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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 middle of the day and a larger peak in the night, 

which coincides with the expression pattern of VRN2. 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 (SO) the expression was of similar levels in 
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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 ability 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). 

Xerophyto 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 01., 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 01., 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 stap/ianus, a desiccation tolerant 

grass (Ngoc Le et 01./ 2007) and in X. humilis (Colett et 01./ 2004). No genes involved in flowering 

were identified and only up or down regulation of the genes was analysed. 
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1.2 Floweri"s in model species 

Th~ transition from the vegetative state into reproductive state is a major deeision 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 Arabidapsis thafiana. 

A. thaliana is a 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 cryptochrornas (CRY) (1 ,md 2) (f~vIEwed in lin, 2(00). Diff~rent light qu~lity ~ffects 

the Ilor~1 tr~nsl tion in dliferent ways: blue (440 nm) and far red (73S nm) promote flowering 

through PHYA and CRYI and 2. IW~IIe. ~I (l1~ 2001; Planen et (II., 2005; Guo et olv 199111. 

where as red light (66Onm) inhibits flowering through PHY8 and 0 (Aukerm,,,, 1'1 ~I., 1997; 

H~lIiday et ai , 1994). 
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figure 1.1. Modified trom Mouradov I't 0/., 2002. An overview of the flowanns pathway In A. 

Ihaliana. The photoperiodiC pathway activates CONSTANS (CO), which act ivates the floral 
integrators FLOWERING LOCUS T (FT) and SUPPR(SSQR OF OVEREXPRESSION OF CO 1 (SOCI). 
FRK2IDA (fRI) activates ROWEll iNG LOCUC C {fL(I, which is .epre~d by \l(!rnali~titln through 
VERNAUlATlONl {VRNlj. VRN2 and VERNAUZATION INSENSITIVE 3 (YIN)) The autonomous 
pathway repre!.Sl>S ftC Whefl FRI is in .. oiv.. FlC represses the IIOf .. 1 intellrators. The gJbbc>rellin 
pathwiIV iKtivoltl'S flowering. 

The photoperiod regulates the activity 01 CONSTANS (CO) (Valverde 1'1 oJ., 2()()4), whkh is also 

regulated by the Circadian clock (Su~rez·L6pez el (11 .. 10(1). In plants the circa di~n clock 

modulatO!S a Wide vallety of biological and biochemleal ~nt>. such a$ stomatal and organ 

i"I1O'IlHllI'nl , photosyntheSIS and induction 01 nowering (r..viewed in Holta ~I 01., 20(7). 

EnVironmental cues, such as light .. nd tempe,aturll en tra in the clocl. whoch coordinates a , 
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circadian rhythm. The circadian dock runs with a per iod dose to 24 hour~. even in absence of 

environmental cue~, and maintains a re lat ively constant period. In A. thaliana the clock Can be 

divided into three parts: the central osc illator, a set 01 genes that maintains the circadian 

rhythm; input pathways, which carry environmental in/ormation to entrain the central 

oscillator and output pathways. which regulate phy~iologic~1 proces~es (see figure 1.2). 
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Figure 1.2. Modified from Hotta "'( 01. (2007). Circadian rhythm in Arobidopsis tholjana. 
Environmental cues entrain the core oscil lator (CO.), which regulates a range of physiological 
outputs and maintain~ the~e rhythms in an appropriate phase relationship with the entraining 
environmental cues. Arrows indicate a positive (inductive) relationship between components 
Rhythms in cotyledon movement and ~tomat~1 opening are illustrated as examples 01 
differently pha~ed circadian outputs. 
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The clock control, daily rhythms in gene ~xpreS5ion such <1S CO (Figure 1.3). CO is ~ llnc finger 

tr~n5cription f~ctor (Pulerill et o/., 1995) ~nd "ctiv~le5 flowering by regulating the floral 

integra tors FT iJnd SOCl (So milch et ai, 2000). FT encodes" 5m~11 protein that acts ~s il lo~g 

distance signal to i~duce flowerinp; (Corbe5ier et rJl., 2007) SOCl i$ a MADS box transcription 

f~(tor th~t promotes the tr~n5ition to reproductive ~pex development (Lee et 01" 2000). 

II 
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Figure 1.3. From Suarez-Lopez et 01. (200l). (0 exprelslo~ in wild type-pl~~ts. Top: (0 mRNA 
abundiince 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 (0 mRNA from the 
e~periment above. Representative result of three independe~t experiments I~ LL 

CO mutant~ flower I~ter i~ long d~Y5 (LO), but not in short dJYs (SO) (Pulerill et rJl., 19951· Over 

expreS5ion of CO results in eMly flowering compared to wild lype {Onouchi et al., 2.0001. CO 

mRNA accumulates ot the e~d ond begin~ing of the photoperiod I~ LD, whereas under SO 

ac(umul~tion only occurs in darkness (Suarez-lopez et al., 2.001). CO protein is stabilized by 
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blue and far red light through CRV2 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). OsGI is a 

homologue of AtGI and has a very similar expression pattern under LD and SD (Hayama et al., 

2002). Hdl (Heading date 1) is a CO orthologue in rice, which encodes a protein with a zinc 

finger domain (Vano et al., 2000). Hdl promotes heading under SD conditions and inhibits 

heading under LD conditions. Hdl upregulates Hd3a, which is a rice orthologue of FT (Kojima et 

al., 2002). Kojama et al. show that the mRNA levels of Hdl 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 aI., 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. OsGI suppresses flowering, which is opposite to Arabidopsis, where GI 

promotes flowering (Hayama et ai, 2003). 
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GA pathway 

Hormones 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 SO (Wilson et aI, 2002). In SO, 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 vernallsation pathways 

The autonomous pathway promotes flowering by repressing FLC (Flowering Locus C) and 

therefore autonomous pathway mutants (fea, 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 FRIGIOA (FRI) is dominant of the autonomous pathway and upregulates FLe. 

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 weakfri allele. 
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Therefore the autonomous pathway regulates flowering in these accessions (Gazzani et 01., 

2003). The vernalisation genes VERNALIZA TlON 1 (VRN1), VRN2 and VERNALIA TlON 

INSENSITIVE 3 (VIN3) are involved in repressing FLC by modifying FLC chromatin. VRN2 is 

required for maintenance of FLC transcriptional repression (Levy et 01., 2002; Gendall et 01., 

2001; Sung and Amasino, 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, VRN2 and VRN3 (Takahashi and Yasuda, 1971; Yan et 

01., 2004; Yan et 01., 2006). VRNl is a MADS box transcription factor and is similar to A. thaliana 

APETALAl (AP1) which is a floral meristem identity gene (Yan et 01., 2003). VRNl is induced by 

vernalisation. The length of vernalisation exposure has a direct effect on VRNl expression 

levels (Danyluk et aL, 2003; Trevaskis et 01., 2003, Yan et 01., 2003). VRNl is dominant in spring 

varieties and represses VRN2. VRN2 is dominant in winter varieties and is a floral repressor. 

VRN2 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 

SO (in winter) (Trevaskis et 01., 2006; Oubcovsky et 01., 2006). VRN2 modulates the quantitative 

levels of VRN3, which is a FT homologue. VRN3 is induced by PPD-Hl (PHOTOPERIODlt a 

pseudo-response regulator gene and induces flowering in LO. PPD-Hl encodes a protein with a 

pseudo receiver domain, which is involved in signal transduction and a CCT domain. PPD-Hl has 

a diurnal expression pattern (Yan et 01., 2006). 
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Flowering in Xerophyta humllls 

Although large parts of the flowering pathway are conserved in SO 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 VRNl. Polymorphisms in the promoter or the first intron of VRNl are found in spring 

varieties, which do not require vernalisation. Regions in the first intron are required for 

transcriptional repression, like in FLC. Possibly VRNl 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 

10 

Univ
ers

ity
 of

 C
ap

e T
ow

n



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 eDNA) 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 01., 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 - peR 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 - peR is 

a quantitative method; copies of DNA are immediately measured after each cycle, usually by a 

fluorescent dye. Semi-quantitative RT peR measures the copies of DNA by measuring UV 

intensity once the peR 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 peR 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 Ilmol m2s-1
• The following conditions were set: a 14 hour 

photoperiod with an average light intensity of 380 IlmOI m2s-1 (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 
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water content (RWe) was calculated according to the following equations, where AWe is the 

Absolute water content: 

AvllC == Witt mus-dry mas.s 
drymaa~ 

%RWC = Awe X 100% 
Awe lIl" fllliturcor 

To measure the AWe 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 °e for 48 hours. After drying, samples were cooled in a desiccator 

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

When the plants reached an Rwe <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 ~mol m2s·1 at a temperature between 26 and 

27°(. All experiments were carried out with cool white fluorescent bulbs. Plants (wet controls) 

were transferred to an incubator at 12 0(, which had an average light intensity between 25-30 

~mol m2s·1 and a 12:12 photoperiod for two and six weeks, or kept in a 12:12 photoperiod at an 

average light intensity of 70 ~mol m2s·1 for two or six weeks at 26-27 27 0(. Plants were then 

transferred to a photoperiod of 16 hours light and 8 hours dark (long-days; LO) or 8 hours light 

and 16 hours dark (short-days; SO) with a light intensity between 25-30 ~mol m2s·1 at 26-27 0(. 

To include rehydration stress in the experiment, water was withheld from some plants. When 

they reached a RW( of <10 % the plants were transferred to the cold incubator. After two, four 

or six weeks these plants were rehydrated in either LD or SO conditions. Temperature controls 

were kept at a light intensity of 70 ~mol m2s·1 at 26-27 0(, dehydrated as before and moved 

into LD and SO 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; SO-
8 hr light and 16 hr dark; LO -16 hr light and 8 hour dark. Low light in a 12:12 photoperiod was 
70 ~mol m2s·1 at 26-27 o( and 25 ~mol m2s·1 at 12 0e. SO and LO low light was 25-30 ~mol m2

s"1. 

12:12 photoperiod, 
low light, 26-27 DC 

Wet plants (controls) 

Dry plants 
(RWC < 10 %) 

12:12 photoperiod, low light 

• 26 ·C 2 and 6 weeks 

• 12 ·C 2 and 6 weeks 

• 26 ·C 2,4,6 weeks 

• 12 ·C 2,4,6 weeks 

SD/LD photoperiod, low 
light, 26-27 ·C 

SO 
or 
LD 

(dry plants rehydrated) 
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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 0(, therefore the cold incubator was set at 14 0(. X. humilis were 

acclimatised for one week in a 12:12 hour photoperiod at an average light intensity of 70 IJ,mol 

m2s-1 at 26-27 0(. Light sources were all cool white fluorescent. Plants were desiccated in a LD 

photoperiod at an average light intensity of 30 IJ,mol m2s-1 at 26-27 0(. When the plants 

reached a RW( <10 %, they were moved into an incubator at 14 o( (cold), which had an average 

light intensity of 25-30 IJ,mol m2s-1 (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 IJ,mol m2s-1 (high light) at 26-27 o( (warm). Temperature controls were kept at low light 

conditions at 26-27 o( 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 IJ,mol m2fl; LD - 16 hr light and 8 hour; SD - 8 hr light and 16 
hr dark; low light = 25-30 IJ,mol m2s-t, high light = 400 IJ,mol m2s-1. 

12:12 photoperiod 

• 
• 
• 

Low light 26·C • 
• 
• 
• 
• 

Condition 1 

LD low light 14 ·C wet 
LD low light 26-27 ·C wet 
LD low light 14 ·C dry 
LD low light 26-27 ·C dry 
SD low light 14 ·C wet 
SD low light 26-27 ·C wet 
SD low light 14 ·C dry 
SD low light 26-27 ·C dry 

Condition 2 

LD Photoperiod 
( high light) 

26-27 ·C 

16 

Univ
ers

ity
 of

 C
ap

e T
ow

n



The above experiment was repeated replacing LO in condition one (see Table 2.2) with SO. 

Plants (wet controls) were transferred from the cool incubator with a SO photoperiod into high 

light warm conditions with a LO photoperiod with the light intensities as above. Temperature 

controls were kept at a SO 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 LO conditions. 

In this experiment dehydration occurred at warm temperatures (26-27 0c) 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 IlmOI 

m2s-1 (cool white fluorescent) at a temperature between 26 and 27 0c. Plants were then 

transferred into the cool incubator at 14°C, which had an average light intensity of 25-30 IlmOI 

m2s-1 with a SO 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 01. (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 ~-
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mercaptoethanol, 1 % (w/v) Polyvinylpyrrolidone (PVP) in a 50 ml Beckman tube (Catalogue 

number 357003). 2 milO % (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 9 

(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 

700 111 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 0.4 111 of 100 mg mrl RNaseA was added and 

incubated at 37°C for 30 minutes. Insoluble material was removed by centrifuging for 10 

minutes at 15000 9 and discarding the pellet. 500 111 Isopropanol, 75 111 3 M sodium acetate was 

added to the supernatant and this was centrifuged for three minutes at 15000 g. The pellet was 

washed with 500 111 80% Ethanol, centrifuged for three minutes at 15000 g, dried at 37°C for 10 

minutes and dissolved in 100 111 sterile water. 

RNA extraction 

RNA was extracted according to Azevedo et 01. (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 NaCI, 2 % (w/v) polyvinylpolypyrrolidone (PVPP), 0.05 % 

(w/v) Spermidine, 2 % (v/v) ~-mercaptoethanol, 0.3 mg mrl 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: isoamyl alcohol was added to the supernatant and the mixture was vortexed 

thoroughly. This was centrifuged for 15 minutes at approximately 13000 g at 4 0c. The 

chloroform: isoamyl alcohol extraction was repeated and a quarter volume of 10 M LiCI 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 III of 70 % (v/v) 

ethanol. The pellet was centrifuged for 25 minutes at 13000 g at 4 °C and dried at 37°C in a 

heating block for approximately 10 minutes. The pellet was dissolved in 30 III 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 VRN2 (also called lCCTl) from wheat 

(accession number AAS5848), which is a dominant repressor of flowering that is down 

regulated by vernalisation (Van et al., 2004). ZCCTI contains a CCT (CO, CO-like, TIMING OF CAB 

EXPRESSION I) 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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Arabi YGVVPDGNTNNSVNRSTI!SS---------TTGGDHQASSMD 
RadillhVPLVPEG--------GAV1'TT---------NAl'PAVQLSPAE 
Rice AGIVPDSTVIDHPNSRILTPAGAINLFSGPSLQMSLHFSSHD 
Rye GGIVPDNT\ ... VDLPYSIIPTPAGASSLHSGPPLQMPLHFSSMD 
Wheat VGIVPDNSRPDISNSNILTSSEAl1ELS-GRSLQMPVRFSSMD 
Barley VGPVPERSES--------------------AVAAATpAMGEG 
Wheat TEHHVG-- - - ----- - ----- - ---- - - ---- - PAHypTHQE 

.", 

KRKNRKFE 
KRKNRKFE 
KKKARKFE 
KKKTRTFE 
KKQTRKFO 

EKRKNRRFE 
EKRKRRRYD 

-:: :-*:-*:: '" .. 

298 
2Sa 
343 
324 
316 
186 
H3 

Arabi ENDDIFLSHV-----YASAA!'i-AQYGWPT-- 349 
DSR---VNDGG-----GDVGVY-GGFGVVPSF- 307 

395 
377 
369 
244 
213 

Figure 2.1. Alignment of CCT domains of CO-like and ZCCT proteins. Arabi: Arabidapsis thaliana 
CO-like, Radish: Raphanus sativus CO-like, Rice: Oryza sativa Hdl, Rye: Lalium perenne CO-like, 
Wheat: Triticum aestivum Hdl-like, Barley: Hardeum vulgare CO-like, Wheat: Triticum 
monococcum ZCCTl. 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. 

Rye DREA!{VLRYKEKEC;{TRT FEKTTRYATRKAYAEARP 
Rice1 DREARVLRYREKKKARKFEKTIRYETRKAYAEARP 
Arabi DREARVLRYREKKKMRKFEKTIRYASRKAYAEKRP 
Apple DRVARVLRYREKRKNRKFEKTIRYASRKAYAETRP 
Pea DREARVMRYREKRKNRRFEKTI RYAS RKAYAETRP 
Rice2 GREARLHRYREKR.l<NRRFEKTIRYASRKAYAETRP 
Barley EREAIDlMRYREKRKKRRYDKQIRYESRKAYAELRP 
Barley EREAKVMRYREKRKRRRYDKQIRYESRKAYAELRP 

S-------EAEMEVDQ 358 
S-------OVQIEVDQ 377 

-------OVDEEANQ 337 
T-------EVEI---- 315 
T-------OLm~L 296 

~~uROADDADADADDPA 352 
p-------EAAASPSP 199 

Wheat EREAI<VMRYREKRKRRCYDKQIRYESRKAYAELRP -";";;';=""-'-';..:J 

198 
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 Hdl, Arabi: Arabidopsls 
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 ZCCTl. 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 III 3-fold diluted cDNA, 0.3 mM dNTPs, 1.5 mM MgCb, 0.8 11M VRNF, 0.8 11M VRNR, 

5 III 5 x GoTaq® Flexi buffer (Promega, Madison WI), 0.75 units GoTaq® polymerase (Promega, 

Madison WI) in a total volume of 25 Ill. 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/A)AA{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 

IX TAE (0.04M Tris Acetate O.OOIM 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 III of the ligation reaction was added to an aliquot of 

200 III CaCI 2 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 III 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 IJg mrl ampicillin. 

Colonies were analysed for plasmid with insert by digesting the plasmid with EeoRI (Roche, 

Basel, Switzerland). The correct plasmids were extracted and purified using a Peqlab I miniprep 

kit (Peqlab 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)17 Adapter-primer 5' GACTCGAGTCGACATCGA(T)17 (Sambrook and 

Russel, 2006) for the first reaction and 3'RACE 5'CAAGGATCAAGGGAAGGTICGCA3' and (dTll7 

for the second reaction. The PCR reaction contained 2 IJI 2-fold diluted cDNA, 0.4 mM dNTPs, 2 

mM MgCI2, 0.64 IJM VRNF or 3'RACE, 0.64 IJM (dThrAdapter or 0.64 IJM (dT)17, 10 IJI 5 x 

GoTaq~ Flexi buffer (Promega, Madison WI), 1.5 units GoTaq® polymerase (Promega, Madison 

WI) in a total volume of 50 Ill. 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)17Adapter-Primer 3'RACE and (dTh7 

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 
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1 

5S ·C 45 seconds 
72 ·C 1.5 minutes 

94 ·C 40 seconds 
55 ·C 1 minute 

72 ·C 15 minutes 
1 

56 ·C 1.5 minutes 
n ·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 lX TAE and 

products of 500 bp (VRNF/(dT)17Adapter-Primer ) and 400 bp (3'RACE/(dT)n) were excised, 

eluted form the gel using Peqlab I 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 
of Cycles 

PCR conditions 

94 ·C 30 seconds 
5 72 ·C 3minutes 

5 

25 

94 ·C 30 seconds 
70 ·C 30 seconds 
72 ·C 3 minutes 

94 ·C 40 seconds 
68 ·C 30 seconds 
72 ·C 3 minutes 

The 5' end of the potential VRN2 homologue was isolated with the BD SMARTTM RACE cDNA 

Amplification Kit (BD Biosciences Clontech, USA). The BD SMARTTM 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 IJ.M Gene specific primer 2 (GSP2) 

S'GCGATAACCGTGCAGCAGCGTCGGCAGGT3', 2.5 III ll-fold diluted cDNA, 0.2 mM dNTPs, 5 III 

lOX UPM (Universal Primer Mix), 5 III lOX BD Advantage 2 PCR Buffer, 11J.1 SOX BD Advantage 2 

Polymerase Mix in a total volume of 50 IJ.I. 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 Peqlab I mini prep 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) - peR 

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 01. 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'GCGAACCCTCCCTIGATC3' and NesRev 

5'TTICGGCGTAAGCTTIGC3'. The primary PCR reaction contained 100 ng genomic DNA, an AD 

primer (4.8 IJ.M AD10r AD2, 2.4 IJ.M AD3 or AD4), 0.4 IJ.M GSP2, 0.3 mM dNTPs, 2 mM MgCI2, 5 

III 5 x GoTaq® Flexi buffer, 0.75 units GoTaq® polymerase in a total volume of 25 Ill. The 

secondary PCR reaction contained 2 III 20-fold dilution of the primary reaction, the same AD 

primer as used in the primary reaction (311M AD1 or AD2, 1.6 11M AD3 or AD4), 0.4 11M GSPrev, 
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0.3 mM dNTPs, 2 mM MgCI2, 5 III 5 x GoTaq® Flexi buffer (Promega, Madison WI), 0.75 units 

GoTaq® polymerase (Promega, Madison WI) in a total volume of 25 Ill. The tertiary PCR 

reaction contained 2 III 20-fold dilution of the secondary reaction, an AD primer (0.8 11M, the 

same as used in previous cycles), 0.4 IlM NesRev, 0.3 mM dNTPs, 2 mM MgCb, 5 III 5 x GoTaq® 

Flexi buffer(Promega, Madison WI}, 0.75 units GoTaq® polymerase (Promega, Madison WI) in a 

total volume of 25 Ill. 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 ·C 30 s, 62 ·C, 72 ·C 2.5 min 

1 94 ·C 30 s, 25 ·C ramping to 72 ·C over 3 min, 72 ·C 2.5 min 

94 ·C 20 s, 68 ·C 3.5 min, 

15 
94 ·C 20 s, 68 ·C 3.5 min, 
94·C 30 S, 44 ·C 1 min, 72 ·C 2.5 min 

1 72·C 5 min 

Secondary 94 ·C 20 S, 56 ·C 1 min, 72 ·C 2 min, 

12 
94 ·C 20 s, 56 ·C 1 min, 72 ·C 2 min, 
94 ·C 20 S, 44 ·C 1 min, 72 ·C 2 min 

1 72·C 5 min 

Tertiary 30 94 ·C 30 s, 44 ·C 30 S, 72 ·C 2.5 min 

1 72·C 5 min 

PCR reactions were analysed by electrophoresis through 1 % (w/v) agarose gels in lX TAE and a 

600 and an 800 bp tertiary peR product were excised from the gel, eluted using Peqlab I 

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 lOam 

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 Ilmol m2s-1 at 26-27 °C into constant light (with 

a light intensity of 70 Ilmol m2s-1 at 26-27 0c) 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. cDNA was synthesised with oligo d(T)17 from the kit, using 1 ~g 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 

S'GTGGCTGACAGCGTCGTICC3' and RTR S'GTCGACCTCGGCGTCGACCT3'. The PCR product was 

normalised against 185 RNA. The primers for 185 RNA, Xv185F 

S'CAGGCGCGCAAATIACCCAATCC3' and Xv18SR S'CCTACCGTCCCGTCCCAAGGTC3' were 

designed by Revel Iyer, (Department of Molecular and Cell Biology, University of Cape Town). 
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The PCR reaction contained 2.5 III three-fold diluted cDNA, 0.33 11M Forward primer (RTF or 

Xv18SF), 0.33 11M Reverse primer (RTR or Xv18SR), 0.27 mM dNTPs, 1.5 mM MgCb, 6 III 5 x 

GoTaq@ Flexi buffer (Promega, Madison WI), 1 unit GoTaq@ polymerase (Promega, Madison WI) 

in a total volume of 30 Ill. A PCR cycle of 95DC 3 minutes, 24 cycles of 95 DC 30 seconds, 59 DC 45 

seconds, 72 DC 45 seconds, hold at 72 DC 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 Ill! 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'2) 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 I Number of flowers Flowers dm-2 

Wet Control 1 I 2 0.15 
Wet Control 2 I 3 I 0.22 
Desiccated 3 w I a 0 --
Desiccated 4 w ! 0 a 
Desiccated 5 w I 3 0.36 
Desiccated 6 w I 2 0.25 
Desiccated 7 w i a I a 
Desiccated 8 w i a 0 I 

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°C into 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 2rC 

and SD 14°C into the high light conditions also flowered, but this was only after three weeks in 

the high light conditions. It is possible the plants flowered because of stress caused by the high 

light. Tray lB 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 
IJ,mol m"2 S"l at 14 ·C or 30 IJ,mol m"2 S·l at 22 'C) followed by transfer to long days of high light 

(400 )lmol m"2 S"l) at 27·e. 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"2 No. Flowers dm"2 

LD wet 14°C 1A 5 0.38 SD wet 14°C SA 0 a 
1B a a 5B a a 

LD wet 22°C 
2A a a 

SD wet 2rC 
6A a a 

2B a a 6B a a 
LD dry 14°C 

3A a a 
SD dry 14°C 

7A 3 0.55 
3B a 0 7B 0 0 I 

LD dry 22·C 
4A 0 0 

SD dry 22·C 
8A 0 0 

4B 3 0.95 8B 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 2rC, this part of the experiment was repeated with plants that had not 
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pre~iously been used in any other experiment~. Also these pl~nt~ were recently remo~ed from 

thei r origin~1 en~ironment Three biological repeats 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 tre~tment (see table 3.2, lA <lOci 1B). 

condition 
- C; 

I Tray I No. No. tlower~ 

i No. flowers dm" 

7 ' 0 0 ----
LD wet 14"[ 8 U 0.B3 

~-r,c 3 0.4 , 

Figure 3.1. X /wmilis under high light LD photoperiod ~t 27"C. Tray 1A shows three flower~; 
tray 1B ~how~ three dry flowers from a pre~ious experiment. 

Both trays eight and nine produced flowers 9·12 days after rehydration in the high light 

condition. It is pos,ible that tray se~en did not flower as expected as the tr~y was much ,mailer 

than the other~ ~nd therefore experienced slightly different so<l rehydration conditions That h. 

there was Ie,s so<l to withhold w~ter and it is pos,ible that there w~s not ~ufficient water 
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available lOt' Ihe plants to flower. Also there are fewer planls in Ihe smaller Ira.,. and since not 

all plants in a t ray flower (even in the large trav) (see Figure 3.1 and 3.2), it is possible that bV 

charoce none of the plants were ready to flower in lhe smalllfiIY. 

Figure 3.2 X. humiJis under high light lD photoperiod at 1 r C A total of 11 flowe rs were 
obs~!Ved In tray 8 (left) and three flowers In tray 9 (light) . 

X. hum /lis flower in the warm wet season after a cold and dry winter season, il was therefore 

expected for desllLilted plants th,u were transferred fr()ffl SO,) t 14 · C into LO high light at 27 ·C, 

to flowe r. a~ this simulates natural environmental conditions. However. dry plants e~posed to 

m id, which mimla Ihe Mlura l winter conditions and transfeffe d into warm high light 

conditions. which mimics summer conditions did not flower. It is likely that as these plants well' 

trande r' ed into the cold when already dry, the plants did not sense the co ld . X. h""'lIUs is a 

poIkiloch!orophyllous plan t, thus it loses ctJIorophyll dunng dehydration This is a protection 

mechanism against OXidative stress, caused by dehyd, atlon (Sherwin and Farrant 1996; 1998). 

When lhe pla"ls are desiccated it Is no looge r possib le for photosyntnl'! !ih to take pl CKI'!, 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 

Ilmol m2s-1
. 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 0/., 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. VRNl 

and VRN2 have been identified as vernalisation genes in cereals (Dubcovsky et 0/. 1998) and 

show strong epistatic interactions (Tranquilli and Dubcovsky, 2000). VRNl is dominant in spring 

wheat and promotes early flowering, whereas VRN2 is dominant in winter wheat (Tranquilili 

and Dubcovsky, 2000), represses flowering and is down regulated by vernalisation (Yan et 0/., 

2004). TaVRNl and TaVRN2 are different from the AtVRNl and AtVRN2 genes of Arabidopsis. In 
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fact ToVRNI i~ ~imilar to Arobidapsi5 APETALAI (API) which is a floral meristem identity gene, 

and TaVRN2 has similaritie~ to AtCONSTANS (CO) and CO-like proteins (Yan et al., 2004) which 

are involved in photoperiodic flowering (Putterill et al., 1995). Two genes have been identified 

at the wheat VRN2 locus, TaZeCTl and TaZCer2. It was found that ZCeTl, which has a Zinc 

finger domain and CCT domain is VRN2 (Yan et 01 .. 2004)_ Just a~ there is no HC homologue in 

cereals, no VRNl homologue exists in Arabdopsis This could indicate a different vernalisation 

pathway in monocots compared to the dlcot •. 

Primers were designed to amplify a VRN2 homologue in X humilis (see Figure 21 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 amino acids 

in silico. This revealed two B-boxes and a CCT domain (see Figure 3_3) 

Figure 3.3 Conserved domains in XhCQ sequence. translated in silico into amino acids 
( www_ncbi.nlm.nih.gov/blast)_ Red bar: CCT mOtif. This short motif is found in a number of 
plant proteins. It i5 rich in basic amino acids and has been called a cn motif after CO, COL and 
TOCl. The CCT motif is about 45 amino acids long and contains a putative nuclear localisation 
signal within the second half of the CCT motif. tod mutants have been identified in this region 
Blue bars: B·boxes, which are linc-finger regions at the N-terminal. 
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In animal~ B-boxes show protein-protein interaction and the CCT domain h<ts a role in nuclear 

loc ali~ation and protein ' protein interaction (Robson I!t 01., 2(01). Homology was shown with CO 

and CO-like proteins, mainly of plant species, which indicates that a CO homologue has been 

isolated (See table 3.4). Similarity is highest in the CCT domain 

Table 3.4. Similarities of XhCO amino acid sequence with database entries. E is the Expectation 

va lue. The lower the E value, the more significant the score (See BLAST information). Values 

have been listed from highe~t alignment ~core with XHCO to lowest score with XhCO 

, I 5e-6~ 

144 5e-6~ 

, 

""" ...,._. ___ .. .... ______ ._..:l=""'T>.!l rc""""""~.T"' .. O"' '' ""I~"~=',~J.>.',~ ___ ""_ ,,,, ________ ,,,_...,;U~ '" 
,,"''' """ ________ _ __________ '"""'" " ".n =""."'10..-=>"" " "",'m "-''''',~-= __ l'Im""'''' ______ L.m'.:um= '" "'. ..., __________ ..-,,0>::>'-"'=,"'-=>''''''''''''"'' '' >ID'.N.-.' __ ~"", ... ,.,."':t,.,. ________ -<>=',"" ....... '" 
"'''~i ",_u;c'"_"""""'_"-""'-''''='-''''''''~ ''''''''' ",","'"",-,,-,," " --•. .,"' ... " ............ ~',......"... --.-----. --_<='_ "',.."'" " " 

... CO " = "'., ___ .. _._-<_ ... " .. .-" ,""',,,= ,,""" .... '."--'" ., ·_ ...... ." .... "..-.-....-.-.-r.=· __ ··· __ ··· ___ · __ ·ovx,"",.."'" '" 
"" L", ~.-,z.=_......., · c."""''''''',''''''''''' "'-".m=-TI ,,""' ... .....--. " "~''''' __ ,.'''nm'''''''''o.-,= .. '' .. -,,._' __ ··"''''r "'''''''~_~. ''''''''' '" " .. , 

"' .. nri 
>C, 
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Figure 3.4. Alignment of sequences of Table 3.4. Only conserved area~ are shown, Asteris~ (*) 

~ hows conserved amino acids. Apple: Malus x domestica (AAC99310), Arabil: Arabidop,is 
thaliana (AAM61947); Pea: Pi5um sativum (AAX47173); Barley: Hordeum vulgare (AAL99264); 
XhCO: Xeroplryta humili5; Conifer: Picea abies iABR57243): Arabi: Arabidapsis thaliana 
(NP _197088) 

The sequencing results of RACE and TAll-PCR were combined by se . rching for the overlapping 

regions using the Clustal global alignment tool at: www.ebi.ac.u~ /ciustalw/. The sequence of 

the XIrCO locus is given in figure 3. An alignment of XhCO and sequence~ outlined in Table 3.4 

are given in Figure 3.4. 
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1 ~M,CGGC"'TGAGACGi'.AGATGGATGGCGATGI""GTGATTCGG~GI""GATCGGC=GAT 

~ g GACGTCCATCAC1.ATCAG<d'CA"CTCTC"AGAAA=A' I'C;~(Nii!i1ili 

117 'I'TCA':,CI'A'I"I"'" M.ft.CCA'I "I"I"I"" 'I " I'GI'A.".A!\~ __ I " I'C'I'~.ACAAAAMGTTGTACATTT 

115 

< 33 

291 

~.AI>l,,"IlIl\TTTATCTCt~V;GTTATAT ATTO::ATCAAAn;TI.Ai\l\C~TT} 

TC"T'I'CC~ATA'I'CM.~.CGACGT':<CCAAAGATTGi;'I'CAAAA"I'TTGA'CA~ 

tr"r TI.A'-\l\C~TT i"'~~llAAA~Al'CTC'''r~CGi:ATATCATTTTG~ATTT r 

1c'.J>.C~l\CAAT'1'I ~ACAGA~TTTGAT['"'Tr.AT~~l\Ci'.i£~~~ATAG 

5~ 1 'I " I'G~AC' '1 " 1 " 1 " I'c,rAAAAACTA~'I"I'AM.U.T AG<::I'(,AAA TA·.GCr..r..AC':,A.>.AA"'I " I " I'~: 

63 9 TGCC"TTTTTCGAGATTATCATGAGC"GCT"A"ATCGCC~TCACGC("~'~'G 

6 9 7 'I' AA T TC>:;A' I' AA A G~ AG' I" I' G G, A 'I' ~.A T C ,:,,'"' l'A 7'1\:;' I' AA T~ I" I'G G/VV'oF,~.A' I' A ,:,:,:.(; 

/ j ~ CAAATl\CCTAGCi.A["d'TCI.AAACG~"~TTTTl\!.AG'GTA~A~Gh:."""C'I 'GAG~~GGT 

8 1 3 AGGA';IU\N<.Al\G';T"AGG~~~G.'TAT';';f"'CCC',I""TATCA7'T'I'GJ""=GATACG 

87 1 'I' 

929 :1' 

98 ./ 

lC45 

ll03 

J I 61. 

12~9 

12F! 

1330, 

1393 

1451 

I 5 C 9 

1567 

H2o 

1683 

17 ~ J 

)799 

1807 

1910 

1973 

Z 0 3 J 

2089 

2147 

22~5 

2263 

AT'I"(;; COCCACG'I'Ci"'~CGCGl\G~CAC["d'TCTTATG~~CTGGTAC~GATCC~~TTA 

1:ei!il.!II!!.!31-!;,!ii~ATGCCGA'I'ACA':<CC'1'CTTOCI'ACA"CCIIG;~ TTC>:;'I' ~r..CCA 
GCAGAGAGCTT ATCATTT ATClIAAGAAGGAGAAGAAG~A,GTAGAAGAGT acT AG 

r ':,A GGII C C c' ,:,C C C C A':: I' GGA" TACT G C"" M"'T C"" ':,,£T~:"" ('(' AT GC GA CTC A ~"C 

f"'GTCGGC"GCGG~:GA'I'TCTC~ACTGCC"~GCCGAC::CGGCG~TCC~CT"CGGCG"~~ 

"CGATG~CCGTGT~CACTC~GCCi""~~';ACTTGCTTCCCGCCATGi"'~';~GTCTGGGT 

A~GCGAG';~GTGCGAGCI""'X~CCGG~';';';·GGTGACC.'TGCi"";GCAGAC';CCGCC';CC 

CTCTG~CCC.'TCCTCCGACA~C';ACAT~:rAC'I'~_'Tl'CCA·.CCCCCTC'J:CCArCGC~Ar" 

AU:':<:CI'CCC'I'CI'TCT"CCCT"CACCGA ~CC('C~:K:"'AAA~:CCTCl.·,CA "CACCII~:CA 

,":,A' I' G r..AA "C C 11' G T C':: 1"1' GA r rAC?.A' I' A G('? .ACi.Ar ':AG' lor A GA' I 'GA~: C A G'"' C" A " 

"ACG('CGA"CGGGAG"C"GCG~C"TGGT~GCTCCC~CCTGCATC"GCGA"~I""TC~~C 

AT~G~';TGGATG~A·.TGGA';';C'X~';';AGGT';/VV'o.GAGA~';';CGG~';';C"'TCA';TT 

TTAT'I'TTC"CGATATACA'I'CCTTA('("I'TGA"CI'IIGAT"T'I'G'I"I'TC'I 'CACCIIC,:,('l,'.(;'I'G 

cr".·,A('IIGrG'I'('G'I"I'rrCG'I'CGCC,.·",ft.AAACCAGT~C'I'AGCC"CGCCGGT~CACTGT~ 

G A ~ C ':,A l,'.(;G C A C, : I 'G' I' ~ C T ,:,(' GG~: C C AGGII C" ':,A': I' G C A "CGA' I' CAr l,'.(;CII C C A ,:,(' (,11 

G A CA,:",cG"G"" TGA TGA" G, A ~A"" "AGr .A"AGU .A"i.A CAGi.A"" TT~: GA"'" 'GAC 

GAT A C ';CT" T ,;C T TC G ~ ';CAAAG ~ T T A (' 'x ~ ';/VV'o.C G ~ ,;,;('C ~.A ,;C A T C~.A C t;<;A·.GG 
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<: j 2 1 T rCG<;A ~"l'C(;(.;(; C GGAGGT C GACG<X GAGGTC G "CCC.c C 'j'(;'[ ACT C C '[C CG C C <iC(;(; 

<: j , 9 ACVXAC G G CGG cr; C TGc:T ~r; T CC I'. C C ~.ACGTT " ~ GGCr;: C G TTC CAAC CTT '~'.c. 

74;i' Tl\TTTTACT ACA T A TGTA TI,T I, TGCGCMCGCl, TI, Tl\TMCTNVV>i\GTl\CTChCCTG 

7 4 9', C CGA CGC ~ G CTC",c AC GC TT AT C GC C r;r; C GIIII C C ~ C GCCGT C CA cr;r; CC G T AI, TT G TIT 

7', 'd "'ATG'I'CAGGTTITTr;C1J\TGCTCT l\CTI,~~IJ\T 1,~~TTTC~TCTT!,CTCGF.TI"1'CCTG 

2 611 CGC'I'TCTGCTG'I[,I'A""j'r;J"I'GC 'A'\ 'J'GAGA"'I GGAC'[CAAGT ""AGCTC1 TCTE:T 

2669 T'IT ....... AAAAAAAAAAAAAAA,. 

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' 
upstream region are listed in table 3,6 

TAIL -PCR reveJled not only the intron in the sequence; Jlso p~rt of the upstreJm region was 

identified. It is possible th~t the promoter Or part of the promoter has been identified of XhCO. 

analyse promoter region, piantCARE datab~se 

(http://bioinformatics.psb.ugent.be/webtooi'/plantcare/htmlj1 was se~rched for con~lVed cis-

acting motifs in the 5' upstream region and in the rest of the gene. Sever~1 motifs involved in 

light response were found in the promoter regoon. Also motih involved in stress 

respon .sJ vp.nes~, circadiJn control and promoter element, wNe found. Table 3.5 list, the 

different motifs and Figure 3,4 indicates the pOSition of the motif within the XhCO gene locus. 

TJble 3.5 Motifs in the promoter region of XhCO of July the 9" 2008 Univ
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CAANNN N cihl<tin~ r.gulatury element iny'*'ed in circodian control 

A" 
CAn 

In Arobidopsis, flowering is promoted by light coirlCiciing with AtCO under LD. but [lot under SD 

conditions (Valverde et al., 2004) and is modulated by the circadian clock (Suarez-Lopez et al., 

2001), The environmental cue experiments shows that light intensity plays an important factor 

in flowering (see section 'photoperiod. light intensity, temper~ture and hydration status'). Also 

the upstream region of XhCO is irwalved 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 XhCO (Figure 3.4), supports XhCO function as a CO or 

CO-like gene. It is possible XhCO is re~ul~ted by photoperiod, like CO in Arohidopsi5. To confirm 

the influence of light on XhCO expression, expression patterns were studied in X humilis pl~nts. 

XhCO ~ene expression analysis 

Expression of XhCO w~s ~nalysed with semi quantitative RT-PCR under the environmental 

cond itions summarised in Table 2.2. Figure 3.6 shows the expression patterns of XhCO analysed 

in plants that were transferred from low l i~ht LD conditions into high li~ht LD conditions. A 

sm~1I peak occurs at nine hours after dawn IZT9j and a larger peak occurs at ZT21 hours in both 

low li~ht and hi~h li~ht conditions IFi~ure 3.6 CI- Flowe'in~ w~s 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 j..tmol m-;z fl at 14 ·C for 21 days followed by (B) 
transfer to long days of 400 j..tmol m-2 

S-l 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 j..tmol m-:Z S-l at 26-27 ·C for 21 days 

followed by (E) transfer to long days of 400 j..tmol m-z 
S-l 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 0). 

When plants were transferred from SO 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 LO, which did cause plants to flower. 
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Figure 3.7. Expression pattern analyses of XhCO in X. humiJis. A: diurnal expression pattern of 

plants that had experienced short days of 25·30 j.lmol m'2 5-
1 at 14 ·C for 21 days followed by 

transfer (B) into long days of 400 j.lmol m-2 
S-l 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 j.lmol m-2 

S'l at 26-27 ·C for 21 days followed by (E) transfer into long days 
of 400 j.lmol m'2 S-l 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 18S rRNA levels. Open and shaded bars represent light and dark respectively. 

The expression pattern under SO 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 

SO treatments the expression patterns of XhCO are similar in low light SO and high light LD 

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

As the plants did not flower as expected in the SO 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 LO high light conditions when plants were transferred 

from LO 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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B XhCO expression, SO cold low light dry into LO 
high light warm 
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Figure 3.8. Diurnal ~xpre~sion pottem anolyses of XhCO in X. hum!lis. Expression pattern of 
plants that had exp~rienced short days of 25"30 Ilmol m ' s'at 14 ·C for 21 days and dried 
down in these conditions followed by transfer to and rehydration in long doys of 400 Ilmol m ' 
" at 26-27 ·C for 10 days ((Iosed ,quares). This treatment caused plants to flower. A 
representative of two technical repeats is shown. XhCO RNA was analysed by semi'quantitative 
RT· PCR and valu~<; are shown after normalising to 185 rRNA level<;. Open ond shaded bars 
repres~nt light and dark respectively. 

In order to determine if XhCO is circadian or diurnal regulated. the expression pattern was 

analysed in constant light and constant dark (Figure 3.9). Th~ oscillation dampens in both 

con<;tant light and constant dock. howev~r in constant dark the oscillation dampens foster 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. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



, 

• 
' : I 

• -u , -0 
u • 0_' -

• • 

XhCO expression, constant light and constant 
dark 

l ~ 
, 

v 

, , , 

• • " " " " " CT (houl'5) 

filurt' l.9. Exprenion pattern allilly;e~ of XhCO ,n X humil" in constant (ondlions. Expression 
pallern of plan ts Itlal had e lpt'rI"n(ed iI 12:12 photoperiod of 70 IAmol m 1 5 I at 2&- 27 ·C fot 

liye days followed by constant light of 70 Ilmol m 2 s' at 1&-27 ' ( tor 10 days [Ollt'll ~quares ) or 
constant dark (t'iallstesl A representative of two teCh nical rep~at' i. shown 

" 

Univ
ers

ity
 of

 C
ap

e T
ow

n



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 Xhumilis 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 ~mol m2s-1
) and did not result in flowering, whereas when plants were moved into high light 

(average light intensity of 400 ~mol m2s-1
) 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 (, Nand 5 reduction are more reduced than 

photochemical and photophysical processes (reviewed in Ensminger et 01./ 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 01., 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 CONS TA Ns. 

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 01., 2002), dicots like Arabidopsis thaliana (Putterill et 01. 1995) and Pisum 

sativa (pea) (Hecht et 01., 2005) and even in gymnosperm trees such as Pinus sylvestris (pine) 

(Pyhajarvi et 01., 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 I attempted to isolate a VRN2 homologue, which 

represses flowering in winter varieties of wheat and barley (Van et 01., 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 0/., 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. humi/is 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 silica 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 
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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 185 RNA as 

this was the only 'housekeeping' gene sequence available. A d(T)17 primer was used to 

synthesise the cDNA of the different samples, which gives the possibility that no cDNA was 

synthesised from 185 RNA, unless the d(T)17 primer has a sequence to anneal to. The 185 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)17 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)17 and 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 

185 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 185 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 Suarez-L6pez et al., 2001. CO expression in wildtype plants. Left shows 

expression in LD, right in SO. 

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 aI., (2006) showed that in LO 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 SO. These peaks in LO are similar to the 

XhCO peaks, which indicates XhCO could be a floral repressor like VRN2 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 VRN2. 
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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 SO conditions (Figure 3.7 B) to plants that were 

transferred from LO (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. thaliana. 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 

rlill.TC;TII.CCGGCTACC~.CAATCCCAAGGGAJl.GCCAACC:A.GGCC>CGCAAA'l'fJ>,CCCAA'l'CCC: fGJl.CCCG, .... , 
li AG G TT AGT G~. CA.,; f ~ _"""_ 'l'G~, C~, '1' "C:<::G C G C:T CJ\], 'r C Jl.C 'l'C C '1' G G '1' '" "l. r ~ GG", "l.r c &, '1' ~.Cfu~-'~ c: r c fu~_ 

, 
CT CC liCX liCC li 'l'r ACT T'l'GAAGAAA l'T il GJl.G r GC T CAAJI. G C ~ ~,GC C'l' "C:G C T C f G '1' " '1' 11.,1\ rT "GCII. T <::G 
GA'l'AACATCI'<TI'<GliI'<TTCCGGrCCT ATT GfG'l'TGGCCT'l'CGGGf.'l'CGGilGf AA fG" rT "'''l.CI'<GGGAC~,G'l' 

CGGGGGCJl.TTCGTilTTTCJl.TAG'l'CilGI'<GGfGhAAT'l'CT'l'GGAfT'l'il'l'GAAAGACGAAC:CilCf,~GAAAC~ 

il T 'T"l' G C:C", "l.G Gf. f G '1' r T'l' cr, '1' r GI'< TCf J'.Gf J'.C G AiIAf; r TGGGGCX TCGf J'.Gf.CGf. '1' cr -nf. '1' I'<CC G T C CT ,,_ 
G T c: r CJ" ,[,CC~. T AiIAt lif. '1' liCC G I'<C CAGliGA T CGGC GGA TG TTGC r TT T f.GGAtA CC liCC liG CA.C CTT Jl. TG 
N';AiiA TCAAAGT r TT r GGG T r CCGGGGGGAG T ~. T GG l' CGC!IAG GC ',' GAJl_". C'l' l' FIF _ ".GG A.,; l' ',' GA C 

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

for the d(Tb primer to anneal to is are highlighted in grey. It is possible longer poly-A 

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

sequence. The full sequence was not available. 
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