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Abstract

Dictyostelium discoideum is of increasing interest as a model eukaryotic cell because its
many attributes have recently been expanded to include improved genetic and biochemical
manipulability. The ability to transform Dictyostelium using drug resistance as a selectable
marker (1) and to gene target by high frequency homologous integration (2) makes this
organism particularly useful for molecular genetic approaches to cell structure and function.
Given this background, it becomes important to analyze the codon preference used in this
organism. Dictyostelium displays a strong and unique overall codon preference. This
preference varies between different coding regions and even varies between coding regions
from the same gene family. The degree of codon preference may be correlated with
expression levels but not with the developmental time of expression of the gene product. The
strong codon preference can be applied to identify coding regions in Dictyostelium DNA and
aid in the design of oligonucleotide probes for cloning Dictyostelium genes.

Introduction

In the last few years there has been an upsurge of interest in Dictyostelium discoideum as
an experimental system. Complex eukaryotic biological problems such as developmental
changes, chemotaxis and cell-cell interactions can be examined and manipulated in a
relatively simple environment in Dictyostelium. The Dictyostelium organism undergoes a
striking program of changes in gene expression resulting in major cellular changes that can be
examined and controlled in the laboratory (3). Biochemical characterization of Dictyostelium
has advanced with recent improvements in the availability of protease inhibitors and
cultivation techniques. Genetic techniques for Dictyostelium has also evolved rapidly.
Improved DNA mediated transformation methods (1) and the discovery of homologous
recombination (2) have made Dictyostelium an organism which can easily be manipulated
genetically in the laboratory. There has also been a major increase in the number of
characterized gene sequences from Dictyostelium. This has presented an opportunity to
characterize codon preference trends in this organism. Only a limited number of genes were
available when codon preference in Dictyostelium was examined last (4).

An accurate understanding of codon preference can be applied in a number of useful
ways: 1) codon preference trends can be used to identify open reading frames that are likely
to be expressed (5), 2) differences in codon preferences of different protein coding regions
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have been correlated with levels of expression in some organisms (6,7), 3) codon preference
can reveal something about the evolution of the organism or about the gene family within an
organism. It also can give an indication of how genes are organized and how their expression
is controlled.

In this paper, codon usage data from Dictyostelium is compiled and displayed for
individual sequences and as a sum of all the sequences in order to show the overall codon
usage. To better understand the nature of the codon usage patterns, two statistical methods
have been applied. One method examines the frequency at which favored codons are used
and the second method reflects the degree of nonrandom choice in codon usage. Both
methods can be used to compare codon usage in different coding regions, the latter can also
be used to compare codon usage patterns of different organisms.

Methods

Sequences of characterized Dictyostelium discoideum genes were obtained from
Genbank (8) and EMBL (9) sequence databases and from literature sources. Files were
maintained and analyzed using programs contained in the University of Wisconsin Genetics
Computer Group collection of programs (10).

A simple statistic was derived to reflect how frequently a favored set of codons were
used in coding for a particular protein. The statistical method used is similar to that described
for characterizing codon bias in E. coli and yeast (11); the optimal codons were determined as
those which were used most frequently (Table 5). The frequency of optimal codon usage
(ffc) for a particular mRNA was calculated by counting the number of times favored codons
were used and dividing by the total number of codons in that message.

Another simple statistic reflecting the average codon preference (codon preference
parameter; cpp) can be calculated using the following formula:
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Where xjj is the number of occurrences of the jth codon for the jth amino acid and nj is
the number of alternative codons for the jth amino acid. Amino acids without alternative
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codons were excluded from consideration (n; = 1 not allowed). In words, the cpp is
determined by the sum over the redundantly coded amino acids >f the absolute value of the
difference between the actual fractional usage of each codon and the fractional usage
expected if it were used randomly. The final term standardizes the value of each codon’s
contribution to the cpp statistic so that the sum over each amino «cid’s codons, for the case of
the most nonrandom distribution possible, equals one.

The cpp could be obtained from the sum of the codons used in a single coding region or
alternately from the sum of the codons used in several coding regions from a single organism.
If the sum contained no examples of a particular amino acid then the term describing the
difference in codon use from random was set to zero.

Not considered in the cpp are amino acids which are coded for by a single codon and the
three termination codons. The cpp statistic reflects to what extent a group of codons are being
used nonrandomly. An essentially random distribution would result in a cpp of 0 and a totally
nonrandom distribution would result in a value of 18. The cpp for a particular coding region
or a group of coding regions is not sensitive to overall amino acid composition of the gene
product nor to the collection of gene products contained in the sum. This makes comparisons
within and between species more meaningful.

Results

The compilation of 47 coding regions from genes and gene fragments from Dictyostelium
is organized in the following way: Table 1 contains the name of each sequence preceded by a
code describing in which of the following tables the codon usage information can be found.

In addition, Table 1 contains the summary statistics for each coding region. Table 2 contains
the codon usage data from the 15 actin genes that have been characterized. Table 3 contains
codon usage data from 18 genes not members of gene families, and Table 4 contains codon
frequency data from the known examples of the cysteine protease, discoidin, M3, and
ubiquitin gene families.

Table 5 contains a summation of all genes detailed in Tables 2 through 4 expressed as
fractional codon usage. In addition, codon usage data from E. coli, S. cervisiae, sea urchins
and humans (12) are provided for comparison. The choice of codons in Dictyostelium is
clearly different from the pattern in yeast, E. coli or vertebrates. In order to assign a
quantitative value on the average codon preference that could be used to compare preferences
between organisms, we devised a codon preference parameter (cpp), as defined in Methods.
The Dictyostelium average cpp statistic of 13.2 reflects a very strong overall bias compared
with other organisms. The most frequently used codons all contain A or U in the third
position. With few exceptions, the use of codons containing U at the third position appears
favored over those with A in that position. With the exception of phenylalanine, all the amino
acids seem to display a strong preference for one or two of their possible codons. There are
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Table 1: Sequenced Dictyostelium discoideum genes

#AA. T %A+U %A+U3d ffc cpp  Ref.
%%8 8 8 7 I
S L roun
i S T W
: i
z%% 4§ ;@ i
15D i . 740 ¢
ik g oo
37¢ n 67 6 223
414p 62 7 0.63 167 (18)
139p 64 75 0.68 1278 (19)
33 cAMPdependentproteinkinase  326¢ 68 9% 0.68 1381 (20)
34 Contactsite A protein 495¢ 65 83 0.61 1107 @1
3.5  Cyclic Nucleotide phosphodiesterase 452 ¢ 66 74 0.60 1095 22
4l ystegne &goteinase family c y 1155 5
BEEEET w9 op o oMoB
36 Dgl7 459¢ 73 83 071 1215 (25
37  Dihydroorotate dehydrogenase 369 ¢ 66 80 0.62 1150  (26)
11 BERA M 0§ ¥ 18 pno@
4 ; 2548 & 7 Nl 1 i%
i Beag mp 8§ 3 B Ux 8
38  D2cAMP induced mRNA 348p 68 82 0.68 1139 (28)
39  lowMd4 mRNA 87p 75 68 0.44 128 (29
3.10 Large myosin heavy chain 2116 ¢ 62 69 0.64 9.98 (30)
3.11 Myosin essential light chain 166¢ o4 75 0.64 1063 (1)
i Wilbnmame 3 X OB % B9 8B
312 prespore EB4 mRNA sip 57 57 043 1380  (32)
313 prestalk D11 mRNA 282c 62 79 065 1087 (33
3.14 P8A7 membrane protein 139p 70 89 0.66 1401 (34)
315 RAS 186¢ 7 01 075 1478 (35)
3.16 Ribosomal protein 1024 182¢ 59 66 0.60 1208 (36)
3.17 Severin 362¢ 67 86 0.73 1303 (37)
i (R B o8 B OW OB a
413 8‘8.?.&“ 17 138 ¢ & 67 84 it gﬁ}
3.18 UDP glucose pyrophorylase siic 7 88 0.73 138  (40)
3.19 UMP syntase 478¢ 6 80 0.64 1406 (@1)

t ¢ = complete sequence, p = partial sequence
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Table 2: Actin gene family, Codon usage

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.92.10 2.11 2.12 2.13 2.14 2.15

11 12 13 1S5

10

]

M6 2-s1 2-s2 3-sl1 3-s2

Actin

0

Arg AGG

AGA
CGG
CGA
CGU
cGC
Leu UUG

12

12

12

11

12

1

19

20

19

17

17

uua
cuG

CuA
cuu
cuc
Ser AGU

0

AGC
uce
uca
ucu
ucc
Ala GCG

16

20

15

17

16

0

10
13

12
1

14

GCA
Geu
Gee
Gly GGG

13
15

12
18

11

0

GGA
GGU
GGC
Pro CCG

19 17 16 27 16 29

29

26 11 11

28

13

15

0

19

19

19

16

18

cca
ccu
cce
Thr ACG

0

ACA
ACU
ACC
val GUG

14

10

14

11

15

14

0

GUA
GUU
GUC
Ile AUA

13

12

11

10

18

18

0
10

13
14

15
12

10
17

21

18

AUU
AUC
Asn AAU

12

AAC

Asp GAU

18

19

12

12

11

17

20

18

9

GAC
uGU
uGeC
Gln CAG

3

Cys

0

10

10

10 10

CAA

Glu GAG

0

12 10 10 28 11 26

28

23

23

GAA
CAU
CAC

1

His

Lys

1

Phe UUU

1

vuc

11

13

11
5

4
1
2

10

UAU
UAC
Trp UGG
Met AUG
End UGA

Tyr

11 10 10 18 11 18

18

18

17

0

UAG

UAA
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Table 3: Non-family Codon usage
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Table 4: Other gene families, Codon usage
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0
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1
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23

6
14

Lys

11

13
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Table §: Fractional Codon Usage

D. disc. E. coli S, cerv. Sea U. H. sap.

Arg AGG 0.01 0.01 0.13 0.14 0.23
acat 0.47 0.02 0.61 0.08 0.22

cGG 0.00 0.05 0.02 0.01 0.15

CGA 0.01 0.04 0.04 0.08 0.10

ceut 0.51 0.50 0.18 0.42 0.07

cGe 0.00 0.38 0.03 0.28 0.22

Leu uuG 0.11 0.10 0.43 0.10 0.12
vuat 0.56 0.09 0.23 0.00 0.06

cue 0.00 0.61 0.08 0.21 0.44

cua 0.03 0.02 0.12 0.06 0.06

cuu 0.13 0.08 0.09 0.24 0.11

cuc 0.16 0.10 0.04 0.39 0.22

Ser AGU 0.13 0.10 0.13 0.11 0.11
AGC 0.03 0.27 0.08 0.26 0.27

uce 0.01 0.13 0.07 0.00 0.06

veat 0.51 0.09 0.15 0.12 0.12

ucu 0.25 0.21 0.36 0.24 0.19

uce 0.08 0.20 0.21 0.27 0.25

Ala [ 0.00 0.35 0.07 0.01 0.09
GCA 0.26 0.22 0.19 0.13 0.19

ceut 0.51 0.20 0.48 0.31 0.29

Gee 0.23 0.23 0.27 0.54 0.44

Gly GGG 0.00 0.10 0.06 0.07 0.22
GGA 0.09 0.06 0.10 0.45 0.23

ceut 0.88 0.43 0.69 0.30 0.16

6GC 0.03 0.41 0.15 0.19 0.39

Pro cce 0.00 0.62 0.07 0.01 0.12
ceat 0.93 0.18 0.57 0.41 0.23

ccu 0.06 0.13 0.27 0.15 0.28

cce 0.01 0.07 0.10 0.43 0.37

Thr ACG 0.00 0.21 0.08 0.09 0.09
ACA 0.24 0.09 0.21 0.11 0.24

acut 0.49 0.21 0.41 0.11 0.23

Acc 0.27 0.49 0.30 0.70 0.43

val GUG 0.02 0.33 0.15 0.17 0.48
GUA 0.18 0.18 0.13 0.08 0.10

cuut 0.62 0.32 0.44 0.19 0.17

Guc 0.19 0.18 0.28 0.56 0.25

Ile AUA 0.07 0.04 0.16 0.01 0.12
avut 0.62 0.41 0.51 0.02 0.32

auc 0.31 0.55 0.33 0.96 0.56

Asn aaut 0.69 0.32 0.46 0.15 0.42
RAC 0.31 0.68 0.54 0.85 0.58

Asp caut 0.87 0.54 0.57 0.40 0.41
GAC 0.13 0.46 0.43 0.60 0.59

Cys veut 0.92 0.42 0.71 0.27 0.40
uGe 0.08 0.58 0.29 0.73 0.60

Gln CAG 0.02 0.72 0.23 0.73 0.74
caat 0.98 0.28 0.77 0.27 0.26

Glu GAG 0.09 0.29 0.22 0.68 0.61
caat 0.91 0.71 0.78 0.32 0.39

His caut 0.66 0.44 0.52 0.45 0.41
cac 0.34 0.56 0.48 0.55 0.59

Lys AAG 0.22 0.24 0.58 0.79 0.62
aant 0.78 0.76 0.42 0.21 0.38

Phe uyy 0.53 0.44 0.48 0.15 0.40
uuc 0.47 0.56 0.52 0.85 0.60

Tyr vaut 0.64 0.48 0.42 0.11 0.40
UAC 0.36 0.52 0.58 0.89 0.60

End UGA 0.00 0.21 0.23 0.00 0.51
UAG 0.03 0.07 0.29 0.42 0.15

UAA 0.97 0.72 0.48 0.58 0.34
Preference (cpp) 10.34 5.73 5.57 8.73 4.48

t = favored codons in Dictyostelium
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A Frequency of Favored Codon Use vs. (A+U)%
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B.  Frequency of Favored Codon Use vs. 3rd Position (A+U)%
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Fi 1. Evaluation of the frequency of favored codon use mRNA composition.
An analysis of the codon bias of the protein coding regions using the ffc statistic
compared with the (A+U) composition of protein’s mRNA; overall (A.) and only at
codons’ third positions (B.) (r= linear regression coefficient).

seven examples of codons that have not yet been found in Dictyostelium. All seven codons
are high in G+C content. There is also a very strong preference for the use of UAA as the
translational termination codon.

The compilation of known Dictyostelium coding regions totals 42 kb; 13,943 codons.
The coding regions average 37% G+C content and range from 43% to 25%. As the overall
Dictyostelium genome contains a 22% G+C content (13,14) the untranslated regions are
extremely A+T rich (15).

While the cpp statistic indicates the deviation from random codon use, the ffc statistic
(see methods) measures the frequency of favored codon use. The individual sequences which

6625



Nucleic Acids Research

have been analyzed using both the cpp and the ffc statistics are shown in Table 1. Both
statistics for each coding region, indicate that not all gene sequences are biased to the same
degree. The most nonrandom codon usage was found in a gene homologous to the viral RAS
gene with a cpp of 14.8. The least nonrandom codon usage was found in a gene encoding the
myosin heavy chain with a cpp of 9.94, just slightly below the value obtained from the sum of
all the codons used in Dictyostelium (cpp = 10.2; Table 5). The sequences that contain the
greatest number of frequently used codons are also those with high cpp values. The
sequences encoding M4 and EB4 mRNA s appear to contain the lowest number of favored
codons yet their cpp values are not exceptional.

It is interesting to note the variation in the cpp and ffc statistics between different
members of the same gene families even though they are thought to have developed through
gene duplications. The extensively characterized actin gene family shows considerable
variation in bias even though, with the exception of actin 3 and actin 2-s2, they are more than
99% conserved at the amino acid level (16). Actin 2-s2 does not appear to be expressed but
has unremarkable cpp and ffc statistics. The divergence of the amino acid sequence of actin 3-
s1 and actin 3-s2 from the other actin sequences suggest that they may be actin-related
proteins rather than true actins. Actin 3-s1 and actin 3-s2 cannot be distinguished from the
other actins by differences in codon usage.

In order to probe the origin of the codon bias differences between genes in Dictyostelium,
A+U content and the presence of A or U in the third position of the codon were compared
with the ffc statistic in figure 1A,B. There is little correlation between differences in codon
preference and A+U composition (Figure 1A); however, there is a stronger correlation
between the ffc statistic and the % of codons containing A or U at the third position (Figure
1B). This correlation is expected since all the favored codons contain A or U in the wobble
position and the stronger biased sequences have more of these favored codons. The cpp
statistic shows about the same correlation between differences in codon preference and A+U
composition as the ffc statistic (Figure 2A). The correlation between the cpp statistic and the
% of codons containing A or U at the third position (Figure 2B) is half that of the correlation
found with the ffc statistic. The cpp does not depend on the use of codons with U or A in the
wobble position but instead measures nonrandom usage. The fact that any correlation is
observable indicates that most nonrandom sequences are also those with high A+U content in
the third base position of the codon.

There are limits regarding the degree that the A+U composition of the coding region can
be manipulated without changing amino acid sequence because all the available codons for
some amino acids are relatively G+C rich. Since the Dictyostelium genome is so strongly
biased towards a high A+T composition, differences in A+U composition between mRNAs
may only reflect differences in the amino acid compositions of their corresponding gene
products. If this limit is approached, very high cpp values would be expected as the codon
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A Codon Preference Parameter va. (A+U)%
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Figure 2. Evaluation of codon preference parameter and mRNA composition.
An analysis of the codon bias of the protein coding regions using the cpp statistic

compared with the (A+U) composition of protein’s mRNA; overall (A.) and only at
codons’ third positions (B.) (r= linear regression coefficient).

usage would become increasingly nonrandom. The apparent independence of the A+U
composition of mRNAs and their cpp statistics (figure 2A) seems to verify that the cpp
statistic is insensitive to differences in gene product amino acid compositions.

To examine whether the codon use varies in different parts of the same protein, the gene
coding for myosin heavy chain was divided into two parts and the cpp and ffc statistics were
calculated for each. The first part of the gene codes for the globular head domain which is
very different in amino acid composition from the a-helical coiled-coil domain that
corresponds to the second part. The ffc value for the first part of the myosin sequence is 0.63
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A Expreasion va. Frequency of Favored Codon Use
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Figure 3. Evaluation of codon bia: xpression levels.
The ffc statistic (A.) and the cpp statistic (B.) of individual mRNAs are compared with
the expression levels of their gene products. (r = linear regression coefficient).

and for the second part is 0.65, which is nearly identical to the value of 0.64 for the whole
sequence. Yet the first part has a cpp of 10.34 and the second part a cpp of 11.21, both values
higher than the cpp of the whole sequence (9.94). The cpp values for each part of the protein
can be greater than the value for the whole protein since each of the parts may contain minor
preferences which are cancelled when added to each other. The ffc values for the myosin
sequence are not exceptional but the cpp values are quite low compared with other
Dictyostelium coding regions. The myosin sequence apparently uses the favored codons at
normal frequences but uses codons not in the favored class more randomly than other
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A Time of Expression vs. Frequency of Favored Codon Use
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Figure 4. Evaluation of codon bias and developmental expression time.

The ffc statistic (A.) and the cpp statistic (B.) of mRNAs are compared with the
developmental time of their expression. (r = linear regression coefficient).

sequences. It also uses this second class of codons differently in the first and second parts of -
its sequence.

To probe the reasons for differences in codon preference in sequences coding for
different proteins, a comparison was made between expression levels of the gene product and
the two sequence derived statistics, ffc (Figure 3A) and cpp (Figure 3B). Examples of
proteins that have been characterized with respect to levels of protein expression are actin 8
(42), calmodulin (43), myosin (44,45), and severin (46) during vegetative growth, and
discoidin 1 (47) and gp80 (48) at 8 hours of development. The data, when plotted as the log
of the percent total protein, produces a good correlation ( linear regression coefficient r=0.73)

6629



Nucleic Acids Research

when the ffc statistic is used. A much lower correlation (r=0.22) is obtained when the cpp
statistic is examined. It appears that higher levels of expression correlate with lower
frequency use of favored codons, an unusual pattern which is not consistent with conventional
explanations associating expression levels with codon usage. The amount of data is limited
and it is possible that with more data the observed correlation will disappear.

To examine if differences in codon preference exist during different developmental
stages of Dictyostelium, a comparison was made between time of maximum expression
during the developmental cycle and the bias statistics for each protein (Figure 4). This
difference in codon preference could reflect changing tRNA pool populations during the
differentiation process. Almost all of the examples in which expression has been
characterized as a function of development depends on measuring mRNA levels rather than
protein levels. Two-dimensional gel electrophoresis shows that there is little difference in the
pattern and amounts of protein being synthesized in cells and from extracted mRNA
translated in reticulocyte lysates (48). Thus, mRNA levels should correlate approximately
with protein levels; however, there is at least one example of a mRNA that can exist for some
time in the cell without being actively transcribed (50). Examples in which levels of mRNA
have been characterized as a function of the developmental cycle are: actins m6,2-
s1,5,6,7,8,9,10,11,12,13 (51); discoidin 1c (52); a-actinin (19); contact site A (21); cysteine
proteinase 1,2 (23); cyclic nucleotide phosphodiesterase (22); EB4 mRNA (52); D11 mRNA
(52); D19 mRNA (52); Dgl11 (25); dihydroorotate dehydrogenase (53); D2 mRNA (28); M3
mRNA (28); P8A7 (34); RAS (35); rp1024 (50); severin (37); and ubiquitin 1,2 (54). There
appears to be no correlation between the time the mRNA is expressed during development
and the frequency of favored codon use (Figure 4A) or the codon preference parameter
(Figure 4B).

Discussion

The compilation of codon usage information for an organism is straight forward.
Understanding the relevance of codon usage trends is a considerably more complicated
undertaking. The calculation of statistics which reflect specific facets of the codon usage can
assist in obtaining such an understanding. This paper uses two summary statistics. The ffc
statistic measures the frequency at which favored codons are used in a coding region. This
statistic relies on the investigator to identify particular codons as "favored codons". The
codons used most frequently in the sample of sequences from Dictyostelium were defined as
the favored codans (Table 5). These designated codons are very different from those used in
calculating similar statistics in other organisms (55). The ffc statistic is only useful within
one organism and is sensitive to differences in amino acid composition of the gene products.
It appears to be the statistic which best correlates to levels of gene expression.

The cpp parameter is a measure of how different the usage of codons is from random.
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This statistic is independent of amino acid composition differences and is relatively easy to
calculate with the assistance of microcomputer spreadsheet software. Possible errors in the
cpp can arise from sampling problems when the sample size is small. Very short sequences,
usually those that are incompletely sequenced, can be misleading. If the sequence being
considered fails to contain any codons for a particular amino acid, that amino acid is removed
from the sum of fractional usage giving the appearance of perfect random codon usage for
that amino acid. This leads to a lower than expected cpp for the gene. When the sample size
contains fewer codons than the number of different codons coding for a particular amino acid
it is impossible to obtain a random distribution, thus giving rise to a higher than expected
cpp. These errors are anticipated to be small in magnitude.

The measurement of codon preference using a statistic like the cpp or ffc can be
insensitive to minor differences in preferences because it is averaged over many codons. An
example of this can be seen in the cpp values for the two parts of the myosin heavy chain
gene which are higher than the value for the gene as a whole. In Dictyostelium the codon
preference pattern is complex as reflected in the observation that the cpp for the entire
collection of sequenced coding regions is the same as the cpp derived from the codons used in
the least biased mRNA. The existence of multiple patterns of codon use can be observed in
the example of the myosin heavy chain gene sequence in which the ffc statistic shows a high
usage of favored codons yet the cpp statistic indicates that this sequence is one of the most
random in codon usage. Even though the favored codons are being used at high levels the
secondary codons appear to be used in different patterns in different parts of the sequence
thus cancelling in the sum and giving rise to the low overall cpp statistic. Such complications
demonstrate that no single statistic is capable of completely describing codon usage patterns
in an organism.

It appears that codon usage patterns in Dictyostelium are distinctive. As seen in Table 5,
codons in which the third position contains a uridine or adenine are strongly preferred. The
exception to this rule is the use of phenylalanine codons in which no preference is shown
between the use of UUU and UUC codons. The more strongly biased mRNAs seem to
contain the least number of codons that are exceptions to this trend. Codons containing large
amounts of guanine and cytosine are not favored, since the use of CGG, CGC, CUG, GCG,
GGG, CCG and ACG codons are not found among any of the sequenced coding regions. It
may be that particular redundant codons are being used in Dictyostelium to minimize the G+C
content of its genome. It is not clear why this organism contains a genome so depleted in
G+C. One hypothesis is that since it feeds on bacteria its genome may have to be relatively
resistant to bacterial restriction enzymes, whose recognition sites are generally relatively G+C
rich.

The pattern of codon preference in Dictyostelium is unique amongst the organisms
compared here. The preference pattern is substantially different from that found in E. coli
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genes where G+C rich codons like CUG, CGC, GGC, UCC, and CCG are favored. It also
differs from yeast coding regions which are rich in codons UCC and GCC and UAC, CAC,
AAC, AAG and GAC are utilized more frequently than in Dictyostelium genes. The codon
usage averaged over several genes from multicellular organisms are generally only weakly
biased. This pattern is very different from the strong bias seen in Dictyostelium, although it
becomes a multicellular aggregate during one phase of its developmental cycle.

Translational termination in Dictyostelium shows a very strong preference for the UAA
(ochre) stop codon. Although eukaryotic mRNAs use all three termination codons, they also
show a preference for UAA and an avoidance of UAG (56). Prokaryotes show more of a bias
towards the use of the UAA termination codon but not to the extreme degree seen in
Dictyostelium.

If there is a correlation in Dictyostelium between the codons used in its mRNAs and the
pools of its tRNAs as has been shown in bacteria (57) and yeast (58), then there may be
problems obtaining high levels of heterologous gene expression in Dictyostelium. One would
expect to find low levels of tRNAs with the anticodons for CGG, CGC, CUG, GCG, GGG,
CCG and ACG which may create difficulties in translation of genes from bacteria and
vertebrates. The yeast codon usage is the most similar to that of Dictyostelium so expressing
yeast genes may be less of a problem. In at least one case a Dictyostelium gene will
complement a mutation in yeast (59) but the levels of translation required to do so may be
limited. Some examples of heterologous gene expression in Dictyostelium are suggestive of
expression problems. The expression of the neomycin phosphotransferase gene from Tn5 and
the kanamycin resistance gene from Tn906 may require multiple gene copies to provide the
transformed Dictyostelium cell with resistance to G418 (17). Both genes contain codon use
preferences that are typical of the pattern used in E. coli and contain a considerable number of
codons that are high in G+C content, which are rarely used in Dictyostelium. The degree of
expression difficulty that can be attributed to codon bias differences is not clear. Attempts to
experimentally alter the biases in E. coli (6) and yeast (60) have not given consistent results,
indicating that heterologous gene expression can be limited by other factors.

The strong bias of Dictyostelium can be very useful in helping to identify open reading
frames that may be coding regions from DNA sequence data (5). It can also aid in the design
of oligonucleotide probes to clone genes from Dictyostelium based on conserved amino acid
sequence (61).

In yeast and E. coli the degree of codon preference has been correlated with levels of
expression. As the levels of tRNAs coding for the favored codons have been found to be
high, it seems reasonable that translation of a biased gene could occur at a faster rate,
although this picture is complicated by the effects of proof-reading (62). In Dictyostelium the
frequency of favored codon use seems to be correlated with lower levels of expression.
Additional data points would clarify the relationship and perhaps modify the observed

6632



Nucleic Acids Research

exponential fit, but the trend is provocative. A simple explanation involving to tRNA pools is
not apparent. If this correlation can be substantiated it may be possible to estimate the level
of expression from sequence data alone.

The hypothesis that Dictyostelium modulates gene expression during development by
changing its tRNA pool sizes is not supported by a correlation between difference in codon
preference and developmental expression. This supports the more direct finding that no
differences in the level of acceptance of 17 amino acids could be detected by in vitro amino
acid-accepting systems in extracts obtained from vegetative and late differentiated cells.
Furthermore, no changes in levels of individual tRNAs could be observed during
development (63). Predicting the developmental time of expression during development
using sequence data does not appear to be feasible.

Combparisons of translational levels and times would benefit from additional quantitative
data. Two-dimensional polyacrylamide gel analysis of proteins has been used to analyze
changes in protein expression (64). If this type of gel data could be quantitated (65) and the
identity of the spots determined, a much better understanding of the changes during
development would be obtained.

Based on rRNA sequence data Dictyostelium appears to have diverged from the
eukaryotic path of evolution at the earliest branch yet identified by molecular techniques (64).
Its genome is the lowest in G+C content ever characterized, even if only coding regions of the
genome are considered (63). This picture suggests that Dictyostelium has evolved in a unique
direction for reasons which are not apparent. Codon preference in Dictyostelium appears to
be strongly affected by its genome composition.
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