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factor~. Thus, compared to the above cases, the heat
shockh response of Malpighian tubules of Drosophila
larvae is unique. The regulatory pathways responsible
for non-induction of all the common HSPs in Mal-
pichian tubules of Drosophila larvae may involve the
heat shock transcription factor™ and/or other auxiliary
transcription factors™ necessary for transcriptional acti-
vation of the heat shock genes under conditions of
stress. Further studies will help understand the mecha-
nism of this regulation as also the biological signifi-
cance of this unique situation of non-inducibility of all
the common HSPs and induction of a different set in the
larger polytenized cells of this particular tissue.

1 Schiesmger, M 1., Ashburner, M and Tissieres, A. (eds), Heat

Shoch Proteins From Bacteria to Man, Cold Spring Harbor

Labhoratory, Cold Spring Harbor, NY, 1982.

Lindquist, S, Annu Rev. Biochem | 1986 55 1151-1191.

Morimoto, R., Tissieres, A. and Georgopoulos, C. (eds), Stress

Proreins in Biology and Medicine, Cold Spring Harbor Labora-

tory, Cold Spring Harbor, NY, 1990.

Ritossa, F. M |, Experiennia, 1962, 18, 571-573

Tissweres, A | Matchell, H, K. and Tracy, U, J Mol. Biol, 1974,

84. 386-398

Lakhotia, S C. and Singh, A K., J Genet, 1989, 68, 129-137

DiDomentco, B, Bugaishy, G E. and Lindquist, S, Cell, 1982,

31, 593-603.

§ Palter, B. K, Watanabe, M, Stinson, L., Mahowald, A. P. and

Craig, E A, Mol Cell Biol., 1986, 6, 1187-1203.

9 Lindquist, S. and Craig, E. A, Annu Rev. Genet., 1988, 163,
631-677

10 Lakhotia, S. C and Mukhenjee, T, Chromosoma, 1980, 81,
125-136.

11 Laemmh, U. K, Nature, 1970, 227, 680685

R

TP e Lod

) N

R e e s ey s e e e S L L L T

Codon analysis of cyanobacterial
genes
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The genes from different species of cyanobacteria
have been analysed for relationships both between
them and with other microbes and organelles. The
codon bias indices indicate that the unicellular
Synechococcus strain shows a preferred codon usage
as those of low expressing genes of E. coli, Agrobac-
terium tumefaciens and §. typhimurium, whereas the
filamentous Anabaena sp. and Fremyella diplosiphon
strains show similarity to yeast (Saccharomyces cer-
evisiae), Bacillus sp., B. subtilis and Streptococcus sp.
In so far as the codon bias index can be related to

expression levels, the data suggest the possibility of

suitable cloning hosts. The filamentous and unicellu-
iar eyanobacteria can be clearly separated based on
the codon third-position bias and also the correla-
tions involving codon usage. In general, correlations
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in codon usage profiles point to the filamentous
strains being more related to gram positive bacteria
and eukaryotes, whereas the unicellular strains are
more related to gram negative bacteria.

PATTERNS of codon usage vary between organisms’ and
have helped to understand regulation of gene expres-
sion”°. Several organisms have been examined in detail
in terms of their biased codon usage™ >. However, only a
preliminary analysis has been reported for codon usage
in cyanobacterial genes® using a limited set of genes.
The relationskips within cyanobacterial species and with
other organisms have been examined using the compila-
tion by Wada ef al.’, who have tabulated the codon us-
age for different organisms. It must be mentioned that a
study of codon usage of different genes from an organ-
ism, in spite of potential problems of the pattern of us-

ageg*g, can lead to acceptable conclusions in certain

cases and provide general trends®™ ’.

The codon usage data were taken from the compila-
tion by Wada ef al.’. These data refer to only complete
genes and not to introns. The program CODON was
used. This was developed by one of us earlier to exam-

ine the relationship of codon usage between plants and

CURRENT SCIFNCE, VOL 69, NO 2,25 JULY 1995



——y

.

—

.

Fable 1. The percentage of synonymous codons for the unicellular
(synechococcus, SYN) and filamentous (Anabaena, ANA)  (Fremyella
diplosiphon, FDI) strans are shown The preferred codons selected with a cut

[y

off limit of sigma are marked with an asterisk

AA cod SYN ANA FDI
Gly GGG 13 R 6
Gly GGA 6 | 15
Gly GGT 36* 53* 56*
Gly GGC 45% 24 23
Glu GAG 38" 21 17
Glu GAA 62* 79% 83*
Asp GAT 48* S8+ 65*
Asp GAC 52¢% 42% 35%
Val GTG 34¢* 16 14
Va! GTA 7 32¢ 30*
Va G1T 27% 3o* 46
Va GTC 32¢ 16 10
Ala GCG 22" 12 8
Ala GCA 19* 27% 32
Ala GCT 28" 424 51%
Ala GCC 31" 19 10
Arg AGQG I 4 2
Arg AGA I 14 10
Arg CGG 20 17 14
Arg CGA 8 7 7
Arg CGT 26 32* 34*
Arg CGC 44> 26* 33*
Ser AGT 13* 16* 14
Ser AGC 24* 19* 28%
Ser TCG 22¢ 5 3
Ser TCA 6 15% 8
Ser 1CT 18* 28¢ 28"
Ser 1CC 18¢ 17* 19*
Lys AAG 46* 31 40%
Lys AAA 54* 69* 60*
Asn AAT 28 44* 35
Asn AAC 72¢ S6* 62%
Ile AlA 0 10 5
ile ATYF 43 52°¢ S51%
e ATC 57% 3g* 45%
Thr ACG 21 5 2
Ihr ACA 6 32+ 25
Thr ACT 21 26% 3i*
Thr ACC S51* 37¢ 424
Cys IGgr 33¢ 52* Ige
Cys 16GC 67* 48* 62*
[yr TAT 29 42" 35¢*
byr 1 AC 7i* S8* 65*
Leu 1IG 27¢ 26* 27"
Leu 1A 7 25¢% 29
Leu C1G J6* i6* 13
Leu CTA 6 15* 16
Leu CIT 0 6 8
Ley Ci1C 24 12 8
Phe 1ir 42¢ S57°¢ 54
Phe 11C 58¢ q3* 464
Gin CAG 45* 27 26
Gin CAA 55% 73¢ 74+
His CAT 30 3y SH¥
His CAC 70* 61* 42°
Pro CCG 34° 6 7
Pro CCA 12 28¢ 2]
Pro cCr I8 37* 45
Pro 35¢ 29°* 28¢
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plant viruses °, The codon bias index, which determines

the level of usage of preferred codons in a gene, has

been defined earlier®. In this study, the same definition

of the codon bias index is used. However, the selection
of preferred codons is not based on the percentage oc-
currence of codons within a set of synonymous codons.
The significance of a percentage occurrence depends on
the number of synonymous ¢odons. For example, 50%
occurrence for a codon is not significant when there are
only two synonymous codons but can be considered pre-
ferred 1f there are three or more synonymous codons in
the set. Hence, we have calculated the standard devia-
tion in percentage occurrence within the set of synony-
mous codons for each amino acid. Those codons in a
synonymous set whose percentage occurrence is above a
given cut-off limit times the standard deviation are
flagged as ‘preferred’. These preferred codons of the
plant, for example, are used to determine if the codons
of the plant virus are biased towards the plant codon
usage. The best choice of the cut-off limit is one where
the minimum number of codons is chosen as preferred
while no amino acid is left without at least one preferred
codon (Table 1).

In order to compare two codon usage profiles, for
each amino acid a correlation coefficient is calculated
using the percentage occurrence of codons within the
synonymous set. The match coefficient for the entire set
of amino acids is then defined as the sum of the
weighted correlation coefficients. The weight for each
amino acid is calculated as the ratio of the total number
of codons for that amino acid to the total number of
codons for all the amino acids of the two tables. This is
done to take into account the differences in amino acid
composition.

Thus,
N

the match coefficient= Y wc,,

!
where

N = all amino acids except Met, Trp,
w, = weight factor,

defined as

total number of codons for the /ith amino acid
W, =
’ total number of codons

3

and

¢, = correlation coefficient of synonymous codon us-
age,

Z(p_ﬂ —-ﬁ!)(q.n _‘71)
I

R
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where P, is percentage occurrence of the jth codon of
the ith amino acid of one table, ¢, 1s the percentage oc-
currence of the sth codon of the ith amino acid of the
other table, p,. g, are the means and », is the number of
codons of the 1th amino acid.

The match coefficient as defined here can vary from —
| (for anticorrelated profiles) to zero (for profiles with-
out correlation) to + 1 (for identical profiles). A high
match coefficient indicates that amino acids with a
higher frequency of occurrence have a similar distribu-
tion of codons within their set of synonymous codons.

The codon usage and the set of preferred codons'®
within the c¢yanobacterial species —the unicellular
Synechococcus sp. (SYN), the filamentous Anabaerna sp.
(ANA) and Femyelia diplosiphon (FDI) — are shown in
Table 1. It is seen that the unicellular strain has a differ-
ent usage from the filamentous strain, unlike in the ear-
lier reported analysis®. This is also seen from the third-
position codon bias (Table 2), where the unicellular
strain has less A, T and more C, G as compared to fila-
mentous strains. The match coefficients (Table 2) also
show that there is a low correlation of codon occurrence
patterns between unicellular and filamentous strains
(0.31 in each case), while between the filamentous
strains the coetficient 1s high (0.93). Thus, the match
coefficient is able to provide discrimination between the
two types of cyanobacterial strains. A comparison of the
cyanobacterial codon usage profiles with those of other
organisms using the match coefficients (Table 3) shows
that the filamentous and unicellular strains of cyanobac-
teria also have different relationships with other organ-
isms. This 1s seen from the unicellular strain having a
high match coefficient with the gram negative bactenia
S. marcescens, Pseudomonas sp., A. vinelandii and the
gram positive Streptomyces sp. The filamentous strains
have a high match coefficient with the gram positive
bacteria B. megaterium, Streptococcus sp. and the eu-
karyotic yeast (Schizosaccharomyces pombe and S. cer-
evisiae), and with chloroplasts of chlamydomonas, pea,
maize, spinach and tobacco. A high match coefficient
shows a related pattern of codon occurrence. The above-
mentioned difference 1n the codon usage profile implies
that the unicellular and filamentous forms could have
different evolutionary branches.

The codon bias index refers to how the preferred
codons of other organisms are used in cyanobacterial
genes, while the match coefficient is an indicator of the
correlation in use of all the codons of cyanobacterial
genes and the other organism. Thus, the bias and the

match coefficient need not relate to each other as has

also been shown elsewhere!?. -

The usage of preferred codons in organisms has been
related to levels of gene expression though it is known
that there are other factors that also affect gene expres-
ston levels. A comparison of the codon bias indices of
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Table 2. Differenuating umicettlutar from filamentous strain by
codon analysis

SYN ANA DI
0 - -

Fra—

Frequency of base at position 3

A 015 029 Q26
T 023 0.31 035
C 0 36 024 025
G 027 017 014
Ratio of

XCG

—r— 073 Q33 326
XCC

XTA

e 029 078 072
XTT

Match coefficient retating the codon profile of the different forms of
cyanobacteria

SYN 10 031 031
0

ANA 031 1 0 G 93
FDi 031 093 O

——

—

Table 3. The match coefticient relating the codon profile of the
unicellular and fitamentous forms with respect to those of the ditter-

el i

ent species
Match SYN ANA FDT
coefficient 0 - ~
(Gram negative bacteria
E coli 0 40 024 Q35
Pseudomonas sp. 0 60 -0 25 ~0 24
A tumefaciens 0 36 -0 29 -0 19
A vinelandi 057 -0 25 -0 23
K pneumoniae 0355 011 -0 09
S. marcescens 075 0 04 0 03
S nyphimurium 043 017 026
R capsulatus 050 -0 40 -0 31
B japomcum 053 -0 36 -0 33
Rhizobrum 054 -0 36 —0 35
Clostridium sp —0 38 047 037
Gram positive bactena
B subtilis 0 04 042 047
Bacilius sp -0 08 0 46 047
B megastertum -0 08 0 66 067
B sphaericus -0 39 043 0 42
Streptococcus sp -0 08 062 0 62
S aureus -0.26 052 049
B stearothermophilus .37 016 020
Streptomyces sp 0.58 ~0 34 -0 35
Eukacyotes
S. pombe ~0 06 D 61 06l
S cerevisiae ~0 04 0 62 059
Kluyveromyces -0 29 0 48 0 43
Wheat chloroplast ~( 22 0 60 0 57
Euglena gracilis -0.28 054 Q351
Marchantia polymorpha -0 25 0 35 0352
Zea mays ~0 25 0 57 055
Pisum sativum -0 23 06l 0 60
Spinach -0 235 038 037
Nicotiana tabaccum -018 062 06l
Chlamydomonas 010 073 063
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Tabiz 4. The codon bias indices {CBD for the unicellular and fija-
mentous forms wilh respect ta the preferred codons selecied for the
difierent species. The cut-off imit used for selection in standard
dRVIBLIONA VIS 18 §iVen 1n parantheses

.

iyl

SY N

ANA FDi
CBi O —~ ~
Gram Degative baciena
E. colr (low) (2)* 0.31 a 1Q 0 14
E coli (hygh) (2)** 017 Q017 G 21
E. coh (2 0.34 0.20 022
Pseudomonas sp (2) 022 509 2 1%
A tumefaciens (2) 028 0 06 -0 04
A winelapds () D21 -0 D6 -} (4
K preumoniae {2) 021 -0 07 -0 09
S marcescens (2) ¢ 21 -3 33 -GS
3. typlumurium (2) G 16 ~( 01 — 07
R capsulatus (2} Q20 -0 10 -0 12
8 aponicum (1) 822 -5 13 -013
Rhizobim (2) D22 -0 14 ~{3 15
Closiridium sp 2 - 18 g 20 822
Gram positive bactenia
B. subttiis (2} G g9 0 28 d29
Baciilus sp (2 5) d13 g 340 329
B megatertum {2 §) -0 Q3 Q20 017
£ sphaerieus (2 0) -0.19 022 D23
Streptococeus Sp {2 D) D 03 027 .33
S aureus (2 0) ~0 12 024 026
B stearothermophus 25) O té 3.04 ~} 04
Streptomyces sp (2 0) G 17 -0 08 -0 07
Eukaryotes
3. pombe () -0 p3 020 D26
S cerevisige {3} HRTH {28 4.32
K’fuyvﬁ'rﬂmyce.? (2) -0 12 g2 G423
Wheat chloroplast (2) 017 025 0.30
M phymorpha (2) -0 D4 019 022
L. mays {2) -0 17 026 0 29
F satviem (2) —0 14 0 24 0.26
Spinach (2) 0 22 024 D27
N rabaceym (2) - DO 026 0.29
Chiamydomonas (2) ~0 072 327 Q28

*Genes with Jow expression and #“genes with b2

e s g e e T o .

gh expression

the Cyanobacterial genes with respect ta other organisms

(Table 4) shows that the codon usage of unicellular

genes is biased towards £. coli (low expression} angd 4.
fumefaciens, whereas the filamentous genes are biased
towards 8. cerevisiae, Bacillus sp., B. subtilis and chio-
roplasts. In as far as the biased cadoa usage is a deter-
minant of the Jevels of gene expression, it is seeq

through this aralysis that A. (umefaciens could form an

alternate cloning host apart from £. coli for ynicellulas

strains and filamentous strains may be better expréessed
n 8. cerevisiae, Bacillus sp. or B. subtilis, These con-

clusions are being made 10 form a basis for molecular

biology experiments involving cyanobacteria,

e oyttt

s - e o

b Andeisson. G £ and Kostand, C. G | Microbial Rey , 1990, &4,
198-2190

2 Ikemura, T2 Mol Bt 1982, td¢6, 1~2¢

3 de Boer, H A and Kastelen, R A i Bigsed Codon Lsuge An

Fxplorarion of s Kole n ptimizallon of Transbution {eds

CURRTNT SCHANCE, VOL, 69, NO 2,25 JULY 1995

T h-'-— i, *

RESEARCH COMMUNICATIONS

Reznikoff, W and Gold, L), Buttersworth, Boston, [986. pp.
225286

4 Bennetzen, 1 L. and Hall, B D, J Biol Chem. 1982, 257,
302863001

5. Sharp, P M and Devine, K. M | Nucleic deids Reg , 1985, 37,
5020-5839,

¢ Tandesu de Marsac, N and Houmard. ., w The (vanobacteria
(eds Fay, P. and Van Baalen, C ), Elsevier, 1987, pp 151-30

7 Wada, K, Wada, Y, Dot, H, Ishibashi, ¥ Gojobors, T and
Ikemura, T., Nucleic Acids Res , 1992, 20 (Suppl ), 2111-2118 °

8. Lloyd, A J. and Shatp, P M | Mol Gen Genet , 1991, 130,
288-294

9. Sharp, P M, Cowe, E,, Higgins, D G, Shields, D C. Wolfe,
K. H and Wright, F | Nuclere Acid Res |, 1988, 16, 82078219,

10 Sudha, S N, Knshnaswamy, S apd Vaithilingam Sekar, Curr
Sci, 1992, 63, 573575

ACKNOWLEDGEMENTS. We are thankful 10 DBT, New Delhi. for
financial support to Bioinformancs Cenire, MKU The work was

done undes the Technology Development and Demonstration Project
on blue-green algae funded by DBT, New Deth

Recerved 24 July 1993, revised accepted 23 Aperd 1995

w ™ it

e g p—

Effects of feeding mulberry (Morus

sp.) leaves supplemented with
different nutrients to silkworm

(Bombyx mori 1..)
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The growth of silkworm larvae improved signifi-
cantly on feeding them muiberry leaves supple-
mented with different nutrieats. The total protein
content of sifk gland increased, whife the water, total
lipid and carbohydrate cantents decreased. The lar-
val weight, silk gland weight and total protein in silk
gland were lound €0 be highest for treatment TS,
(soymifk + sugar + vitamias + potassiym iodide salt),
followed by TSy (glycine + alanine + sugar + vita-
mins + potassium iodide salt) and TS, (milk pow-
der + sugar + vitamias + potagsium  iodide  salt)
treatments. The highest values of single-cocoon
weight, single-shell weight and fitament leagth were
observed for treatment TS¢ (1.34¢g, 0.26¢ and
799.42 m/cocuon, respectively), whereas cocoon yield
was found 1o be bighest for treatment TS,
(110.17 /100 Yarvae). No sigmificant difference was
observed befween the treatments TSy, TSy and TS,
their influence on sitk gland and cocoon characteris-
tics being more or tess similar. The cocoon Yield/1 00
arvae was increased by 20.61%, 20.38% aad 19.06%%

in treatments TS, TSy and TS, respectiyvely, over the
control freatment.
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