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Introduction
The Calvin cycle forms the basis for the generation of carbohydrates in all eukaryotes. Every year, 5x1011 tons of
CO2 are fixed by this primary pathway. The Calvin cycle plays a central role in plant metabolism by providing
intermediates for starch and sucrose metabolism, as well as isoprenoid and shikimic acid metabolism. All
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involved enzymes are located within the stroma of chloroplasts, therefore all nuclear encoded Calvin cycle genes
exhibit a chloroplast transit peptide (cTP) for the transport from the nucleus to the chloroplast. The transcription
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of nuclear genes can be regulated by cis- and/or trans-acting elements. Cis-elements are supposed to be located
upstream of the coding sequence of the gene it controls (in the promoter region or even further upstream), in an
intron, or downstream of the gene's coding sequence, either in the untranslated or untranscribed region. While
trans-elements are diffusible factors, usually proteins, that may modify the expression of genes distant from the
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gene that was originally transcribed to create them. The definition of both kinds of regulatory elements is not
explicit. For this reason, we used natural variation that occurs among accessions of Arabidopsis thaliana to
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measure the transcriptional level of Calvin cycle genes via qRT-PCR, where differences in transcript levels might
be due to alterations in either cis- and/or trans-regulatory elements. The comparison of significant changes in

Fig. 1: Sampling sites of the 26 analysed accessions.

transcriptional level can provide valuable insights into the uncertain definition of transcriptional regulatory
elements.

Experimental design – qRT-PCR
Maximum likelihood
trees were computed
from promoter and gene
sequences of 18 Calvin
Cycle genes coding for
involved and regulatory
enzymes in 26 accessions
of A. thaliana
6 accessions per gene
from opposing ends of the
ML trees were chosen for
analysis of expression
levels.

3 biological
replicates x 3
technical replicates
(totals up to 9
replicates per
accession) were
measured using
SYBR® Green and
the LightCycler®
480 Real-Time
PCR System.

Second Derivate Maximum
Method (provided in the
software) was applied in order
to compute Cp-values:
Dilution series of DNA for each
target gene were performed
Log concentration of each dilution
step (x) was plotted versus the cycle
threshold in each dilution (y)
From the linear regression the mean
efficiency was derived, which was
then used to calculate the second
derivate of the fluorescence which is
the Cp-value.

Results – Ratio Plots and Tukey's HSD

Calculation of
expression level
differences:

Test for significance of
expression level differences:
Tukey's honest significance test
(Tukey's HSD, a post-hoc test)
simultaneously computes all pairwise
comparisons of the means. The ratio
from each replicate (9) of the 6
tested accessions per gene were
used as input for the test. The result
is a 95% confidence interval of the
differences of the mean of each
tested pair of accessions. A mean
difference of 0 between a tested pair
is not significant.

Mean Cp of target
accessions divided
by the mean Cp of
house-keeping
gene (ubiquitin,
At5g25760)
Ratio > 1 : target
gene is higher
expressed than
house-keeping
gene.

Example: At1g56190 – AtPGK
The example of AtPGK shows that despite few mutations
(Tab. 2) clear expression differences between accessions
can exist. These mutations do not correlate with the
expression pattern as Er shares mutations with Ler.
Therefore we conclude that trans-regulatory elements
might be responsible for the expression level variation of
the At1g56190 gene.

Fig. 2: Plot of the Cp-ratios (mean of 9 replicates of target gene / mean of 9 replicates of house-keeping gene)with
standard deviation.
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Fig. 5: At1g56190 –
AtPGK: Graphic
representation of a
Tu ke y ‘ s H S D. T h e
accession Er differs
significantly from all
other accessions in
mean Cp-value.

Fig. 6: At1g56190 – AtPGK: Maximum likelihood tree from promoter and
gene sequence. Coloured accession are the same as in Tukey‘s HSD.
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Tab. 2: At1g56190 –
AtPGKb: Mutations
that are present in
t h e s a m p l e d
accessions. Only 8
mutations occur in
1090 bp promoter
sequence.

the tested accessions (Fig. 2). It differs
significantly from all others (Fig. 4).
Previous studies demonstrated that a
mutation in the T- box (S000383; Chan
CS, Guo L, Shih MC (2001)) reduces
transcription in light-induced genes as
AtGAPDH-b, as could be shown here in
Can.
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Fig. 4: At1g42970 –
AtGAPDH-b: Graphic
representation of a Tukey‘s
HSD. Accessions are colour
coded. Bars of compared
accession pairs which cross 0
are not significantly different
in mean Cp-values from each
other.
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Example: At1g42970 – AtGAPDH-b
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Left: At1g14030: AtRMT, At1g56190: AtPGK, At2g21330: AtSFBA, At2g39730: AtRCA, At3g12780: AtPGK, At3g55800: AtSBPase; right:
At1g32060: AtPRK, At1g42970: AtGAPDH-b, At2g21170: AtTPI, At2g2800: AtCPN60a, At4g38970: AtSFBA, At5g61410: AtRPE.

Tab. 1: At1g42970 –
AtGAPDH-b: unique
Mutations in the
promoter of the
accession Can. Position
-132 lies within a
regulatory element, the
T-box box. Col
represents also all other
tested accessions.

Fig. 3: At1g42970 – AtGAPDH-b: Maximum likelihood tree from promoter and gene sequence. Coloured
accession are the same as in Tukey‘s HSD.

Discussion
Our study revealed both cis- and trans-regulatory elements. We could determine differences in transcription levels in individual Calvin cycle genes among accessions of
Arabidopsis thaliana. On a reduced set of six accessions RT-PCRs were performed.
Three genes (AtGAPDH-a1, AtFBPase, AtRPI) exhibit almost no significant differences in transcript levels according to Tukey’s HSD test (data not presented here). However,
their promoter sequences show a considerable number of mutations (5.5 %, 2.4 %, and 1.2 % are mutated). In 9 genes only one accession differed significantly in
transcriptional levels from all other accessions. Comparative analysis of mutations in promoter sequences and respective expression levels indicates, in general, no unique
mutations. However, we were able to identify one SNP within the regulatory cis-element T-box (S000383, see At1g42970, Tab. 1).
We detected (a) promoters without clear sequence differences but with significant expression level variation (At1g56190), (b) promoters with numerous mutations but
without significant expression level variation (At2g21170) and (c) promoters with numerous mutations and significant expression level variation (At1g55800). These
findings indicate that not only cis-regulatory elements but also trans-regulatory elements might play an important role in regulation of Calvin cycle gene expression.
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