries fom X. humilis are available (Collett et al., 2003) and as it was unknown when the

gene of interest could be expressed the existing libraries could not be used.

To identify the full length of the gene of interest several techniques were used. Because cDNA
has a polyA-tail at the 3’ end, it is relatively easy to identify this region with 3'RACE (rapid
amplification of cDNA). Therefore an existing protocol (Sambrook and Russel, 2006) of 3'RACE
could be used with small adjustments. However, the 5" end does not contain an easy start point
for a primer to anneal to and a short sequence needs to be added to the 5’ end. Unfortunately,
because of the GC and CC rich sequence in the X. humilis homologue, the existing protocol in
Sambrook and Russel, 2006 could not be used to identify the 5’ end. Therefore, a 5’RACE kit (BD
Biosciences Clontech, USA) was used, which is more costly but a lot less time consuming. The
enzyme provided with the kit to synthesize cDNA, adds several dC residues when it reaches the
end of mRNA. A specific primer is provided that anneals to the tail of the first strand of cDNA
and serves as an extended template for BD powerscript Reverse Transcriptase, which is used to

amplify the 5" end of the DNA. Because several steps are no longer necessary, using this kit is
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more efficient than standard protocols. The enzyme provided for the RACE PCR is very efficient,
which makes the PCR easier to carry out. When the same RACE PCR reaction was done with a
similar but different enzyme, no product was amplified (data not shown). TAIL- PCR (thermal
asymmetric interlaced PCR; Liu and Whittier, 1995) is another technique to identify either the 3’
end or the 5’ end of the gene of interest. The advantage of this technique is that genomic DNA
can be used as template, and therefore introns and other non-coding sequences can be
identified. To identify upstream and downstream regions it is also possible to digest the
genomic DNA with a restriction enzyme, which is not a frequent cutter. A primer can then be
used to anneal to the restriction site and a specific primer to anneal to the gene of interest. To
avoid unspecific priming a vectorette (Arnold and Hodgson, 1991) or splinkerette (Devon et al.,
1995) can be used. TAIL-PCR however was more convenient to identify the unknown sequences,
as the primer sequences of Lui and Whittier, 1995 could be used. A combination of RACE and
TAIL-PCR was used to identify the full-length ¢cDNA and the full-length genomic DNA sequence

including an intron and part of the promoter region.

Translation of the full length sequence into protein in sillico revealed two B-boxes and a CCT
domain, which indicates a CO or CO-like homologue was identified. When the translated
protein was analysed with the BLAST web tool, it showed homology with CO and CO-like
proteins, which fits in with previous in silico results. A search in the PlantCARE database for cis
acting motifs of the 5’ upstream region showed that this region is involved in light and stress

responsiveness and also circadian control. These results suggest that the isolated homologue

51



from X.humilis is not a VRN2, but a CO homologue and it was termed XhCO. This also coincides

with the fact CO is conserved in a great variety of plant species.

Expression of XhCO was analysed by semi-quantitative RT PCR. This method measures the gene
expression by converting the RNA into cDNA with reverse transcriptase (RT) and then
amplifying this cDNA with PCR. The PCR product can then be detected on an ethidium bromide
stained agarose gel under UV light. Real- Time PCR, a more costly method, is quantitative,
whereas it measures the amplification of cDNA immediately, usually with a fluorescent dye.
Northern blot hybridisation and detection with radioactive probes are also used for the
quantification of transcript levels. Although the technique is very sensitive, it is not able to
detect transcripts of low abundance. As XhCO is a homologue of A. thaliana CONSTANS, which
is expressed at a very low abundance, semi-quantitative RT PCR was used to monitor its
expression levels. Firstly a radioactive probe was used to detect the cDNA amplification (data
not shown), however it was found that ethidium bromide staining was sensitive enough for
detecting transcript levels at a very low copy number. Care was taken to ensure that the
number of amplification cycles used fell within the linear range of amplification, and that the
assay was indeed quantitative by analysing the linearity of signal as template was increased.
The XhCO primers amplified an intron-spanning sequence, to allow for distinction of
amplification from genomic DNA versus cDNA. XhCO expression was normalised to 18S RNA as
this was the only ‘housekeeping’ gene sequence available. A d(T);; primer was used to
synthesise the cDNA of the different samples, which gives the possibility that no cDNA was

synthesised from 18S RNA, unless the d(T);7 primer has a sequence to anneal to. The 18S RNA
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from sequence X. humilis does show polyA parts that give possibility for a primer to anneal to
{(accession number EF418586; see appendix A). To confirm that the d(T);7 primer can anneal to
the 185 RNA sequence, a PCR reaction was carried out with the synthesised cDNA and a primer
set of d(T);7and a 185 RNA specific primer. Then a nested PCR was done with the diluted PCR
product. This resulted in a PCR product of expected size, which indicates it is possible to amplify
18S RNA from the cDNA samples. This does not exclude the possibility of the primers annealing
to genomic DNA that is possibly contaminating the cDNA sample. A housekeeping gene like
Actin with intron spanning primers would have been a better candidate to normalise the gene
expression against. Unfortunately the PCR reaction for the Actin gene or other house keeping
genes using primers derived from A. thaliana sequence could not be optimised. To confirm if
the primer set for 185 RNA would amplify to any DNA contamination in the samples, a PCR
reaction was done with RNA only of the samples, before cDNA was synthesised. The template
was diluted in the same way the cDNA template was diluted. As the primers cannot anneal to
the RNA, any product would have to come from DNA. This resulted in a PCR product that was
not visible to the eye, which means the DNA in the ¢cDNA samples, if present was diluted

enough to ignore 18S amplification from gDNA data not shown.

In A. thaliana CO expression peaks at the end and beginning of the photoperiod in LD (Figure
4.1), whereas under SD accumulation only occurs in darkness (Suarez-Lopez et al., 2001). CO
activates flowering by regulating FT and SOC1, which are floral integrators, and is circadian

regulated (see figure 1.3).
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Figure 4.1. From Sudrez-Lopez et al., 2001. CO expression in wildtype plants. Left shows
expression in LD, right in SD.

Interestingly, the expression pattern of XhCO also shows two peaks (see Figure 3.6 C and 3.6 F);
however, these peaks are at seven hours before dark and five hours after dark, which is
different to the CO mRNA expression pattern. Trevaskis et al., (2006) showed that in LD VRN2
mRNA has a small peak just after dawn, eight hours before dark and just before dark (See
Figure 4.2) and is absent or very little expressed in SD. These peaks in LD are similar to the
XhCO peaks, which indicates XhCO could be a floral repressor like VRNZ2 in barley and wheat

rather than a floral activator like CO in A. thaliana.
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Figure 4.2. From Trevaskis et al. (2006). Expression of HVZCCTa and HvZCCTb shows diurnal
rhythm in plants grown in LD. ZCCTa and b are also known as VRNZ2.
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In LD XhCO expression is higher in low light conditions than in the high light conditions which
induced flowering (see Figure 3.5 C and 3.5 F). This shows that XhCO mRNA is accumulated in
low light and is light dependent. It seems that XhCO is repressed when plants are flowering,

which supports the hypothesis that XhCO is a floral repressor.

Expression of XhCO in LD cold low light and LD warm low light has a similar pattern, but
flowering did not occur without cold exposure. This confirms that exposure to low temperature
is important for floral transition in X. humilis. It is interesting that the second peak in the high
light conditions (Figure 3.5 F) is absent. It is possible this second peak is important for floral
induction. These results show that X. humilis operates a complicated floral pathway, which is
probably maintained by several pathways. The vernalisation could be linked to other pathways,

therefore without vernalisation the plants are unable to flower.

A different expression pattern of XhCO was observed in plants under SD (Figure 3.7 C and F).
Under these conditions the plants did not flower. A similar amount of mRNA accumulated
under high light and low light, unlike in LD conditions (Figure 3.6 C and F). This could mean that
XhCO is not repressed in high light conditions and therefore flowering did not take place. More

XhCO mRNA seems to be accumulated under SD than in LD.

When plants were dried down in the cold under SD and transferred into high light where floral
transition was initiated, the same peaks of XhCO were observed in high light as when plants
that were moved from LD cold low light conditions (see figure 3.6 C and 3.7 B) into high light,

which also caused plants to flower. A similar amount of mRNA was observed in the leaves of
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plants that were transferred from these SD conditions (Figure 3.7 B) to plants that were
transferred from LD (Figure 3.6 C) conditions, which could mean that XhCO is also repressed in

the leaves of plants that are desiccated in low temperatures .

Figure 3.8 C shows that oscillation dampens in constant dark and constant light. The oscillation
seems to dampen faster in constant dark than in constant light. This shows that the diurnal
regulation of XhCO is not driven by the circadian clock, unlike CO in A. thaliana. These results
together show that although XhCO has a similar sequence to CO in Arabidopsis, containing two
B-boxes and a CCT domain, the function is possibly a floral repressor, like VRN2 in wheat and

barley.

Although the effects on floral induction of only a few environmental factors have been
observed, from the above experiments it can be concluded that light quantity and vernalisation
are important factors in the induction of flowering of X. humilis. This is conserved with the
flowering pathway in model plants, such as A. thaligna. It has also been revealed that XhCO is a
CO homologue, but possibly with a similar function to VRN2 in barley and wheat. To confirm
the function of XhCO, further experiments need to be done, such as a complementation study
of A. thaliana co-null mutant and analyse the effects of overexpression of XhCO in wildtype A.
thaliana plants. If XhCO is able to accelerate flowering when overexpressed, or rescue the late
flowering phenotype of the co-null mutant, it is possible to conclude a similar function to AtCO.
Also, a 1.1 kb of the upstream region has been revealed, thus promoter studies could be

carried out, which could reveal more of the function of XhCO.
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Appendix A

EF418586: Xerophyta humilis 185 ribosomal RNA gene, partial sequence

TGATGTACCGEC TACCACARTCCCARGGGARGUCARC CAGGCGCERAAAT TACCCRATCCCTGACCCHGS
GAGCTTAGTCACRAT T AARTGACATALCOLAC TCARTCACTCC TG TRAT T AGRATCAGTAC AR CTCAR
ATCCCTTAACGAGGATCCAT TGREAGGEGCC AATTC TEATGOCAECAGCCHCGETAAT TCCAGC TOCAATAG
COTRCATTTARGTTETTECAGTTAAAAAGETC ST A C s 1 - ccccone
CAGGGTATHCACCAOCGCCTCETCCCTTC TECOGGCGATSCGLTCCTEECCTTARC TEGCCGGETCATGE
CTCCGECECCETTACT TTGAAGRRR | TAGAGTGCTCARAGCARGCCTACGCTCTETATACRTTAGCATGS
GATAACATCATAGGAT TCCGGTCCTATTGTGTTGECCTTCOGEATCGEAGT AATGAT TARCAGGGACAGT
CGGGGGCATTCGTATTTCATAGTCAGAGSTGRRRTTC TTGGAT T TATSARRG ACGARC TAC TGCGARRGT
ATTTGOCRAGGATGT I TTCAT TGATCARGAACHAAAG T TGEGGGU TCRARGRCGATCIGATACCETOSTA
GTCTCAACCA TARATGAT GCCGRE CAGGEAT CHECEEATO TTEC T TT TAGGACATC BOCGECAC T TTATS
AGARATCARALGTTTTTGGETTCCGGGGGEAGTATOG LCGCARGGC T GABATT IARAGGRA 'Y GAL

The forward primer is high lighted in yellow, the reverse primer in blue. Poly-A sequences

for the d(T)sy; primer to anneal to is are highlighted in grey. It is possible longer poly-A

seguences are present downstream of the shown sequence, as this is only a partial

seguence, The full sequence was not available.
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