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3 Results

3.1 Analysis of light effects on the organellar gene expression

Higher plants are sessile organisms and therefore possess a wide number of photoreceptors
for detection of different light qualities in their environment (Chen et al., 2004; Chory et al.,
2010). Photoreceptor mutations lead to distinct phenotypes in Arabidopsis (Figure 6;
Koornneef et al., 1980, 1991; Ahmad and Cashmore, 1993; Nagatani et al., 1993; Reed et al.,
1994; Oyama et al., 1997; Guo et al., 1998; Ahmad et al., 1998a). Phenotypic differences of
wild-type plants and photoreceptor mutant seedlings (phyA, phyB, phyA/phyB, cryl, cry2,
cryl/cry2, hy5) grown for seven days under a 16-h photoperiod were compared to those
grown for seven days in complete darkness and are presented in Figure 6. While phyA and
cry2 mutants exhibited no difference compared to the wild type under light condition, all
others showed elongated hypocotyls growth (Figure 6A; Batschauer ef al., 2007; Franklin and
Quail, 2010). Furthermore, in cryl/cry2 mutants opening of the hypocotyl hook was slightly
delayed. As expected, all dark grown seedlings showed the typical etiolated phenotype
(Figure 6B), which is characterized by an elongated hypocotyl, not fully developed
cotyledons within an apical hook, and the lack of chlorophyll (Franklin and Quail, 2010).
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Figure 6: Phenotypic differences of Arabidopsis wild type and photoreceptor mutants after seven
days in light or darkness.

Seedlings of Arabidopsis Landsberg erecta (Ler) wild type and photoreceptor mutants (phyA, phyB,
phyA/phyB, cryl, cry2, cryl/cry2, hy5) were grown for seven days in white light (A) with a 16-h
photoperiod (270 pmol m™ s™) or in complete darkness (B). Bar = 5 mm.
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Figure 11: Accumulation of RpoT gene transcripts in phytochrome mutants in red light.

Seedlings of phyA (A), phyB (B) and phyA/phyB (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to red light (11 pmol m?s™). Samples were taken at
the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness and are presented as means
from two independent experiments + SE. UBQ11 mRNA levels were used as internal standard.

3.1.2.2.3 RpoT transcript accumulation in red light for cryptochrome mutants

No induction of RpoTm and RpoTmp transcript levels was observed upon illumination of
the blue light receptor knockout mutants cryl, cry2, and cryl/cry2 with red light (Figure
12A-C). One exception was seen in cryl/cry2 mutants were the RpoTmp transcript levels at
least showed a slight light induction after twelve hours (2-fold increase). In cry2 mutants,
RpoTp transcript accumulation peaked after four hours of treatment with red light. Similarly,
RpoTp mRNA levels in cryl/cry2 double knockout mutants strongly increased up to four
times after twelve hours. However, this induction was not detectable in the single mutants. A
knockout of one or both cryptochromes led to a reduction of all RpoT transcripts compared to
the Ler wild type (Figure 12D). Comparable transcript levels were found only for RpoTp in
the cryl/cry2 mutants after twelve hours of illumination. Nonetheless, the overall transcript
accumulation of all three RpoTs was strongly inhibited in cryptochrome knockout mutants

under red light conditions.
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Figure 12: Accumulation of RpoT gene transcripts in cryptochrome mutants in red light.

Seedlings of cryl (A), cry2 (B) and cryl/cry2 (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to red light (11 pmol m™s™). Samples were taken at
the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness and are presented as means
from two independent experiments + SE. UBQ11 mRNA levels were used as internal standard.

The surprising effect that the blue light receptor knockout seedlings (cry) showed no
induction of RpoT mRNA levels after red light treatment as was seen in wild-type seedlings
(Figure 12), raised the question if the appropriate seeds were chosen for the experiments.
However, not only the phenotypes of the mutant plants was as expected (Figure 6A), but also
Western blot analyses confirmed the mutants to be accurate (Figure 13). Using a PHYA-
specific antibody, PHYA was only detected in wild type and phyB seedlings (lanes 1 and 3),
but not in protein extracts from phyA and phyA/phyB mutants (lanes 2 and 4). Therefore, the
results suggest a role of cryptochromes in mediating red light signals to activate RpoT

transcript accumulation.
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Figure 13: Immunoblot analysis of PHY A in 7-d-old etiolated seedlings of Arabidopsis wild type
and the phytochrome-deficient mutants.

PHYA was analyzed by immunoblot detection in 7-d-old-etiolated seedlings of Arabidopsis Ler
wild type (wt), the phyA mutant (phyA4), the phyB mutant (phyB), and the phyA/phyB double mutant
(phyA /phyB). For the detection of PHYA a monoclonal antibody was used. Separation of 10 ug total
protein on a 7.5% PAA-gel. Control: the large subunit of RuBisCo as detected by Ponceau staining is
shown.

3.1.2.2.4 RpoT transcript accumulation in red light for 4y5 knockout mutants

The knockout of 4y5 does not completely inhibit light induced accumulation of RpoTm and
RpoTp transcripts, but those of RpoTmp (Figure 14A). As seen before in the other mutants,
transcript levels of all RpoT genes first declined before increasing upon further illumination.
Only after twenty-four hours transcripts of RpoTm and RpoTp accumulated to more than two
time higher levels compared to initial values; no increase of RpoTmp transcript levels was
detectable under red light. The drastic decrease of RpoT transcripts in 4y5 mutants suggests
HYS5 to play an important role in red light transduction to increase RpoT transcript levels

(Figure 14B).
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Figure 14: Accumulation of RpoT gene transcripts in 4y5 mutants in red light.

Seedlings of 4y5 mutants (A) and Ler wild type (B) were grown in darkness (d) for seven days
subsequently exposed to red light (11 pmol m™s™). Samples were taken at the time points indicated
above. Analysis of RpoT transcript accumulation was done by quantitative real-time PCR. Data were
normalized to the amounts of RpoTs in darkness and are presented as means from two independent
experiments + SE. UBQ11 mRNA levels were used as internal standard.
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3.1.2.2.5 RpoT transcript accumulation in blue light for Ler wild type

Interestingly, blue light was found to have no significant effect on the expression of all
three RpoT genes in the wild type (Figure 15). A decline of transcripts after one hour was
observed. Transcript levels of RpoTm (Figure 15A) and RpoTmp (Figure 15B) showed a slight
increase until twelve hours of illumination and afterwards levels tended to decrease again.
RpoTp mRNA levels were increased only 1.9 times in maximum (Figure 15C). After one day
of illumination the transcript level decreased back to values of the dark control. Taken
together, all three RNA polymerase genes showed similar accumulation patterns (Figure 15D)
with RpoTp transcript levels increasing only slightly stronger than those of RpoTm and
RpoTmp. Overall, however, illumination with blue light did not significantly induce an

increase of RpoT transcript levels in Ler wild type.
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Figure 15: Accumulation of RpoT gene transcripts in wild-type plants in blue light.

Seedlings of Ler wild type were grown in darkness (d) for seven days and subsequently exposed to
blue light (4 pmol m™ s™). Samples were taken at the time points indicated above. Analysis of RpoTm
(A), RpoTmp (B) and RpoTp (C) transcript accumulation was done by quantitative real-time PCR.
Data were normalized to the amounts of RpoTs in darkness and are presented as means from two
independent experiments = SE. (D) Synopsis of RpoT transcript levels as shown in A-C. UBQI11
mRNA levels were used as internal standard.
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3.1.2.2.6 RpoT transcript accumulation in blue light for phytochrome mutants

In phyA mutants transcript accumulation of RpoT mRNA peaked after twelve hours of light
treatment to levels approximately 2- to 4-fold higher than in the dark (Figure 16A). RpoTp
transcripts were nearly doubled compared to the wild type. In phyB mutants, the RpoT gene
transcript accumulation increased after transfer to blue light (Figure 16B). Again, RpoTp
transcripts increased most, accumulating to almost three times higher levels after twelve hours
in light compared to dark controls. The transcript accumulation in blue light was also studied
in phyA/phyB double knockout mutants (Figure 16C). In contrast, to the phy single knockout
mutants, phyA/phyB double knockout mutants showed no significant difference to the wild
type (Figure 16D). This data indicate that phytochromes are rather not involved in blue light

perception.

—
—

phyA phyB

(3]
(%3]

HRpoTm MWRpoTmp DRpoTp ERpoTm MWRpoTmp ERpoTp

i
2 ﬂanT

d 1h 4h 6h 12h 24h d 1h 4h 6h 12h 24h

rel. amount of transcripts »
W B
1

rel. amount of transcripts w
w
H

duration of blue light exposure duration of blue light exposure

—
—

phyA/phyB

B ARpoTm MBRpoTmp ORpoTp

Ler

[}
w

BARpoTm MBRpoTmp DORpoTp

rel. amount of transcripts 0
w

rel. amount of transcripts ©
w

d 1h 4h 6h 12h 24h d 1h 4h 6h 12h 24h

duration of blue light exposure duration of blue light exposure

Figure 16: Accumulation of RpoT gene transcripts in phytochrome mutants in blue light.

Seedlings of phyA (A), phyB (B) and phyA/phyB (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to blue light (4 pmol m™ s™). Samples were taken at
the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness and are presented as means
from two independent experiments + SE. UBQ11 mRNA levels were used as internal standard.
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3.1.2.2.7 RpoT transcript accumulation in blue light for cryptochrome mutants

The illumination with blue light did not induce an increase of RpoTm and RpoTmp
transcript levels in the cryl and cry2 mutants (Figure 17A+B). Interestingly, RpoTp transcript
accumulation was clearly induced by exposure to blue light. The transcript levels were
strongly increased within four hours, while longer light exposure did not change the mRNA
level significantly further. Surprisingly, the lack of both cryptochromes, CRY1 and CRY2,
had an additive effect of blue light on RpoT gene expression (Figure 17C). Here, although in
case of RpoTm and RpoTmp only weakly, an influence of light on the transcript accumulation
was clearly visible for all three RpoT genes, which was not detected in the cry single mutants.
Within four hours both transcripts reached levels of 2.2 times higher than in dark grown
seedlings and stayed constant upon further illumination. RpoTp transcript levels increased
strongly within four hours of exposure to blue light with a peak value 7.5 times higher than

initial values.
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Figure 17: Accumulation of RpoT gene transcripts in cryptochrome mutants in blue light.

Seedlings of cryl (A), cry2 (B) and cryl/cry2 (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to blue light (4 pmol m™ s™). Samples were taken at
the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness. UBQI1 mRNA levels
were used as internal standard.
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This is in stark contrast to the RpoT transcript abundance in the wild type, where blue light
did not induce RpoT gene expression on transcript levels (Figure 17D). Therefore, the data
suggest that indeed cryptochromes mediate blue light signals involved in RpoT expression.
However, in opposite to red light (Figure 12), blue light signals perceived via cryptochromes

seem to be rather involved in inhibiting light activation of RpoT expression.

3.1.2.2.8 RpoT transcript accumulation in blue light for 4y5 knockout mutants

After blue light exposure the hy5 single knockout mutants showed similar to the cry
mutants an increase for RpoTmp and RpoTp transcript levels (Figure 18 A). RpoTmp transcript
accumulation after twenty-four hours showed at least a very weak light induction via blue
light. Again the strongest effects were detectable for RpoTp, where the induction reached a
3.7-fold increase within twenty-four hours of illumination. The RpoTp transcript levels in hy5
mutants were higher than in the wild type (Figure 18B), but not as high compared to the
cryl/cry2 mutants (Figure 17C). Like in the wild type no induction of RpoTm transcripts
under blue light was detectable. Similar to the cryptochromes, HY5 seems to serve as a
central signal integrator involved in mediating blue light signals in repressing RpoT

expression.

—
—_—

hy5 Ler

w

BRpoTm MWRpoTmp _'J:I RpoTp

i
[l il

d 1h 4h 6h 12h 24h d 1h ah 6h 12h 24h

BRpoTm MBRpoTmp BERpoTp

rel. amount of transcripts »
w

rel. amount of transcripts m
w

duration of blue light exposure duration of blue light exposure

Figure 18: Accumulation of RpoT gene transcripts in 4y5 mutants in blue light.

Seedlings of 4y5 mutants (A) and Ler wild type (B) were grown in darkness (d) for seven days
subsequently exposed to blue light (4 pmol m™ s™"). Samples were taken at the time points indicated
above. Analysis of RpoT transcript accumulation was done by quantitative real-time PCR. Data were
normalized to the amounts of RpoTs in darkness and are presented as means from two independent
experiments + SE. UBQ11 mRNA levels were used as internal standard.
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3.1.2.2.9 RpoT transcript accumulation in green light for Ler wild type

The exposition to green light showed a very interesting accumulation pattern for the
wild type (Figure 19A-C). After four hours of illumination an increase of all three RpoT
transcript amounts was detectable. Although most pronounced for RpoTp transcript levels,
RpoTm and RpoTmp mRNAs accumulated also to significant higher levels at this point in
time (Figure 19D). Further light exposure led to a decrease of all transcripts back to levels
found in darkness. Although often discussed as having less influence on organellar gene
transcription when compared to red and blue light, here, green light treatment led to a distinct,

albeit brief increase in RpoT transcript levels.
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Figure 19: Accumulation of RpoT gene transcripts in wild-type plants in green light.

Seedlings of Ler wild type were grown in darkness (d) for seven days and subsequently exposed to
green light (3 pmol m™ s™). Samples were taken at the time points indicated above. Analysis of RpoTm
(A), RpoTmp (B) and RpoTp (C) transcript accumulation was done by quantitative real-time PCR. (D)
Synopsis of RpoT transcript levels as shown in A-C. Data were normalized to the amounts of RpoTs in
darkness and are presented as means from two independent experiments = SE. UBQ11 mRNA levels
were used as internal standard.
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3.1.2.2.10 RpoT transcript accumulation in green light for phytochrome mutants

The phyA and phyB mutants showed a drop of steady-state transcript levels for all RpoTs
during four hours of illumination with green light (Figure 20A+B). After six hours, transcript
levels started to exceed level of dark control values. Only RpoTp transcripts slightly increased
beyond the level of two. In the phyA/phyB mutants steady-state levels of all RpoT genes did
not change until twenty-four hours of light treatment (Figure 20C). At that moment, transcript
abundance for all three RpoTs was just doubled compared to dark controls. Particularly
noticeable is the complete lack of the distinct peak after four hours of green light treatment
observed in wild-type seedlings (Figure 20D). Therefore, red light absorbing phytochromes

seem to be involved in the perception of green light signals.
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Figure 20: Accumulation of RpoT gene transcripts in phytochrome mutants in green light.

Seedlings of phyA (A), phyB (B) and phyA/phyB (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to green light (3 pmol m™ s™). Samples were taken
at the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness and are presented as means
from two independent experiments + SE. UBQ11 mRNA levels were used as internal standard.
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3.1.2.2.11 RpoT transcript accumulation in green light for cryptochrome mutants

The accumulation of all three RpoT genes in the cryl mutants was induced by exposure to
green light within six hours (Figure 21A). After six hours RpoTm and RpoTmp transcripts
reached levels of around 2 times higher than in dark-grown seedlings. Related to the dark
control, mRNA level of RpoTp were around 4.8 times in maximum at the same moment and
decreased afterwards. In the cry2 mutants RpoTm and RpoTmp mRNA accumulation had not
been stimulated at all after illumination with green light (Figure 21B). In contrast, after
twenty-four hours RpoTp transcript levels accumulated to approximately 3.5 times higher
levels compared to dark controls. The accumulation pattern for the cryl/cry2 double mutants
resembles that of the cry2 single mutants (Figure 21C). In the cry! single knockout mutants
the peak for the RpoT genes was just shifted from four hours to six hours compared to the
wild type (Figure 21D). The knockout of cry2 led to strong reduction of RpoT transcripts,
indicating its major role in green light perception, while the knockout of cryl led just to a

shift of the transcript accumulation peak.
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Figure 21: Accumulation of RpoT gene transcripts in cryptochrome mutants in green light.

Seedlings of cryl (A), cry2 (B) and cryl/cry2 (C) mutants and Ler wild type (D) were grown in
darkness (d) for seven days subsequently exposed to green light (3 pmol m™s™). Samples were taken
at the time points indicated above. Analysis of RpoT transcript accumulation was done by quantitative
real-time PCR. Data were normalized to the amounts of RpoTs in darkness and are presented as means
from two independent experiments + SE. UBQ11 mRNA levels were used as internal standard.
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3.1.2.2.12 RpoT transcript accumulation in green light for 4y5 knockout mutants

The continuous illumination with green light apparently led to no change for all RpoT
transcript levels in hy5 mutants compared to dark control values (Figure 22A). The
characteristic peak after four hours of light treatment, which was detectable in the wild type
(Figure 22B) was completely missing in the /4y5 mutants (Figure 22A). Generally, detected
transcript levels for all three polymerases were found to stay around the level of the dark
control, which suggests that HYS is important not only for red and blue light, but also for

green light signal transduction.
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Figure 22: Accumulation of RpoT gene transcripts in #y5 mutants in green light.

Seedlings of 4y5 mutants (A) and Ler wild type (B) were grown in darkness (d) for seven days
subsequently exposed to green light (3 pmol m™ s'). Samples were taken at the time points indicated
above. Analysis of RpoT transcript accumulation was done by quantitative real-time PCR. Data were
normalized to the amounts of RpoTs in darkness and are presented as means from two independent
experiments = SE. UBQ11 mRNA levels were used as internal standard.

3.1.2.3 Summary: RpoT transcript accumulation in different light qualities

The observed changes in transcript accumulation indicated that white, red, blue, and green
light differentially stimulated the expression of all three RpoT genes. In Ler wild-type plants
the illumination with white or red light led to an increase of all RpoT transcripts. In contrast,
blue light was found to have no significant effect on the expression, while during green light
treatment the RpoT transcripts peaked after four hours. Studying the influence of red, blue and
green light on the RpoT gene expression in photoreceptor mutants, a different influence of the
receptor classes was revealed. Under red light conditions, phytochromes and cryptochromes
seem to be involved in perception of red light signals. The repressive effect of blue light on
the RpoT transcript accumulation is mediated via cryptochromes. Green light signals seemed
to be perceived mainly by phytochromes and CRY2, while HYS was confirmed as an

important signal transduction factor under all tested conditions.
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3.2.1.2 Cytokinin regulation of chloroplast size and chloroplast numbers

The exogenous application of cytokinin (BA) led to a change of chloroplast size and
number in wild-type plants (Okazaki et al., 2009). These changes could be a result of
cytokinin-induced changes in the chloroplast division machinery. To gain more information
about involved pathways, the specific effects of cytokinin on chloroplast size and number was
studied by microscopy not only in Col-0 wild-type plants, but also in cytokinin-related
mutants (crel, ahk2, ahk3, crel/ahk2, crel/ahk3, ahk2/ahk3, ARRI, CKXI).

As expected, a reduction of the chloroplast size as a result of cytokinin application was
found in Col-0 wild-type plants (Figure 25). The mean chloroplast diameter was 6.5 pm in
water-control plants compared to 5.0 pum in cytokinin-treated wild-type plants. Reductive
effects of cytokinin on the chloroplast size were also observed for the ahk2 and crel single
mutants as well as for the cytokinin-deficient CKX/ seedlings. A less pronounced reduction of
the chloroplast size was found for the ahk3 single mutant, the crel/ahk3 and crel/ahk2 double
mutants, and for the ARRI seedlings. Interestingly, no significant differences in the
chloroplast sizes were detectable in ahk2/ahk3 double mutants grown on plates with cytokinin
to water control plants. Compared to the wild type, the chloroplast size was already reduced

in ahk2/ahk3 mutants without any cytokinin treatment.
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Figure 25: Cytokinin treatment decreases the size of chloroplasts.

Arabidopsis wild type and cytokinin-related mutant seedlings were grown for ten days on MS plates
with 5 uM 6-benzyladenin (BA) or without (H,O). Cytokinin effects on chloroplast size are presented.
For determination of chloroplast size means + SE from each hundred individual chloroplasts are
shown. Asterisks indicate a significant difference as calculated by Student‘s ¢ test (p < 0.005).
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Taken together, exogenously applied cytokinin appears to restrict chloroplast size as the
diameter of chloroplasts in cytokinin-treated plants was smaller than in non-treated plants.
The knockout of the two histidine kinases ahk2 and ahk3 led to complete inhibition of
cytokinin-induced chloroplast size reduction. It is known, that both cytokinin receptors
contribute to the cytokinin-regulated leaf cell formation and therefore the formation of
chloroplasts might also be negatively affected in the double receptor mutants (Riefler et al.,
2006).

Additionally, the average number of chloroplasts in mesophyll cells was determined for
plants grown with or without application of cytokinin (Figure 26). This was done to analyze if
the chloroplast size changed to compensate for altered numbers of chloroplasts per cell. For
wild-type seedlings an about 1.5-fold higher number of chloroplasts was found in treated
plants compared to the water control. For comparison, the largest difference between plants
grown on medium with or without cytokinin was seen for ARRI plants. The chloroplast
numbers increased significantly in nearly all cytokinin-treated mutants compared to those in
plants grown without cytokinin, but to different extent. Only in cytokinin-deficient CKX/

seedlings treatment with BA did not increase the number of chloroplasts.
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Figure 26: Cytokinin treatment increases the number of chloroplasts per mesophyll cell.

Arabidopsis wild type and cytokinin-related mutant seedlings were grown for ten days on MS plates
with 5 uM 6-benzyladenin (BA) or without (H,O). Cytokinin effects on chloroplast numbers are
presented. For determination of chloroplast numbers means + SE from analyzing each 17 mesophyll
cells are shown. Asterisks indicate a significant difference as calculated by Student‘s # test (p < 0.005).
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To summarize, with exception of the cytokinin-deficient CKX/ (no change in chloroplast
number) and ahk2/ahk3 mutants (no change in chloroplast size), exogenously applied
cytokinin led to a larger number of smaller chloroplasts in most of the analyzed Arabidopsis
plants. The results suggest that cytokinin led to an increase in the chloroplast division rate and
hence to alterations of chloroplast parameters such as size and number. The presence of
smaller chloroplast might also influence the plastome copy numbers per cell, therefore this

plastidial parameter was studied next.

3.2.1.3 Cytokinin effects on the plastome copy numbers per cell

Endoreduplication is a common mechanism in plants, which leads to changes in nuclear
DNA content. It is known from previous experiments in Arabidopsis that the mean ploidy
levels (C-values, where 2C equals diploidy) can vary due to endoreduplication events (Barow
and Meister, 2003; Zoschke et al., 2007). Furthermore, knowledge of nuclear ploidy levels is
a prerequisite to quantify plastidial gene copy numbers relative to the nuclear DNA content.
To study, if the increasing number of smaller chloroplasts per cell in cytokinin-treated plants
has an influence on nuclear DNA ploidy levels (Figure 27) and plastome copy numbers

(Figure 28), additional flow-cytometric analysis was performed.
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Figure 27: Cytokinin effects on genome ploidy levels in Col-0 wild type and mutant seedlings.

Arabidopsis wild type and cytokinin-related mutant seedlings were grown for ten days on MS plates
with 5 uM 6-benzyladenin (BA) or without (H,O). Changes in nuclear DNA content (ploidy levels) in
different plants was measured by flow cytometry as outlined in Material and Methods section. Means
from three independent experiments + SE are presented.
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Interestingly, average ploidy numbers increased slightly in nearly all plants after
application of cytokinin by 1C (Figure 27). For example, in Col-0 wild type the average
ploidy numbers changed from about 6 to about 7 genome copies per cell. In the
cytokinin-related mutants mean C-values varied between 6C to 7C for water control
conditions and between 7C to 8C for cytokinin treatment. No influence of cytokinin treatment
on the nuclear ploidy levels were found in the crel single and the ahk2/ahk3 double mutants
suggesting that the reception of cytokinin is indeed responsible for the observed increase in
nuclear ploidy levels.

Using the mean C-values (Figure 27) and the quantitative RT-PCR data on the amount of
the plastidial genes pshA and clpP, determination of the average plastome copy numbers per
cell was carried out. In general, BA treatment also resulted in an increase of the plastome
copy numbers per cell (Figure 28). About 1200 plastome copies per cell were observed in
non-treated wild-type plants. This correlates well with estimates of Zoschke et al. (2007)

where 1000-1700 plastome copies per cell during Arabidopsis leaf development were found.
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Figure 28: Cytokinin effects on plastome copy numbers in Col-0 wild type and mutant seedlings.

Arabidopsis wild type and cytokinin-related mutant seedlings were grown for ten days on MS plates
with 5 uM 6-benzyladenin (BA) or without (H,0O). Plastome copy numbers per cell in different plants
are presented. Analysis of relative DNA content of Arabidopsis plastidial psbA and clpP genes in
different plants was performed by quantitative real-time PCR. Data were normalized to the amount of
nuclear RpoTm gene and expressed as 2°T. Therefore plastome copy numbers per cell were
determined by calculating the product of the average values of the two quantified genes and the mean
C-value. Means from three independent experiments + SE are presented.
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In the wild-type plants and both mutants, the transcription in chloroplasts did not respond
to cytokinin (Figure 29). Since the cytokinin effect on chloroplast transcription was
considered significant if the run-on signals differed at least 2-fold from the water control, no
significant response to BA was found. In all tested plants only an around 1.3-fold higher
activation of transcription could be observed as a result of a cytokinin effect. Even for both
classes of functional genes there was no significant response to the cytokinin treatment
detectable. Therefore, although showing higher plastome copy numbers, the transcription
activity in plants grown on medium with cytokinin most likely adapted to the permanent high

cytokinin levels.
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Figure 29: Cytokinin effects on plastidial gene transcription in seedlings sown on MS medium.

Arabidopsis wild-type plants and cytokinin-related mutant seedlings were grown for ten days on MS
plates with 5 uM 6-benzyladenin (BA) or without (H,O). Ratios of the transcription rates in
chloroplasts (photosynthesis-related and housekeeping genes) from cytokinin-treated Arabidopsis wild
type and selected cytokinin-related mutant seedlings to the rates in chloroplasts from non-treated
plants are presented as means from at least two independent experiments + SE.

3.2.2 Cytokinin effects on plastid gene transcription in seedlings sown on a net

To circumvent adaption of plastid transcription to higher cytokinin levels, Arabidopsis
wild-type plants and cytokinin-related mutants were cultivated on top of a net placed on soil
for twelve days and cytokinin treatment was only performed for the last six hours. In
experiments with barley, pre-incubation of the detached leaves for twenty-four hours on water
in the light before BA application was found to be a prerequisite for pronounced cytokinin

effects on chloroplast transcription (Zubo et al., 2008). Therefore, 12-day-old Arabidopsis
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seedlings were cut, washed and then pre-incubated in water for twenty-four hours under
continuous light. Afterwards the plants were transferred for additional six hours to a BA
solution (2.2 x 10°M) or water (control). Again, chloroplast isolation and run-on transcription
assay were performed as described.

Chloroplast gene transcription in Col-0 wild-type plants showed a significant response to
cytokinin incubation for six hours (Figure 30). The incubation with cytokinin led for
photosynthesis-related and housekeeping genes to around 2.3- to 2.4-fold higher activation of
transcription, respectively. In contrast, cytokinin treatment of cytokinin-related mutants
resulted in no or only slight induction of plastidial gene transcription. The effects of cytokinin
on chloroplast transcription were reduced in all three kinase mutants, although more
prominent in ahk3 and crel than in ahk2. As expected, the cytokinin effect on plastid
transcription was even stronger reduced in ahk double mutants than in the single mutants.
ARRI mutants possess an increased resistance to BA due to the knockout of the response
regulator ARRI1, while in CKX/ mutants the cytokinin degradation is enhanced.
Consequently, no BA-induced activation of chloroplast gene transcription was observed in

cytokinin-deficient CKX/ and cytokinin-resistant ARR/ plants.
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Figure 30: Cytokinin regulation of chloroplast gene transcription in seedlings sown on net.

Ratios of the transcription rates in chloroplasts (photosynthesis-related and housekeeping genes) from
cytokinin-treated Arabidopsis wild type and cytokinin-related mutant seedlings to the rates in
chloroplasts from non-treated plants are presented as means from at least two independent experiments
+ SE. Plants were cultivated on top of a net placed on soil. A 24-h pre-incubation of 12-day-old plants
on water and subsequent incubation for six hours on water or BA solution was performed.
Pre-incubation and incubation of the seedlings were carried out in the light.
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The results indicated that histidine kinase receptors are functionally redundant.
Nevertheless, influence of mutations in cre/ and ahk3 genes stronger abolished cytokinin
action on chloroplast transcription then mutation in ahk2 gene. In addition, different groups of
genes were regulated in different extends in receptor mutants (BA activation of transcription

of housekeeping genes slightly stronger than those of photosynthesis-related genes).

3.2.3 Cytokinin effects on plastid gene transcription/transcripts in sig-mutants

Some of cytokinin-inducible genes were transcribed via plastid-encoded plastid RNA
polymerase (PEP). To investigate the role of sigma factors needed for promoter recognition
by PEP in the cytokinin signaling pathway, the influence of cytokinin on chloroplast
transcription was analyzed in sigma factor mutants (sig-mutants) by run-on assays (Figure 31)

and quantitative real-time PCR (Figure 32).
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Figure 31: Cytokinin regulation of chloroplast gene transcription in sigma factor mutants.

Ratios of the transcription rates in chloroplasts (photosynthesis-related and housekeeping genes) from
cytokinin-treated wild type and sigma factor mutant seedlings to the rates in chloroplasts from
non-treated plants are presented as means from at least three independent experiments = SE. Plants
were cultivated on top of a net placed on soil. A 24-h pre-incubation of 12-day-old plants on water and
subsequent incubation for 6h on water or BA solution was performed.

An induction of chloroplast gene transcription was found in wild-type plants (Figure 31).
Application of exogenous cytokinin led to a more than 2-fold activation of plastidial gene
transcription. Similar to cytokinin-related mutants, transcription of housekeeping genes in sig-

mutants were found to be less affected compared to photosynthesis-related genes. Cytokinin
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effects on total chloroplast transcription were slightly reduced in sig3, sig4, and sig5 mutants
and significantly reduced in sig/, sig2, and sig6 mutants. No induction of plastidial gene
transcription via BA was found for sig2 mutants, where the transcription level was less than
half of the level in wild type. In contrast, the level of gene transcription in sig4 mutants was
very similar to that in Col-0 seedlings.

The negative effects on BA-induced gene transcription were more pronounced in sig2 and
sig6 mutants than in the other mutants indicating that the sigma factors SIG2 and SIG6 may
be predominantly involved in cytokinin-induced transcriptional changes. However, no effect
of cytokinin on the steady-state levels of transcripts of the six sigma factor genes was found in
Arabidopsis wild-type seedlings (Figure 32). For all tested sigma factor genes, the transcript
levels after cytokinin application were as high as the levels under control conditions
suggesting activation of PEP transcription in response to cytokinin treatment rather by post-
translational modifications of the sigma factors (Pfannschmidt and Liere, 2005) than

activation of the expression of the sigma factors themselves.
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Figure 32: Effect of cytokinin on accumulation of sigma factor gene transcripts in wild type.

Analysis of the accumulation of sigma factor mRNAs (sig/-sig6) was done by quantitative real-time
PCR. Ratios of the transcript accumulation in cytokinin-treated and non-treated Col-0 wild-type
seedlings are presented as means from three independent experiments + SE. UBQ11 mRNA levels
were used as internal standard. Plants were cultivated on top of a net placed on soil. A 24-h pre-
incubation of 12-day-old plants on water and subsequent incubation for 6 h on water or BA solution
was done.
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Taken together, all RpoT genes are light-inducible by white light, but to a different extent.
Light-induced control of plastidial gene transcription mainly via RpoTp is important to ensure
a rapid build-up of the photosynthesis apparatus in etiolated seedling probably using plastid-
to-nucleus signaling. The perception of light signals is mediated by different photoreceptors
and involves complex pathways to modulate gene expression in response to light. To gain
more information about the role of different photoreceptors in the signaling cascade, Ler
wild-type seedlings and photoreceptor knockout mutants were exposed to monochromatic red,

blue and green light.

4.1.2 Red light: two classes of photoreceptors important for RpoT genes

In the wild-type plants an increase of all RpoT transcripts was found within six hours of
illumination with red light (Figure 10). The RpoT transcript accumulation was altered in
knockout mutants for the red light absorbing phytochromes. In phyA and phyB single mutants
as well as in phyA/phyB double mutants only RpoTp transcript accumulation was induced by
red light (Figure 11). However, overall effects were less pronounced than in the wild type.
Also changes in the RpoT transcript amounts were analyzed in knockout mutants for the blue
light absorbing cryptochromes. In cryl and cry2 single mutants, and cryl/cry2 double
mutants, the transcript accumulation of RpoTs was strongly inhibited (Figure 12). The data
support a model in which phytochromes and cryptochromes account for the perception of red
light signals, because any missing photoreceptor resulted in a decrease of RpoT transcripts
(Figure 33).

Cryptochromes may possess additional blue light independent activities in the presence of
red light and far-red light. The data suggest that cryptochromes can detect and even mediate
red light signals, which led to an activation of RpoT transcript accumulation. Several blue
light independent cryptochrome actions were reported before (see review by Yu et al. 2010).
For example, Mas et al. (2000) reported in a study about functional interaction between
phytochrome B and cryptochrome 2 that cry2 mutant seedlings showed a longer period length
of the circadian clock in red light. It is also known that cryptochromes may interact with
phytochromes in the absence of blue light (Ahmad et al., 1998b; Mas et al., 2000; Yu et al.,
2010). A synergistic interaction of red and blue light in the control of Arabidopsis gene
expression and development was reported by Sellaro et al. (2009). More recently, Peschke
and Kretsch (2011) showed that PHY A and cryptochromes are concomitantly involved in the

regulation of gene expression under red and blue light in Arabidopsis seedlings. Experiments
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by Strasser et al. (2010) with a quintuple phytochrome mutant demonstrated that Arabidopsis
thaliana mutant seedlings indeed show detectable greening under red light. The red light
signal seems to be detected via photoreceptors other than phytochromes. Together, the results
indicate that under certain conditions cryptochromes are able to replace phytochrome function

in red light signaling.
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Figure 33: Involvement of photoreceptors in the RpoT transcript accumulation (red light).

Based on the data obtained in the different experiments in this study a model was developed that
shows the involvement of photoreceptors in red light induced RpoT transcript accumulation. PHYA,
PHYB, CRY1 and CRY2 account for the perception of red light signals. An arrow indicates a positive
effect on transcript accumulation.

4.1.3 Blue light: CRY-mediated down-regulation of RpoT gene expression

Functional interaction between phytochromes and cryptochromes has been reported in
various light responses such as the control of floral initiation (Guo et al., 1998; Mockler et al.,
1999), activation of chloroplast transcription (Chun et al, 2001; Thum et al., 2001) and
recently, modulation of hypocotyl phototropism (Tsuchida-Mayama et al., 2010).
Phytochromes are known mainly for their function as red light photoreceptors but they are
able to absorb a wide spectrum of different wavelengths, including blue light (Schafer and
Haupt, 1983; Shinomura et al., 1996; Folta and Spalding, 2001; Spalding and Folta 2005).

Interestingly, blue light was found to have no significant effect on the expression of RpoT
genes in the wild type (Figure 15). Compared to the wild type, in the phy4 mutants as well as

in the phyB mutants, a very weak light induction, mainly for RpoTp transcripts, was
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detectable (Figure 16). The phyA/phyB double knockout mutants showed no significant
difference to the wild type. In contrast to the RpoT transcript abundance in the wild type, cry!
and cry2 single knockout mutants showed an increase for the RpoTp transcripts (Figure 17).
Furthermore, the strongest increase for RpoTp was found for the cryl/cry2 double mutants.

Despite its role as a potential sensor of red light, the data indicate that indeed
cryptochromes mediate blue light signals involved in the RpoT gene expression. However, the
monochromatic blue light perceived via cryptochromes seems to be involved in muting the
light activation of RpoTs. A disruption of the signal pathway via knockout of the
cryptochromes apparently cancels the nullifying effect of blue light on the RpoT transcript
accumulation. Most likely, blue light recognized by a different kind of photoreceptors is, in
the absence of cryptochromes, able to induce RpoT transcript accumulation. This is in
accordance to recent findings by Peschke and Kretsch (2011), who demonstrated
cryptochromes to be dispensable during the early-light regulated transcription of marker
genes like HY'S by blue light. These data additionally suggest that blue light may be sensed by
other photoreceptors, e.g., phytochromes or phototropins.

A role of PHYA in the blue light response has been previously reported (Casal and
Mazzella, 1998; Neff and Chory, 1998; Poppe ef al., 1998). The data presented here cannot
completely exclude an involvement of phytochromes in blue light induced RpoT transcript
accumulation in cry mutants. The knockout of phytochromes in the presence of
cryptochromes would not lead to a decrease of RpoT transcripts, since the transcript
accumulation is already repressed. In the proposed model, blue light recognized by
phytochromes would be able to induce RpoT transcript accumulation only in the absence of
cryptochromes (Figure 34). To test this hypothesis and to clarify the precise function of each
of the (possible) blue light photoreceptors, analysis of combinatorial multiple mutants might
be necessary. The next step would be to analyze the effect of blue light on the RpoT transcript
accumulation in a quadruple mutant (cryl/cry2/phyA/phyB) and corresponding triple mutants,
by crossing the cryl/cry2 mutant with the phyA/phyB mutant. Similar experiments with
combinatorial multiple mutants in Arabidopsis revealed for example that phototropins only
play a minor role in blue light induced gene expression and are more likely involved in
mediating photomovement responses (Ohgishi et al., 2004). However, it cannot be ruled out
that in cry mutants phototropins or other yet to be identified photoreceptors are responsible

for the observed activation of RpoT transcript accumulation.
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Figure 34: Involvement of photoreceptors in the RpoT transcript accumulation (blue light).

Based on the data obtained in the different experiments in this study a model was developed that
shows the involvement of photoreceptors in blue light repressed RpoT transcript accumulation. CRY'1
and CRY2 account for the perception of blue light signals. In addition, blue light may be recognized
by other photoreceptors like phytochromes. The blue light signals perceived by these receptors are
somehow repressed by cryptochromes and induce RpoT transcript accumulation only in the absence of
cryptochromes. An arrow indicates a positive effect on transcript accumulation, while a line with a
blunt end indicates an inhibitory effect.

Several microarray studies have been performed to investigate the influence of blue light
on the organellar gene expression. Ma ef al. (2001) used expressed sequence tag-based (EST)
microarrays to study light control on the genome expression in 6-day-old Arabidopsis
wild-type seedlings. 1096 ESTs were induced at least twofold by blue light, but more
interestingly, 616 ESTs were repressed under the same light quality. Their results correspond
to recent microarray experiments by Zhang et al. (2008) that showed 123 genes to be induced
and 97 genes to be repressed by blue light in a CRY 1-dependent manner. For example, after
one hour of blue light exposure RpoTp gene expression was slightly enhanced in cryl mutants
compared to wild-type seedlings. Together, these data suggest that down-regulation of
transcript levels by blue light seems to be a more common aspect. A potential role of the
specific blue light effect on RpoT transcript accumulation under natural conditions remains to

be elucidated.
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4.1.4 Green light: RpoT transcripts regulated via phytochromes and CRY2

The exposition to green light showed a very interesting accumulation pattern for the
wild type (Figure 19). A strong increase of all three RpoT transcript amounts after four hours
of illumination was detectable, while further light exposure led to a decrease of transcripts
back to levels found in darkness. The knockout of one or two phytochromes led to reduction
of the transcript amounts compared to the wild type (Figure 20). In the cry! single knockout
mutants the peak for the RpoT genes was just shifted compared to the wild type (Figure 21).
In both cry2 and cryl/cry2 mutants no significant increase of RpoTm and RpoTmp transcript
levels was detectable. In contrast, RpoTp transcript amounts were increased. According to the
data, a model in which PHYA, PHYB and CRY?2 contribute in the regulation of the RpoT

transcript accumulation under green light is proposed (Figure 35).
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Figure 35: Involvement of photoreceptors in the RpoT transcript accumulation (green light).

Based on the data obtained in the different experiments in this study a model was developed that
shows the involvement of photoreceptors in green light induced RpoT transcript accumulation. PHYA,
PHYB and CRY?2 account for the perception of green light signals. An arrow indicates a positive effect
on transcript accumulation, while a crossed out arrow indicates no light perception via a certain
photoreceptor.

The detection of green light signals via cryptochromes and phytochromes may be of
advantage for the optimization of light capture under unfavorable growth conditions (Folta,
2004; Folta and Maruhnich, 2007). Furthermore, Dhingra et al. (2006) proposed the existence
of a hypermorphogenetic state in green light, which allows the plant to reach better light

conditions through preservation of needed resources by the plastids. The biological role of
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enhanced RpoT transcript levels after four hours of illumination with green light has to be
further investigated. Despite this significant peak, the RpoT transcript accumulation in
wild type was in the range of dark control levels, which might lead to reduction of overall
plastid transcription. The proper development of chloroplasts might be affected and energy

could be saved for other processes.

4.1.5 HYS: central signal integrator in all tested light conditions

The transcription factor HYS acts downstream of photoreceptors like phytochromes and
cryptochromes (Koornneef et al., 1980; Oyama et al., 1997; Ang et al., 1998; Ulm et al.,
2004). Absent in darkness, it accumulates rapidly upon exposure to light and regulates the
transcription of light-responsive genes (Ang et al.,, 1998; Chattopadhyay et al., 1998;
Osterlund et al., 2000). Furthermore, HYS promotes photomorphogenesis in red, far-red and
blue light conditions (Lau and Deng, 2010). Therefore, the RpoT transcript accumulation in
hy5 mutants was additionally analyzed under red, blue and green light conditions.

The present study confirmed the role of HYS as a central signal integrator under all
different light conditions for nuclear-encoded RNA polymerases. In HY'S deficient plants the
expression of the RpoT genes was strongly affected compared to the wild-type results,
suggesting that HYS is important for the transfer of light signals to the RpoTs. As mentioned
before, in red and green light a drastic decrease of RpoT transcripts in Ay5 mutants was
detectable (Figure 14+Figure 22), while blue light mediated inhibition was interrupted in /4y5
mutants (Figure 18). For example, in 4y5 mutants an increase of transcripts after illumination
with blue light was found, similar to what had been observed in cryptochrome knockout
mutants. This suggests HY5 plays a major role downstream of cryptochromes in mediating
blue light signals in repressing RpoT gene expression. In addition, HYS5 may have a large
influence on photoreceptor function itself. For instance, it was recently shown to be involved
in the negative feedback regulation of PHY A signaling (Li et al., 2010). The important role of
HY5 as a central integrator of light and hormones as well as in light-regulated plant
development is known from the literature (Lee et al., 2007; Lau and Deng, 2010). For
example, more than 60% of early PHY A- or PHYB-induced genes are targets of HYS (Lee et
al., 2007) To summarize, the data presented indicate that HYS seems to be involved in both
cryptochrome- and phytochrome-mediated effects on light-induced RpoT gene transcript

accumulation under different light conditions.
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4.1.6 Summary: light effects on organellar RNA polymerases

Many light-induced processes require a complex regulation on multiple levels and through
several interconnected pathways (Casal, 2000; Eisinger et al., 2003; Casal and Yanovsky,
2005; Jiao et al., 2007; Peschke and Kretsch, 2011). In the present study, the focus lay on
processes which occurred after illumination of etiolated 7-day-old Arabidopsis thaliana
seedlings with different light qualities. Light-regulated processes during this developmental
stage include seed germination and seedling photomorphogenesis. In Arabidopsis seedlings,
photomorphogenesis is characterized by inhibition of hypocotyl growth, cotyledon opening
and expansion, and the synthesis of the photosynthetic apparatus (Casal et al., 2003; Yu et al.,
2010). Under natural conditions (sunlight) the light spectrum ranges from UV-B to the far-
red, but different wavelengths can have specific effects during plant growth and development.
For example, red light promotes seed germination (Casal et al., 2003), whereas blue light
inhibits hypocotyl elongation (Yu ef al., 2010). For the effective initiation of de-etiolation in
higher plants the exposure to both red and blue light signals is essential. Light-induced
changes of the organellar gene transcription which involves interactions of several
photoreceptors might support these morphological and physiological changes.

Several light-induced effects on the transcript levels of organellar RNA polymerases were
shown in the present study. Rapid induction of RpoT transcript accumulation by red and blue
light might be important for the fast adaptation of seedlings to light after growth in the
darkness. Light-induced control of organellar gene expression and a fast build-up of the
photosynthesis apparatus in etiolated seedling are important during light adaptation. It is often
mentioned in the literature that the expression of many rapidly responding genes is regulated
by red and blue light (Tepperman et al., 2006; Peschke and Kretsch, 2011). Green light
signals are often discussed as acting antagonistic to red and blue light signals (Folta and
Maruhnich, 2007). It might be possible that green light is sensed as an environmental stress
signal. As sessile organisms plants need to optimize light capture under unfavorable growth
condition. Despite a distinct peak, the RpoT transcript accumulation was not induced by green
light. Small amounts of NEP might lead to a reduction of overall plastid transcription, which

saves energy needed to reach better light conditions.
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The entire spectrum of light is required for a correct light regulation of organellar genes.
Under natural light conditions the contribution of different monochromatic light qualities may
vary. This would explain the strong increase of RpoTs in white light, which is not seen under
monochromatic blue or green light. The cross-talk between different photoreceptors is
important to adjust the organellar transcription to natural light conditions. It is known that
several synergistic and antagonistic interactions between phytochromes and cryptochromes
exist in the control of plant growth and development (Casal and Mazzella, 1998; Casal, 2000).
Therefore it would not be surprising if these interactions also influence the RpoT transcript
accumulation.

On one hand, an explanation for the observed results could be, that the same interactions of
blue and red light, which are essential for seedling germination and development, are
responsible for enhancing the expression of numerous genes including RpoTs in white light.
On the other hand it was found that monochromatic red light induced RpoT transcript
accumulation, while in experiments with monochromatic blue light no induction of RpoT
transcripts occurred. As mentioned before phytochromes are able to detect red and blue light
signals (see 4.1.3). Thus, another hypothesis would be that the blue light sensing activity of
phytochromes was somewhat impaired by antagonistic cryptochrome activity to ensure that
phytochromes perceive under natural light conditions primarily red light signals to promote
RpoT transcript accumulation during early seedling development (Figure 36). Higher level of
RpoT transcripts might translate into higher level of needed NEP-transcribed genes.

The present study showed that light-induced regulation of RpoT gene expression is not
only dependent on one class of photoreceptors, but utilizes the whole spectrum of
phytochromes and cryptochromes to adjust gene expression in the natural environment.
Additionally, analyzing effects of different light qualities on transcript levels of organellar
genes transcribed by nuclear-encoded RNA polymerases via microarray analysis will be very
interesting. Run-on analyses could provide more information about transcript stability and

de novo synthesis.
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Figure 36: Model for the regulation of RpoT gene transcript accumulation by red and blue light.

Based on the data obtained in the different experiments in this study a model was developed that
shows the involvement of phytochromes (PHY) and cryptochromes (CRY) in red and blue light
regulated RpoT transcript accumulation. Monochromatic red light induced RpoT transcript
accumulation (A), while in monochromatic blue light RpoT transcripts were repressed (B). It was
hypothesized that the blue light sensing activity of phytochromes was somewhat impaired by
antagonistic cryptochrome activity to ensure that phytochromes perceive under natural light conditions
primarily red light signals to promote RpoT transcript accumulation (C). An arrow indicates a positive
effect (+) on transcript accumulation, while a line with a blunt end indicates an inhibitory effect (-).
Thickness of the lines corresponds to the importance of the respective receptor.
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4.2 Influence of cytokinin on the organellar gene transcription

The plant hormone cytokinin regulates many aspects of plant growth and development,
including de-etiolation, circadian clock oscillation, chloroplast differentiation, root and shoot
related processes, and responses to environmental stimuli (reviewed by Mok and Mok, 2001;
Zheng et al., 2006; Kurakawa et al., 2007; Argueso et al., 2009; Werner and Schmiilling,
2009). Recent data showed that the application of cytokinin increases the transcription of
some plastidial genes in barley, tobacco and Arabidopsis thaliana (Brenner et al., 2005; Zubo
et al., 2008; Hertel, 2009). The responses of plastids could result indirectly from inducing the
expression of some nuclear-encoded components of the plastid transcription machinery such
as RNA polymerases or sigma factors. Another option could be that cytokinin may also
directly affect the transcription apparatus of plastid genes via special signal transduction
pathways. To gain additional information about the role of different hormone receptors and
response regulators in plastid gene expression, the response to cytokinin in Col-0 wild-type
seedlings and cytokinin-pathway-related knockout mutants was analyzed on several levels. In
addition, cytokinin-deficient CKX/ mutants were used to study the influence of the

endogenous cytokinin pool on the responsiveness to exogenous cytokinin.

4.2.1 Cytokinin application led to more, but smaller chloroplasts

To study which effects the addition of exogenous cytokinin has on the plastid division,
microscopic analysis of chloroplast parameters like size and number were performed in Col-0
wild-type plants and cytokinin-related mutants. In the present data, wild-type plants and most
analyzed mutants displayed a larger number of smaller chloroplasts after exogenous
application of cytokinin (Figure 25, Figure 26). Exceptions were found for the cytokinin-
deficient CKX/ mutants (no change in chloroplast number, but decreased chloroplast size)
and the ahk2/ahk3 mutants (no change in chloroplast size, but increased chloroplast number).

Mutations in single receptors did not cause strong changes in the cytokinin response, which
indicates a high degree of redundancy in the function of these receptors. However, it seems
that the CRE1/AHK4 receptor alone was not sufficient to mediate a full response to the
cytokinin signal, since the combined loss of AHK2 and AHK3 resulted in no change in the
chloroplast size after cytokinin application. The observed results indicate that synergistic
effects of the cytokinin receptors AHK2 and AHK3 may be to some extent responsible for the
cytokinin-regulated chloroplast division, since only the knockout of both receptors inhibits the

effect of cytokinin on the chloroplast size. Cytokinin-deficiency caused a retardation of shoot
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development in 35S:4tCKX transgenic plants (Werner et al., 2003). The lower endogenous
cytokinin level in CKX/ mutants may at least in part be responsible that the effects of
exogenously applied cytokinin on the chloroplast number were less pronounced compared to
the wild type.

Cytokinin may also influence chloroplast size and numbers via CRF transcription factors
(CRF: Cytokinin Response Factor) that regulate the gene expression of plastid division
components. For example, data by Okazaki et al. (2009) showed that exogenously applied
cytokinin led, at least in part via CRF2, to elevated PLASTID DIVISION (PDV2) protein
levels. This resulted in an increase of the number, but a decrease of size of chloroplasts in
Arabidopsis thaliana (Okazaki et al., 2009). Higher plants can adapt to fluctuating
environmental light situations through light-dependent chloroplast movement (see review by
Takagi, 2009). The presence of a larger number of smaller chloroplast would be an asset
when plants have to grow under varying light conditions. A recent study in tobacco showed
that a large population of small chloroplast allows more effective chloroplast phototaxis,
which allows efficient utilization of energy under dim light and minimization of photodamage

caused by excess light (Jeong et al., 2002).

4.2.2 Cytokinin application increases plastome copy numbers

The plastid genome (plastome) of a typical higher plant is 120-160 kb in size and contains
about 120 genes (Sugiura, 1992; Wakasugi et al., 2001). In a diploid plant cell only two
copies of the nuclear genome, but up to thousands of copies of the plastome are present
(Zoschke et al., 2007). Since most plastome-encoded gene products are involved in
photosynthesis, adjusting copy numbers to changing demands might offer a potential for
regulating chloroplast gene expression (Li et al., 2006). However, Zoschke et al. (2007)
showed that plastidial gene expression is not regulated by plastome copy number, but rather at
the transcriptional and post-transcriptional levels. Another theory for high plastome copy
numbers is that they are needed to provide sufficient ribosomes for the developing plastid via
genome amplification (Bendich, 1987; Rogers ef al., 1993). Using quantitative real-time PCR,
plastome copy numbers in wild type and cytokinin-related mutants were calculated and
adjusted to the nuclear RpoTm gene copy numbers and the degree of nuclear genome
polyploidization. This was done, because nucleoids can have different quantities of DNA and
the degree of their ploidy can vary. The development of the photosynthetic apparatus in plants

is associated with an increase of chloroplast numbers. Therefore, endopolyploidization has
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been discussed as an option to adapt the number and expression of nuclear-encoded plastid
proteins to these changing conditions (Galbraith ef al., 1991).

Average nuclear ploidy numbers (Figure 27) and plastome copy numbers (Figure 28)
increased slightly in Col-0 wild type and nearly all cytokinin-related mutants after application
of cytokinin. Furthermore, the cytokinin receptor single (crel/) and double mutants
(ahk2/ahk3) showed no significant change in their nuclear ploidy levels and in their plastome
copy numbers after BA treatment suggesting that cytokinin reception is indeed the reason for
increasing values. The simple combination of AHK2 and AHK3 (crel mutants) as well as
CREI1 alone (ahk2/ahk3 mutants) was not sufficient to transmit the cytokinin signal.
However, the combination of AHK2 and CRE1 as well as of AHK2 and CREI together
provided full cytokinin responsiveness. The presence of an increased number of smaller
chloroplast in response to cytokinin treatment might influence the plastome copy numbers per
cell. Previous findings in Zea species (maize; Oldenburg and Bendich, 2004; Zheng et al.,
2011) and Beta vulgaris (sugar beet; Rauwolf et al., 2010) suggest that the plastome copy
number is at least in part dependent on plastid size and number. On the other hand, a direct
influence of cytokinin on the plastome copy numbers cannot be excluded and should be

further investigated.

4.2.3 All three receptors participate in regulating the plastid gene transcription

The regulation of the plastidial gene transcription by cytokinin in Col-0 wild-type plants
and cytokinin-related mutants was studied using chloroplast isolation and run-on transcription
assays. In Arabidopsis wild-type plants, which were grown on medium with cytokinin, the
transcription in chloroplasts most likely adapted to the permanent high cytokinin levels
(Figure 29). No significant hormone response was found compared to seedlings grown
without cytokinin. In contrast, chloroplast gene transcription in wild-type plants grown on soil
without cytokinin showed a significant light-dependent response to cytokinin after incubation
for six hours (Figure 30). Housekeeping genes are required for the maintenance of basic
cellular function, while photosynthesis-related genes encode proteins which are needed in
photosynthetically active chloroplasts. Therefore, it was not surprising that the activation of
transcription of housekeeping genes by cytokinin was slightly stronger than those of

photosynthesis-related genes.
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The effects of cytokinin on chloroplast transcription were reduced in all three kinase single
mutants, although more prominent in ahk3 and crel than in ahk2. In double mutants the
cytokinin effects were even more reduced than in the single mutants. The results indicated
that the three histidine kinase receptors play essential, but functionally redundant roles in the
cytokinin signaling pathway of Arabidopsis thaliana. Mutations in the crel and the ahk3
genes stronger abolished cytokinin action on chloroplast gene transcription then a mutation in
the ahk2 gene. This is in accordance to several reports that showed AHKs to be functionally
overlapping regulators in cytokinin signaling (Higuchi et al., 2004; Nishimura et al., 2004;
Riefler et al., 2006). It was suggested by Ishida et al. (2009) that ARR1, ARR10, and ARR12,
together play essential but redundant roles in cytokinin signal transduction in Arabidopsis
thaliana. In contrast, the results presented indicate a more prominent role of ARRI in the
cytokinin signal transduction pathway, since a knockout of ARR/ resulted in similar transcript
accumulation pattern as observed in single receptor mutants.

A decrease of chloroplast gene transcripts was also found in CKX/ mutants, which
overexpress cytokinin-degrading CKX1 enzymes. This indicates that the internal cytokinin
content might be an important signal for regulating the plastidial transcription maybe via
restriction of the signal transduction pathway. Interestingly, microarray analysis showed that
the cytokinin receptor gene CRE] was down-regulated in 355:4tCKX] transgenic seedlings
(Brenner, 2005). Cytokinin-deficient plants might use a sensitized signaling system to
compensate for the lower internal cytokinin content (Brenner, 2005), but the overall response
of the transgenic CKXI mutants was reduced compared to the Arabidopsis wild type. In
contrast, experiments with transgenic Nta:AtCKX2 tobacco showed an enhanced sensitivity
for cytokinin (Hertel, 2009). These findings indicate that the cytokinin effects on plastid

transcription depending on endogenous cytokinin can vary in different plant species.

4.2.4 Sigma factors are involved in the cytokinin-regulated gene transcription

Bacteria use a set of sigma factors to regulate their gene transcription. Sigma factors are
cofactors that enable specific binding of RNA polymerase to gene promoters (Wosten, 1998;
Schweer, 2010). They have also been found in several plant species, including Arabidopsis,
maize, rice, wheat, and tobacco (Lysenko, 2007; Schweer, 2010). Six different sigma factors
exist in Arabidopsis, which are activated in response to several environmental conditions.
Although thought to have mostly overlapping roles in regulating plastid gene expression by

PEP, some sigma factors were shown to exhibit developmentally timed gene specific
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function. For instance, the promoters of rbcL and psbA are recognized by SIG2 early in
seedling development, whereas stress-induced SIGS5 is essential for the blue light induced
transcription of the psbD operon (Lerbs-Mache, 2011). Some cytokinin-inducible genes in
this study were transcribed via the plastid encoded RNA polymerase (PEP), which needs
sigma factors for the correct promoter recognition. To investigate the role of sigma factors in
the cytokinin signaling pathway, the influence of cytokinin on chloroplast transcription was
analyzed in Arabidopsis sigma factor mutants by run-on assays (Figure 31) and quantitative
real-time PCR (Figure 32).

In wild-type plants an induction of chloroplast gene transcription was found, while the
knock-out of distinct sigma factors led to reductive effects. Cytokinin effects on total
chloroplast transcription were slightly reduced in sig3, sig4, and sig5 mutants and
significantly reduced in sig/, sig2, and sigé6 mutants. Together, the data indicated that some
sigma factors like SIG2 and SIG6 might be more involved in cytokinin-induced
transcriptional changes than others. According to recent reviews, SIG2 and SIG6 are major
factor in early development and may be considered as _essential for vital plastid functions**
in Arabidopsis thaliana (Schweer, 2010; Lerbs-Mache, 2011). Not surprising, SIG2 and SIG6
knock-out plants display a chlorophyll-deficient phenotype (Shirano et al., 2000; Ishizaki et
al., 2005; Loschelder et al., 2006).

Regulation of plastid genome transcription via sigma factors potentially occurs at several
levels (Lerbs-Mache, 2011). Differential expression of the sigma factors themselves provides
one means in regulating plastidial gene expression. However, the modulation of sigma factor
activity and/or specificity by post-transcriptional modifications such as phosphorylation and
redox state i1s more common (Pfannschmidt und Liere, 2005; Shimizu, 2010). These
mechanisms have probably evolved to shorten the signal transduction pathway to respond
rapidly to changing environmental conditions (Lerbs-Mache, 2011). The present study
showed no effect of cytokinin on the steady-state levels of transcripts of the six sigma factor
genes in wild-type seedlings suggesting activation of PEP transcription in response to
cytokinin treatment rather by post-translational modifications than activation of sigma-factor
expression.

The data suggest an important role of sigma factors in cytokinin-induced chloroplast gene
transcription. To further investigate involved pathways microarray analysis and quantitative
real-time PCR could be used to analyze target genes of sigma factors and their response to

cytokinin. In addition, the detection of SIG2 and SIG6 proteins by Western Blot analysis in
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cytokinin-treated seedlings would provide some interesting information about the amount of
sigma factors actual present. Post-translational modification of sigma factors could be

analyzed by mass spectrometry.

4.2.5 Summary: regulation of plastidial gene transcription by cytokinin

The role of cytokinin receptors and response regulators in the plastid gene expression of
Col-0 wild-type seedlings and cytokinin-related mutants was analyzed on several levels.
Taken together, the data show certain redundancies within the cytokinin signal perception
system. However, the three receptors and their combinations contribute to a different extent to
various processes. In accordance to data of Riefler et al. (2006), mutation of AHK?2 alone did
not or only slightly causes a change of cytokinin sensitivity. However, in several experiments,
the ahk2 mutation enhanced the cytokinin resistance of ahk3 (chloroplast size, ploidy level,
plastid gene transcription) or crel (plastid gene transcription) mutants. This indicates that
AHK2 may function primarily in combination with AHK3 or CRE1.

The response regulator ARR1 is involved in the cytokinin signal transduction, since in the
ARRI mutants the plastid gene transcript accumulation was strongly reduced compared to the
wild type. The endogenous cytokinin content also influences the plastid gene transcription in
response to exogenously applied cytokinin. In cytokinin-deficient CKX/ mutants, no
activation of chloroplast gene transcription by cytokinin was found. The reduction of the
cytokinin status, which has been achieved either by lowering the cytokinin content (CKX/
mutants) or by reducing cytokinin signaling (ahk and ARRI mutants), led to a decline of
specific hormone responses, demonstrating e.g. that cytokinin is a positive regulator of plastid
gene transcription. In addition, the presented data suggest a regulation of the plastid genome
transcription via modulation of sigma factor activity and/or specificity by post-translational
processes like e.g. phosphorylation. SIG2 and SIG6 seem to play an essential role in the
cytokinin-response of young seedlings. A possible model for the regulation of chloroplast
gene transcription by cytokinin in Arabidopsis thaliana is presented in Figure 37.

Cytokinins promote crop productivity for instance by the activation of meristems in rice
(Kurakawa et al., 2007) or increasing drought tolerance through suppression of drought
induced leaf senescence in tobacco (Rivero et al., 2007). The rate of photosynthesis can be
measured indirectly through the rate increase in biomass. An induction of photosynthesis-
related genes by cytokinin could lead to an improvement of photosynthesis and an increasing

biomass production. For this reason, it is important to gain as much information as possible
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about cytokinin signaling cascades and their organellar gene targets for generating stress-
resistant crop plants or achieve higher plant biomass for biofuel production. To investigate the
influence of cytokinin on photosynthesis and/or light acclimation, analysis of photosystem I

and II components like psa4 and psbA on protein and RNA level would be interesting.
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Figure 37: Model for the regulation of chloroplast gene transcription by cytokinin.

Cytokinin treatment leads to a significant induction of chloroplast gene transcription in 12-day-old
Col-0 wild type soil-grown on top of a net. Each signaling step in the cytokinin signal transduction
pathway is executed by a family of genes that largely act redundantly. Phosphorelay events mediate
the hormone signaling from functionally redundant cytokinin receptors (AHK2, AHK3 and
CRE1/AHK4) via AHP proteins to type-B response regulators (ARRs), which co-activate cytokinin-
regulated gene transcription in the nucleus. The CRF proteins are also activated by cytokinin via the
AHPs to accumulate in the nucleus and activate transcription. The data presented suggests a major role
of ARRI in the cytokinin signaling pathway. How exactly the cytokinin signal is mediated to the
chloroplast remains to be further investigated. One possibility would be via the transcription
machinery of the plastids. The plastid-encoded plastid RNA polymerase (PEP) requires nuclear-
encoded sigma factors (SIG) for promoter recognition and additional, yet unknown transcriptional
factors (TF) for their correct function. The post-translational modulation of sigma factors, e.g. SIG2
and SIG6, may provide one way of cytokinin action on chloroplast transcription. AHK: Arabidopsis
Histidine Kinase, AHP: Arabidopsis Histidine Phosphotransfer protein, ARR: Arabidopsis Response
Regulator, CRF: Cytokinin Response Factor. Based on Santner et al., 2009.
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Abbreviations

°C degrees Celsius

A, C G T, U nucleic acid bases (adenine, cytosine, guanine, thymin, uracil)
ABA abscisic acid

AHK Arabidopsis Histidine Kinase

AHP Arabidopsis Histidine Phosphotransfer protein
ARR Arabidopsis Response Regulator

A.th. Arabidopsis thaliana

ATP adenosine triphosphate

b blue light

BA 6-benzyladenine (cytokinin)

BLRP blue light responsive promoter

BR brassinosteroid

BSA bovine serum albumin

bp base pairs

C ploidy number

cDNA complementary DNA

Ci Curie

CKX cytokinin oxidase/dehydrogenase

cm centimeter

Col-0 ecotype Columbia (Arabidopsis thaliana)
COP constitutive photomorphogenic protein
CRF Cytokinin Response Factors

cry cryptochrome

CTP cytidine triphosphate

d darkness or day(s)

DNA deoxyribonucleic acid

EDTA ethylenediaminetetraacetic acid

e.g. exempli gratia (for example)

et al. et altera (and others)

EtBr ethidium bromide

fr far-red light

g gram or gravity or green light

GA gibberellic acid

GABI-Kat german plant genomics research program
gDNA genomic DNA

GTP guanosine triphosphate

h hour(s)

HCl hydrochloric acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hy long hypocotyl

IAA indole-3-acetic acid or auxin

ie. id est (that is)

IgG Immunoglobulin G

JA jasmonic acid

kDa kilodalton

KOH potassium hydroxide

kPa kilopascal

1 liter

LED light emitting diode

Ler ecotype Landsberg erecta (Arabidopsis thaliana)
m meter

M molar
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mg

ng
Mg2C1
mm
pm
uM
umol
min

n
NaAc
NaCl
NazHPO4
NaOH
NASC
NEP
nm
NTC
MES
MEN
MOPS
mRNA
MS medium
p

PAA
PAGE
PCR
PEG
PEP
pH
phy
pmol
PVP
qRT-PCR
r

RNA
RpoT
rRNA
RT

S

SE
SEA
SDS
sol.
TF
Tris
tRNA
UTP
uv

v/v
vol
w/v
ZBP

milligram

microgram

magnesium chloride

millimeter

micrometer

micromolar

micromol

minute(s)

number of nuclei

sodium acetate

sodium chloride

disodium hydrogen phosphate
sodium hydroxide

Nottingham Arabidopsis Stock Center
nuclear encoded plastid RNA polymerase
nanometer

no template control
2-(N-morpholino) ethanesulfonic acid
MOPS-EDTA-NaAc-buffer
morpholinopropan-sulfonic acid
messenger RNA

Murashige and Skoog medium
probability-value

polyacrylamide

polyacrylamide gel electrophoresis
polymerase chain reaction
polyethylene glycol

plastid encoded plastid RNA polymerase
potentia hydrogenii, -log [H+]
phytochrome

picomol

polyvinylpyrrolidone

quantitative real-time PCR

red light

ribonucleic acid

RNA polymerase of the T3/7-phage type
ribosomal RNA

reverse transcriptase

second(s)

standard error

plant medium

sodium dodecyl sulfate

solution

transcription factor

tris (hydroxymethyl)-aminomethane
transfer RNA

uridine triphosphate

ultra violet

version

Volt

volume per total volume

volume

weight per volume (g/100ml)
zeatin-binding protein
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