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Light and appropriate responses to it are essential 
for plant life; as autotrophs, plants need sunlight to 
generate the food source on which they subsist.  The 

quality and quantity of light also act as environmental signals 
from which plants derive information to adjust their growth 
and developmental programs.

Abiotic stresses such as drought and cold stress are another 
group of environmental signals that may have a dramatic 
impact on the plant’s productivity.  Appropriate responses 
to abiotic stresses are essential; without them, plants would 
die upon exposure to mild cold or water deficit.  It is unclear 

whether these two kinds of environmental signals interact in 
regulating plant growth and development.  Limited evidence 
suggests that light, through the action of the phytochrome 
receptor PhyB, may enhance the induction kinetics of certain 
cold response genes.1  However, little else is known about how 
these two essential signaling systems might overlap in plant 
signal transduction.

Light plays a key role in such varying stages of plant 
development as germination, flowering, and direction of 
growth.  In order to use light for these purposes, the plant must 
have a complicated system of light sensory mechanisms which 
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help initiate a response.  Four major types of photoreceptors 
have been described in Arabidopsis: UVB photoreceptors, 
which are still uncharacterized; cryptochromes, which respond 
in blue and UVA light; phototrophins, which respond in 
blue light; and phytochromes, which respond in red and far-
red light. Arabidopsis employs five phytochromes (known as 
PhyA-E) that belong to two types: type one is light labile, while 
type two is light stable, though all are expressed throughout the 
plant.  The type one phytochrome PhyA is downregulated and 
the protein is degraded upon exposure to light and is therefore 
present mostly in dark-grown seedlings.  On the other hand, 
PhyB, the most abundant of the type two phytochromes, is 
very light stable.2,3

In its first stages of growth, Arabidopsis is uniquely sensitive 

to its light environment, for the amount of light determines 
how the hypocotyl and cotyledons will develop, and much of 
this sensitivity is determined by phytochromes.  Normally, in 
a light-free environment such as the soil, hypocotyls grow long 
and cotyledons remain closed due to the Very Low Fluence 
Response (VLFR) initiated by PhyA.  When full light is present, 
the hypocotyl is short and cotyledons open wide primarily 
due to PhyB action, although PhyA and PhyD have also been 
implicated in the inhibition of hypocotyl elongation.2,3

PhyB also operates later in the plant’s growth cycle through 
the shade avoidance response.  PhyB is very sensitive to the 
differences between red and far-red light, and hence serves as 
a monitor of the red/far-red ratio in Arabidopsis.  Green plant 
material reflects light rich in green and far-red, but lacking in 
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blue and red; therefore a low red/far-red ratio as detected by 
PhyB indicates shading by other plants.  In order to avoid being 
stifled by neighboring plants, Arabidopsis sensing this low 
ratio initiate the shade-avoidance response, usually involving 
elongation of the stem and petioles and early flowering.4

To isolate genes important for stress signal transduction, 
the Xiong lab used a firefly luciferase reporter gene system 
to conduct genetic screens.  The reporter gene is comprised 
of the well-known bioluminescent luciferase gene fused to 
an RD29a promoter, which contains both the dehydration 
response element (DRE) that responds to cold and osmotic 
(drought) stress and the abscisic acid (ABA) responsive 
element (ABRE) that responds to the phytohormone abscisic 
acid.5  When introduced into Arabidopsis, this gene functions 
as a reporter of stress-responsive gene induction.  The degree 
of luminescence measures the strength of the stress response.  
Using this system, a genetic locus, FIERY1, was identified 
whose mutations resulted in much higher luminescence than 
in the wild type upon exposure to cold, osmotic stress and 
ABA, indicating hyperinduction of stress-responsive genes.   
The fiery1 mutants also exhibited decreased tolerance to cold, 
drought, and salt.  Surprisingly, fiery1 mutants were also altered 
in their photomorphogenic responses, having short hypocotyl 
length and wide cotyledon angle when placed in dim light.

The FIERY1 (abbreviated FRY1) gene encodes a 
phosphatase that functions both as a 3’(2’), 5’-bisphosphate 
nucleotidase and as an inositol polyphosphate 1-phosphatase.  
FIERY1 activity is responsible for inositol 1,4,5-tirsphospate 
(IP

3
) catabolism in Arabidopsis.  IP

3
 is thought to function 

in the movement of Ca2+ ions, a well-known participant in 
many signal transduction cascades, by initiating its release from 
vacuolar stores.6

Based on the photomorphogenic effects of the fiery1 
mutation, we hypothesize that calcium ions, and therefore 
IP

3
 and FRY1, play important roles in plant light response.  

The Xiong lab has identified 54 fiery1 suppressor mutant 
lines comprising 12 loci.  Four of these loci recovered wild 
type hypocotyl length while maintaining cold, ABA, and 
drought hypersensitivity.  This study focuses on cloning 
the suppressor mutation in four mutants displaying such 
phenotypes.  Interestingly, at least three of these four mutants 
also display an early flowering phenotype similar to that seen 
in constitutive shade avoidance.  By using simple sequence 
length polymorphism (SSLP) marker-based mapping strategies 
(Table 1, Figure 1), we mapped and identified this suppressor 
gene.   The current study should provide an entry point to gain 
further insight into the exact roles of FRY1, IP

3
, and Ca2+ in 

stress signaling and photomorphogenesis.7

Materials and Methods
Plant materials 

Arabidopsis containing the fiery1-1 (fry1-1) mutation in 
the C24 ecotype background were mutagenized with ethyl 
methane sulfonate (EMS).  fiery1 suppressors were identified 
by their longer hypocotyls under dim light.  Four homozygous 
suppressor lines, H11, H17, H32 and H48, were used here for 
further analysis.  These lines were crossed with a fiery1 mutant 
in the Columbia (Col) background, and the F

1
 plants selfed and 
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F
2
 seeds collected.  These F

2
 seeds were planted in a tray with a 

small section of the original mutant line and dark germinated 
for 3 days in cold before being placed in the growth chamber.

When the seedlings were 10-days old, homozygous 
suppressor mutants were identified by their long hypocotyls, 
a trait easily seen among the F

2
 populations.  These mutants 

were harvested for DNA extraction.

DNA extraction and PCR protocol
Similar to the protocol of Edwards et al,8 each sample of plant 

tissue was ground with a disposable pestle for 15 seconds and 
mixed by vortexing with 700 ul of extraction buffer containing 
200 mM Tris-Cl (pH 7.5), 250 mM NaCl, 5% EDTA (pH 
8.0), and 0.5% SDS.  The tubes were then centrifuged at 
13000 rpm for 5 minutes, and the supernatant was collected in 
a new tube and was mixed with 700 ul isopropanol for DNA 
precipitation at -20°C for at least two hours.  The sample was 

then was centrifuged for seven minutes and the pellet washed 
with 75% ethanol.  After drying in a Vacufuge for five minutes, 
the pellet was resuspended in 100 ul sterile water.

Extracted DNA was amplified using the following PCR 
program: 94°C for three minutes, followed by forty cycles 
of 94°C for thirty seconds, 55°C for thirty seconds, and 
72°C for forty five seconds, then ten minutes at 72°C and 
holding at 4°C.  Amplification of the PhyB SSLP marker was 
accomplished using the same protocol, except that annealing 
occurred at 57°C.   The products were then run on 4% agarose 
gels at a current between 150 and 250 volts.

 
Positional Cloning (from Jander et al, 2002)9

Bulk samples were assembled by combining 3 ul of DNA 
from each extracted mutant sample.  These samples were run in 
PCR with several SSLP markers, usually two to three from each 
chromosome.  Band lengths and intensities were compared with 
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the C24 and Columbia ecotype controls to determine linkage 
in each mutant.  If bulk segregant analysis was not successful 
in determining chromosome linkage, individual samples from 
each mutant would be run with the same SSLP markers, and 
percent recombination, calculated as

2(# double recombinant) + 1(# single recombinant) ,
  2(total # samples)

was used to estimate the mapping distance.
Once the mutant was mapped to a particular chromosome, 

fine mapping was carried out.  This was done by amplifying 
individual DNA samples with appropriate SSLP markers from 
that chromosome and narrowing the region by “chromosome 
walking.”  Genes from this delimited interval were then 
amplified and sequenced.  The sequence from the mutant 
was compared to genomic DNA of the wild type to locate the 
mutation site.

PhyB and Hy1 Gene Sequencing
In the case of H17, H32 and H48, DNA samples that were 

isolated from soil-grown seedlings were amplified with PhyB 
primers using the PCR program: 3 minutes at 94°C followed 
by 36 cycles of 30 seconds at 94°C, 35 seconds at 56°C, and 1 
minute at 72°C, ending with 10 minutes at 72°C and holding 
at 4°C.

For H02, H03, H44, H45, and H46, seeds were sterilized 
and planted on 0.6% Murashige and Skoog (MS) basal media, 
allowed to sit in the cold room for 3 days, and then placed in 
the growth chamber for 6 days.  Seedlings were then harvested 
and DNA extracted using the above protocol, and the DNA was 
amplified with PhyB primers according to the above program.

H11 DNA extracted from soil-grown seedlings was 
amplified with Hy1 primers using the following PCR program: 
3 minutes at 94°C followed by 36 cycles of 45 seconds at 94°C, 
50 seconds at 54°C, and 1 minute 3 seconds at 72°C, ending 
with 10 minutes at 72°C and holding at 4°C.
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All PCR products were purified using the Qiagen kit and 
sent to Lark Technologies for sequencing.

Results and Discussion
Bulked segregant analysis of H32, H17, H48, and H11 (Fig 

2 and 3; Table 2) indicated that all four mutations localized 
to chromosome two.  Fine mapping with three markers 
from chromosome two (nga1145, nga1126 and nga168) was 
initiated (Figures 4-7).  Nga1126 showed a recombination 
frequency of 11.67% in H11, 12.22% in H17, 8.70% in H32, 
and 2.86% in H48 (Tables 3-6).  Such low recombination 
frequencies indicated tight linkage to this marker, which is in 
close proximity to two possible genes of interest: PhyB and 
Hy1.

Previous studies have indicated that PhyB plays a significant 
role in flowering time, with PhyB-deficient mutants flowering 

well before the wild type.  It has been suggested that PhyB 
posttraslationally regulates Constans (CO), a transcription 
factor that controls Flowering Locus T (FT), which normally 
acts to induce flowering.  And indeed, FT transcript is more 
abundant in phyb mutants, which easily explains the early 
flowering phenotype.4,10  Since three of the four suppressor 
mutations flowered earlier than the fiery1 mutant (which has 
a late flowering phenotype), it seems likely that an inactive or 
truncated PhyB protein might be responsible for their mutant 
phenotype.

To determine whether there is any mutation in the PhyB 
gene, the PhyB gene from H32 was amplified and sequenced.  
After initial results indicated a possible mutation within the 
gene, C24 wild type DNA was also sent for sequencing so that 
the mutation could be confirmed or ruled out as a polymorphism 
between ecotypes.  The C to T substitution within the first 
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1000 base pairs of the gene initially noted in H32 was, in fact, 
not present in either Columbia or C24 wild type DNA.  This 
mutation would lead to the change of a glycine-coding CAG 
codon to the stop codon AUG and would result in a truncated 
PhyB protein that is most likely nonfunctional.  Therefore, 
H32 is most likely a null allele of PhyB (Figure 9).    

Interestingly, while sequencing the H32 and C24 PhyB 
gene, we discovered an unreported polymorphism between 
C24 and Col in the PhyB gene.  The 12 base pair sequence 
after nucleotide 41 (in cDNA) in Columbia is absent in the 
C24 ecotype.  Using this polymorphism, we generated a new 
SSLP marker within that gene.  Using the already-made PhyB 
1F sequencing primer and a reverse primer designed after the 
discovery of this marker, the four suppressor mutants showing 
linkage to chromosome two were tested for their linkage to 
PhyB.  Bulk samples of all the unsequenced mutants, originally 
used in bulk segregant analysis, were amplified with the new 
primers (Figure 8).  A negative control, a single DNA sample 
which had shown recombination at nga114, nga1126 and 
nga168 in fine mapping, was used, and it confirmed that the 
marker is reliable. Both H11 and H17 showed only a single 
band, corresponding to the C24 segment.  H48, however, 
showed two bands.  Although the C24 band is obviously 
stronger, this still calls into question the identity of the H48 
mutation.

Since H17 and H48 had been mapped to the region on 
chromosome two containing PhyB (Tables 5 and 7) and 
displayed similar phenotypes (e.g. early flowering) to the 
mutant H32, both mutants were sequenced for PhyB.

Indeed, a mutation in PhyB was detected in the H17 
mutant.  This G to A substitution near position 2600 of the 
genomic DNA would convert an AGU codon for serine to an 
AAU codon for asparagine (Figure 10).  This alteration occurs 
in the carboxyl half of the protein, a region composed of two 
bacterial histidine-kinase domains.  The first of these domains 
contains two PAS repeats, and the H17 mutation occurs 
within the second of these repeats (Figure 11).  Although serine 
and asparagine are both small, polar, and structurally similar, 
serine phosphorylation has been suggested to be essential for 
Phytochrome A function and may also be important in that of 
Phytochrome B.  Asparagine cannot be phosphorylated, and it 
is this difference that may be the actual cause of the aberrant 
phenotype.

H11, having initially been sequenced for Hy1 only to show 
no mutation, has not yet been sequenced for PhyB, but the 
SSLP results suggest that this gene could be the site of that 
mutation.

Such conclusive linkage of these fiery1 suppressors 
to phytochromes, which are essential to light signaling, 
indicates that FRY1 represents a point of crossover between 
ABA-independent (such as cold) and ABA-dependent stress 
signaling and the light signaling of photomorphogenesis.  
Indeed, some evidence already exists for the overlap of cold 
signaling and light signaling through Phytochrome B.  Kim 
et al (2002)1 used GUS staining and null mutants to show 
that light, specifically Phytochrome B activity, is essential for 
induction of cold and drought responsive genes linked to the 
ABA-independent C/DRE promoter.  Also, Halliday et al 
(2003)4 showed that the early flowering phenotype of phyB 
mutants was abolished at temperatures below 16°C, though 
fully apparent at 22°C.  Although they also implicated PhyE in 
this process, their results still indicate yet another connection 
between photomorphogenesis and stress response.

One possible component underlying this cross talk could be 
Ca2+.  Ca2+ has already been implicated as an important second 
messenger in cold stress response.  Interestingly, UVA/Blue 
Light and UV-B have been shown to regulate calcium levels 
in the cytosol.11  FRY1 itself may regulate calcium ion flow 
through IP

3
 catabolism and, through this, mediate the stress 

response.6  Therefore it seems likely that fiery1 suppressors, and 
therefore PhyB, should be related somehow to the ubiquitous 
calcium signal.

The cross-talk could also be mediated by Phytochrome B 
itself through its particular domain.  The two PAS repeats in 
Phytochrome B are known to play roles in signaling through 
protein-protein interactions and responses to small ligands or 
changes in light, redox potential, or oxygen levels.12   These 
PAS repeats are hotspots for missense mutations which alter, 
but generally do not abolish, the function of PhyB, causing 
speculation that they are used in interactions with downstream 
signaling molecules.13  H17, whose mutation occurred within 
the second of these PAS repeats, has a phenotype unique among 
the studied fiery1 suppressors in that it displays a heightened 
sensitivity to ABA, even above the initial hypersensitivity of 
fiery1.  This suggests that the PAS repeats in PhyB may play a 
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role in ABA signal transduction. 
However, purely genetic studies such as this one cannot 

conclusively show the interactions of signaling proteins or 
the role of an inorganic ion such as calcium in these signaling 
pathways.  Further studies should be carried out to determine 
whether or not there are ABA-signaling proteins that interact 
with PhyB and the nature of that interaction.  ABA-dependent 
and -independent pathways could also be studied to determine 
if there are differences in their relations to phytochromes, since 
this study only shows a general overlap between stress signaling 
and light signaling.  

Also, there are many other fiery1 suppressor mutants that 
have not been studied or sequenced; even H11, though it 
showed linkage to PhyB, has not been fully analyzed.  Further 
study of these mutations could yield even more information 
concerning the roles of phytochromes and other light signaling 
molecules.

References
1. Kim, H., Kim, Y., Park, J., and Kim, J. (2002).  Light signaling mediated by 
phytochrome plays an important role in cold-induced gene expression through 
the C-repeat/dehydration responsive element (C/DRE) in Arabidopsis 
Thaliana.  The Plant Journal. 29: 693-704.
2. Wang, H. and Deng, X.W.  Phytochrome Signaling Mechanism. (2004)  
The Arabidopsis Book, eds. C.R. Somerville and E.M. Meyerowitz. American 
Society of Plant Biologists; Rockville, MD.  doi/10.1199/tab.0054, http://
www.aspb.org/publications/arabidopsis/
3. Nemhauser, J. and Chory, J. Photomorphogenesis. (2002) The Arabidopsis 
Book, eds. C.R. Somerville and E.M. Meyerowitz. American Society of Plant 
Biologists; Rockville, MD. doi/10.1199/tab.0054, http://www.aspb.org/
publications/arabidopsis/
4. Halliday, K.J., Salter, M. J., Thingnaes, E., and Whitelam, G. C. (2003)  



Volume 5 • Issue 1 • Fall 200630 jur.rochester.edu

Acids Research. 19:1349.
9. Jander, G., Norris, S. R., Rounsley, S. D., Bush, D. F.; Levin, I. M., and 
Last, R. L. (2002). Arabidopsis Map-Based Cloning in the Post-Genome Era. 
Plant Physiology.  129: 440-450.
10. Endo, M., Nakamura, S., Araki, T., Mochizuki, N., and Nagatani, A. 
(2005).  Phytochrome B in the Mesophyll Delays Flowering by Suppressing 
FLOWERING LOCUS T Expression in Arabidopsis Vascular Bundles.  The 
Plant Cell.  17: 1941-1952.
11. Long, J. C. and Jenkins, G. I. (1998).  Involvement of Plasma Membrane 
Redox Activity and Calcium Homeostasis in the UV-B and UV-A/Blue Light 
Induction of Gene Expression in Arabidopsis.  The Plant Cell.  10: 2077-
2086.
12. Neff, M.M., Fankhauser, C., and Chory, J. (2000).  Light: an indicator of 
time and place.  Genes and Development. 14: 257-271.
13. Elich, T.D., Chory, J. (1997). Biochemical Characterization of Arabidopsis 
Wild-Type and Mutant Phytochrome B Holoproteins. The Plant Cell. 9: 2271-
2280.

Phytochrome control of flowering is temperature sensitive and correlates with 
expression of the floral integrator FT.  The Plant Journal.  33: 875-885.
5. Ishitani, M., Xiong, L., Stevenson, B., Zhu, J. (1997).  Genetic Analysis 
of Osmotic and Cold Stress Signal Transduction in Arabidopsis: Interactions 
and Convergence of Abscisic Acid-Dependent and Abscisic Acid-Independent 
Pathways. The Plant Cell. 9: 1935-1949.
6. Xiong, L., Lee, B., Ishitani, M., Lee, H., Zhang, C., and Zhu, J. (2001).  
FIERY1 encoding an inositol polyphosphate 1-phosphatase is a negative 
regulator of abscisic acid and stress signaling in Arabidopsis.  Genes and 
Development.  15: 1971-1984.
7. Lukowitz, W., Gillmor, C. S., and Scheible, W. (2000).  Positional Cloning 
in Arabidopsis.  Why It Feels Good to Have a Genome Initiative Working for 
You.  Plant Physiology.  123: 795-805.
8. Edwards, K., Johnstone, C., Thompson, C. (1991).  A simple and rapid 
method for the preparation of plant genomic DNA for PCR analysis.  Nucleic 

 Volume 5 • Issues 1&2 • Fall 2006 - Spring 2007


