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Extracting biological information from DNA arrays: an unexpected
link between arginine and methionine metabolism in Bacillus
subtilis
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Abstract

Background: In global gene expression profiling experiments, variation in the expression of genes
of interest can often be hidden by general noise. To determine how biologically significant variation
can be distinguished under such conditions we have analyzed the differences in gene expression
when Bacillus subtilis is grown either on methionine or on methylthioribose as sulfur source. 

Results: An unexpected link between arginine metabolism and sulfur metabolism was discovered,
enabling us to identify a high-affinity arginine transport system encoded by the yqiXYZ genes. In
addition, we tentatively identified a methionine/methionine sulfoxide transport system which is
encoded by the operon ytmIJKLMhisP and is presumably used in the degradation of methionine
sulfoxide to methane sulfonate for sulfur recycling. Experimental parameters resulting in
systematic biases in gene expression were also uncovered. In particular, we found that the late
competence operons comE, comF and comG were associated with subtle variations in growth
conditions.

Conclusions: Using variance analysis it is possible to distinguish between systematic biases and
relevant gene-expression variation in transcriptome experiments. Co-variation of metabolic gene
expression pathways was thus uncovered linking nitrogen and sulfur metabolism in B. subtilis.
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Results
Effect of the sulfur source on gene expression
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Arginine biosynthesis
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The yqiXYZ permease
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Methionine sulfoxide metabolism: the
ytmIJKLMhisPytmOytnIJribR operon
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Table 1 

Function of genes showing the largest differences as a function
of the sulfur source

Gene Mean Standard Function
deviation

argD 2.378 1.032 Arginine biosynthesis

argF 2.874 0.735 Arginine biosynthesis

argG 1.911 0.411 Arginine biosynthesis

argH 3.414 1.139 Arginine biosynthesis

argJ 3.252 0.873 Arginine biosynthesis

comGC 1.841 0.730 Late competence operon required for 
DNA binding and uptake

comGD 2.149 0.628 Late competence operon required for 
DNA binding and uptake

levD 2.653 0.757 PTS system - fructose-specific IIA
component

ycbD 2.071 0.452 Probable aldehyde dehydrogenase

yqiX 3.052 0.297 Probable amino-acid ABC permease 
(binding protein)

yqiY 2.351 0.744 Probable amino-acid ABC permease 
(permease)

yqiZ 3.178 0.659 Probable amino-acid ABC permease 
(ATP-binding protein)

yqzE 2.000 0.946 Hypothetical protein

ytzD 3.378 0.839 Hypothetical protein, downstream gene 
of operon argGH

ahpF -3.013 0.601 Alkyl hydroperoxide reductase (large 
subunit) - reduces organic hydroperoxides
in their reduced dithiol form

katA -1.964 0.914 Vegetative catalase

ytmI -2.418 0.489 Possible methionine sulfoxide acetyl 
transferase (operon 
ytmIJKLMhisPytmOytnIJribRhipOytnM)

ytmJ -2.480 0.787 Methionine - methionine sulfoxide ABC 
permease (binding protein) (this paper)

ytmL -1.852 0.979 Methionine - methionine sulfoxide ABC 
permease (permease) (this paper)

ytmO -2.258 0.439 Methionine sulfoxide monooxygenase 
(this paper)
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Figure 1
Comparison of the growth of B. subtilis wild type (WT) and
yqiX mutant (BFS4740) in different concentrations of arginine
as the nitrogen source in glucose minimal medium (from
10 µM to 20 mM; note that arginine is toxic at 20 mM). Both
strains were grown at 37°C with agitation (180 rpm). The
OD was taken for both strains after 8 h growth, when they
entered stationary phase (due to nitrogen limitation, except
for the highest arginine concentrations). 
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Table 2

Expression of arginine operons when cells were grown with
methionine or with MTR as the sulfur source

Gene and spot Met MTR Ratio

argB a 1286 907 1.43

argB b 1329 928

argC a 1116 735 1.61

argC b 1145 666

argD a 930 592 1.62

argD b 1014 605

argE a 340 246 1.27

argE b 446 372

argF a 699 406 1.77

argF b 717 392

argG a 2304 1896 1.28

argG b 2827 2121

argH a 2165 1120 1.94

argH b 2237 1147

argJ a 1045 509 1.94

argJ b 1051 569

argS a 991 838 1.16

argS b 984 858

carA a 2329 2046 1.12

carA b 2326 2094

carB a 932 635 1.47

carB b 912 618

yqzE a 680 460 1.57

yqzE b 685 407

yqiX a 2190 1401 1.58

yqiX b 2264 1412

yqiY a 750 585 1.41

yqiY b 876 571

yqiZ a 1527 926 1.70

yqiZ b 1595 907

cDNA hybridization after growth in methionine or MTR. The conditions
are chosen to display roughly identical values for most genes in both
conditions. The values obtained for the arginine operons described in the
text are shown here. They indicate a higher expression in methionine as
compared to MTR, all things being otherwise equal. Each spot in the
experiment is referred to as a and b.



�"�*���

����

����
@���
��
����
*�"
��	�������
��"�����,
-�

�"��������
 �5�"������
�"�*�����
	���
�
���
 ��
 ��&�����	��
 ���

��������&�
���	&��"
�*
	
�"���
�*
�����
�*
 ����"���
��"���
 ��

���
*���
����+�,
G���
���"�
��
+���
������"�����
&	"�	����

��
 ���
�����+�
�*
�'�"����	�����
��
�&�"�
 ��
 ����+��
��**��

����
��
�����������
"	���+
*�����	����
*"�+
	
�����*��
�**���,

A��
 
�"�
 �"�������
 ��"�
 
	�
 ��������
 ��
 ������*'
 	�
 ��	��

��+�
 �*
 ���
 �	����
 �*
 &	"�	����
 ��
 �5�"������
 �"�*�����
 ��

�	���"�	
 B��+���
 *�����	�����
 	��
 �'���+	���
 ��	���D�
 �"'���

��
 �5�"	��
 *"�+
 ����"	�
 �	���"����
 �����
 �����
 *�

 �����

��	�
�����	'
��**�"����	�
�5�"������,
A��
*	��
��	�

�
�	+�
��


���
	
�����
��������	�
�5��	�	����
�*
���
&	"�	�����
��+���

��"	���
��	�
��"
�5��"�+���	�
	��
��	������	�

�"�
��	�
��
�**��

������
 �	&���
 ���
 
	'
 *�"
 *�"���"�
 +�"�
 ��+���5�
 "���	"��

�����
�"	���"����+�
	�	�'���,

Statistics
G�
�	&�
������
��
���
&	"�	���
	�	�'����
	
��	������	�
	��"�	��

��	�
 �	�
 ����
 ����
 ����
 �'
 �����+����
 	��
 *����
 �����������


��
�	&�
��
��	�

���
	
�	"��
��+��"
�*
������
�*
�	�	
����"

����������
 
��"�
 ���
 ����"��
 �*
 ���
 ��&�"��+���
 ��
 ���",

A����
����������
�	&�
����
&	���	���
��"����
+�"�
��	�
J6

'�	"�
 �*
 �	"�
 
�"��
 	��

�
 �����
 ���'
 ������
 ��
+�"�
 *"��

������'
 �������"��
 *�"
 �	"�����	��
 ����+���
 �5��"�+����,

M���"
�����������
����
	�
"	��
	�	�'����
	"�
	���
"���&	��� ���

&	"�	���
 	�	�'���
 ��
 ���*��
 *�"
 	�	�'����
 ���
 �	��"�
 �*
 �'��

��+	���
�"
"	���+
�""�"�
	**������
�	�	�

���
�������"���
	

�	"��
��+��"
�*
�	�	
������,

A��
�	���
�*
�����
����������
��
��	�
�	�	
�"�	�+���
�"��"
��

	�	�'���
+���
��
"������
 ��
	
+���+�+#
 *�"
�5	+����
���

������
���
�	&�
��
����"	��
�	���"����
&	����
�"
���
"	���

+�	��"�+�����
���	���
����
�	�
���'
��
����

������
���"��

������
 �����*��
 ��	�
 ����"
 �����'
 �����"	����
 ��	������	�

����������
 B
����
 	"�
 ��"�	���'
 ���
 *��*�����
 ��
 �"	���"���

��+�
 �5��"�+����D,
 ��+��	"�'�
 ���
 ������
 ���
 ���"�����

��"+	���	����
 ����������
 �	���
 ��
 ����"�'���
 ��������	�

�'��������
B*�"
�5	+����
�����
���
	&�"	��
�*
��+�
������

�������
������

����
	"�
��������
��
��
�5�"�����
	�
	
����

��	��
��&��D�
���	���
����
���"������
	
�'���+	���
��	��

���

���
	���+�����
��	��
*�"
�
�
��&��
�������
�"
��&�"��+���	�

�����������
���
�5�"������
��&��
�*
����
����"��
�����

����

���
&	"',
C	�'
�5��"�+����
 EOF
 ���

��	�
 ����
 ��
 ��"�	���'

���
�"��
��
����"	�,


A��
 �����+�
 �*
 ���
 &	"�	���
 	�	�'���
 ��
 ��
 ������*'
 �����

�����
 ��	�
 &	"'
 ��
 	
 ����������
+	���"�
 *�"
 	
 ��&��
�5��"��

+���	�
 ������,
 M���
 �����
 �����
 �	&�
 ����
 ������*����
 �*

���"���
��
����+��
������	"'
��
+	��
	
��	����	��&�
�&	��	�

����
 �*
 �"	���"������
 	��
 �"	���	����
 ��
 ���
 ����������
 �*

����"���
��
��
��"�
��	�
���'
	"�
������
"���&	��,

Preparation of the cDNA
;	���"�	�
�5�"������
�"�*�����
��
�	"�����	"�'
��**�����
��
���
��

���	����
 ��
 ����"	��
 ��
 ���	"'�����
 �	���"�	
 ��
 ���
 +	��

��	���
���'	���'�	���
+�.�,
-�
*	���
���
	&�"	��
��"��&�"
�*

+�.�
����"
���	�
 �"�
��
 ����������
 *�"
+����
 �"�	���+�

����
	�
(� �&�	 	��
�� �
��	�	� ��
�*
���
�"��"
�*
4�2
+������,
��

���
�
��
��"
	�	�'����
�5��"�+���	�
��	���
���
	�
���
��&��
�*

�.�
 "���&�"'
 	��
 �'�������
 �*
 	
 �	�����
 ��.�
 ���'
 *�"

�'�"����	����
��
���
�.�
	""	'�,
A � � 
 	+����
�*
��.�
�'��

��������
��
���
�"���"����	�
��
���
	+����
�*
�.�
	��

�"���

���
'����
�*
��.�
�'�������
	���	"�
��
&	"'
*"�+
����
��
����

�
	&�"	��
	+�����
�*
+�.�
�������
��&���
���
+���
&	"�	���

��.�
�����+�,
-�
����"	��
���
"�	���
��&��
*�"
�����
�	"��"

	+�����
 �*
�.�
 ��
 ��
 	&���
 ���
 ����	����

��"�
 ���
 ��
���

�5�"������
��&���
	"�
������
��
���
�	���"����
�����,
-�
����

�"	���
 ��
 ��
 ���
 *�	"
 ��	�
 ���
+�+�"	��
 
����
 ��
 �	��"	����

	��
����
@���	"����
���
	���"	�'
�*
���
&	����
��""���������

��
 ���
 �������
 �5�"������
 ��&����
 ��	�
 ������
 ���
 ������
 �*
 	

�+	��
	+����
�*
�.�
��
��+�
�5��"�+����,


G�
�&	��	���
���
�+��"�	���
�*
���
��	���
���
��
���
�	���

�"����
�����
��
���
���
�	��
	��
��
���
�	��"	����
�"����+

��
 ���
����"
�'
 ����'���
 ���
 ��""��	�����
 ��
+�	��"�+����

��"*�"+��
 �����
 �����"
 4 µ�
 �"
 46 µ�
 �.�
 *"�+
 ���
 �	+�

�5�"	��,
�
����
�*
�������&��'
���
��
���
�	���"����
�����

���

+	��*���
�����*
	�
	
��

��""��	����
���
���
���
"	��
�"��"
�*

���
�����
��
�	��
�5��"�+���
B�����
�	&���
����
"	����
	�
	

*�������
 �*
 ����"
 ����	�
 ��������'D
 *�"
 ���
 �����
 ��&���
 ��


	+�����
�*
��.��
	���
���&�"���'�
�	��"	����

���
��	�
��
	

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2001/2/6/research/0019.5

Figure 2
Comparison of the growth of B. subtilis wild type (WT) with
ytnJ, ytmJ and ytmK mutants (BFS70, BFS85 and BFS86,
respectively) on methionine (Met) and methionine sulfoxide
(MetO) at 100 µM concentration. Growth was measured
after 7 h and is represented as a percentage of wild-type
growth.
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Materials and methods
Bacterial strains and growth conditions
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Table 3

Function of genes showing the largest differences between days
A and B

Gene Mean Standard Function
deviation

comEA 2.588 0.930 Late competence protein required for 
DNA binding and uptake

comFA 3.213 0.809 Late competence protein required for 
DNA uptake

comFC 2.448 0.713 Late competence protein required for 
DNA uptake

comGA 4.794 0.956 Late competence operon required for 
DNA binding and uptake

comGB 3.649 0.604 Late competence operon required for 
DNA binding and uptake

comGC 2.644 0.724 Late competence operon required for 
DNA binding and uptake

comGD 3.512 0.828 Late competence operon required for 
DNA binding and uptake

comGE 4.067 1.038 Late competence operon required for 
DNA binding and uptake

nucA 3.134 0.954 Competence-specific nuclease

rapH 3.453 0.619 Response regulator: aspartate 
phosphatase (sporulation)

ypzE 2.261 0.143 Hypothetical protein

yqzE 3.856 0.810 Hypothetical protein

yshA 2.331 0.718 Conserved hypothetical protein

yvrP 2.697 0.966 Conserved extracytoplasmic 
component of a permease (hypothetical)

cotG -2.547 0.784 Spore coat protein

glgA -2.335 1.053 Bacterial glycogen synthase

rplV -2.465 0.958 Ribosomal protein L20

ybfO -2.884 0.880 Similar to erythromycin esterase 
(detoxification)

yllA -3.531 0.914 Hypothetical protein

yojL -2.631 0.710 Similar to cell wall-binding protein
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Table 4

Characteristic values for the distribution of intensities (arbitrary units) in different experimental conditions

Met A 1 MTR A 1 Met B 1 MTR B 1 Met A 10 MTR A 10 Met B 10 MTR B 10

First quartile 406 381 300 293 523 548 532 488

Second quartile 597 559 434 422 762 833 797 756

Third quartile 970 913 719 693 1,230 1,371 1,335 1,294

The genes were ranked according to the intensity of the corresponding hybridization; the values were then arranged into four sets of equal numbers,
with increasing hybridization values. The value for the highest hybridization in each quartile is given here. Met, methionine; MTR, methylthioribose; A and
B refer to different days, and 1 and 10 refer to the amount of RNA (see text). 
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Table 5

Variation of the correlation in the measurements performed
with 1 µµg and 10 µµg RNA

Centile Met A 1 x Met B 1 x MTR A 1 x MTR B 1 x 
Met A 10 Met B 10 MTR A 10 MTR B 10

0-20 0.589 0.589 0.563 0.668

20-40 0.132 0.248 0.103 0.422

40-60 0.018 0.087 -0.022 0.332

60-80 0.191 0.179 0.120 0.350

80-100 0.698 0.763 0.706 0.807

The results for experiments with 1 or 10 µg RNA were compared after
ordering the genes with the corresponding hybridization values in
increasing order. A high correlation indicates that the results are very
similar for both conditions. The correlation is very good for highly
expressed or poorly expressed genes whereas it is low for those with
medium expression. Met, methionine; MTR, methylthioribose; A and B
refer to different days, and 1 and 10 refer to the amount of RNA (see text).

Table 6

Variation of the correlation in the measurements performed
with two sources of sulfur

Centile Met A 1 x Met A 10 x Met B 1 x Met B 10 x 
MTR A 1 MTR A 10 MTR B 1 MTR B 10

0-20 0.751 0.767 0.636 0.777

20-40 0.685 0.680 0.514 0.681

40-60 0.730 0.663 0.608 0.749

60-80 0.821 0.736 0.738 0.843

80-100 0.945 0.912 0.946 0.969

The data are arranged as in Table 5. Correlation is good, indicating that
there is not a large difference between growth on methionine and growth
on MTR (as expected).
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