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We isolated numerous mutants of Streptomyces fradiae blocked in tylosin
biosynthesis after N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis. These mu-
tants were classified into nine groups, based upon the tylosin-like compounds
produced and upon cofermentation analyses. More than 80% of the mutants
isolated produced no tylosin-like compounds, and the majority of these were
blocked only in the formation of tylactone. Four classes of mutants blocked in the
biosynthesis or addition of tylosin sugars were isolated; tylA mutants were blocked
in the formation of all three tylosin sugars, whereas tyiB, tyiC, and tyID mutants
were blocked specifically in the biosynthesis or the addition of mycaminose,
mycarose, and 6-deoxy-D-allose, respectively. Two classes of mutants (tylH and
tylI) blocked in specific oxidations of tylactone and two classes (tylE and tylF)
blocked in specific 0-methylations of demethylmacrocin and macrocin were also
characterized. Cofermentation and bioconversion studies with these mutants
suggested the following relationships: (i) the tylosin sugars are derived from a
common intermediate; (ii) tylactone is the first intermediate which can be
excreted in appreciable quantities; (iii) the addition of mycaminose to the C-5
hydroxyl group of tylactone must precede oxidations at C-20 and C-23; (iv)
oxidation at C-20 normally precedes the attachment of mycarose to the 4'
hydroxyl position of mycaminose; and (v) 6-deoxy-D-allose is added to the C-23
hydroxyl position of the lactone and subsequently 0-methylated at 2"' and 3"'
positions. The 0-methylations appear to be the final two steps in tylosin biosyn-
thesis, and the 2"' 0-methylation must occur before the 3"' 0-methylation can
take place. All of the tyl mutants except the tyIG mutants produced relatively
high levels of tylosin-like intermediates or shunt products. Mutants blocked in
specific steps other than 3"' 0-methylation, including a mutant blocked in 2"' 0-
methylation of demethylmacrocin, produced normal levels of macrocin O-meth-
yltransferase. Mutants apparently containing specific tylosin structural gene
mutations produced normal levels of aerial mycelia and spores, produced low
levels of tylosin aldehyde reductase, and were resistant to high levels of tylosin.
However, three atypical tylG mutants produced no tylosin-like compounds, could
not cosynthesize tylosin with any other tyl mutant, could not bioconvert tylactone
or macrocin to tylosin, and produced no macrocin 0-methyltransferase. These
three mutants produced elevated levels of tylosin aldehyde reductase. In addition,
one was very succeptible to tylosin and did not produce aerial mycelia or spores.

Tylosin is a complex macrolide antibiotic
which is produced commercially by a strain of
Streptomycesfradiae (13, 26); it is also produced
by strains of Streptomyces rimosus (22) and
Streptomyces hygroscopicus (11). Tylosin is
composed of a 16-member branched lactone (ty-
lonolide) and three sugars (mycarose, mycami-
nose, and mycinose) (14, 15, 18). 13C nuclear
magnetic resonance studies (19, 20) have shown
that the lactone is derived from two acetates,
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five propionates, and one butyrate, and incor-
poration patterns have suggested that the fornyl
group (C-20) and the hydroxymethyl group (C-
23) (Fig. 1) are derived from methyl groups,
presumably by oxidation of the lactone (tylac-
tone) after ring closure. Also, formation of the
lactone appears to be carried out by a mecha-
nism similar to the mechanism of long-chain
fatty acid biosynthesis since it is inhibited by
the antibiotic cerulenin (17). Previous studies
with other macrolide-producing Streptomyces
strains indicated that mycarose, mycaminose,
and mycinose are derived from glucose (9) and
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FIG. 1. Structures of tylactone and tylosin.

that the N-methyl groups of mycaminose and
the C-methyl group of mycarose are derived
from L-methionine (8, 18, 21). Pape and Brilhin-
ger (22) have shown that thymidine diphospho
(TDP)-glucose can be converted to [14C]TDP-
mycarose by cell-free extracts of a tylosin-pro-
ducing strain of S. rimosus in the presence of S-
adenosyl-L-[methyl- '4C]methionine. These au-
thors also showed that TDP-glucose is con-
verted to a second methylated TDP sugar. Ma-
tern et al. (12) purified TDP-D-glucose oxidore-
ductase from this strain and showed that this
enzyme converts TDP-L-glucose to TDP-4-keto-
6-deoxy-D-glucose. Since the specific activity of
this enzyme increased during stationary phase
(idiophase), it appeared to be involved in the
conversion of TDP-D-glucose to TDP-mycarose
and perhaps to at least one other TDP sugar
required in tylosin biosynthesis.
The tylosin-producing strain ofS. fradiae also

produces macrocin, which lacks the 3"' 0-
methyl group, and relomycin, which contains a
hydroxymethyl group rather than a formyl
group at C-20 (10, 26). In vivo bioconversion
studies have suggested that macrocin is a direct
precursor of tylosin and that subsequently tylo-
sin is converted to relomycin by reduction of the
C-20 formyl group to a hydroxymethyl group
(26). In vitro enzymatic studies have shown that

MYCAROSE

macrocin can be converted to tylosin by 0-meth-
ylation with S-adenosyl-L-methionine or L-me-
thionine plus adenosine triphosphate as a
methyl donor (26). Seno et al. (26) have also
shown that lactenocin, which lacks mycarose
and the 3"' 0-methyl group of tylosin, and des-
mycosin, which lacks only mycarose, can also be
converted to tylosin in vivo, and have proposed
that lactenocin is an intermediate which can be
converted to tylosin by either of two routes.
Other bioconversion studies have suggested that
O-mycaminosyl tylonolide, which lacks both
mycarose and mycinose, may be a direct precur-
sor of tylosin (17).
We have been interested in applying various

genetic techniques, including gene recombina-
tion, site-directed mutagenesis, and gene ampli-
fication (23), to the manipulation of tylosin pro-
ductivity in S. fradiae. To facilitate these ap-
proAches, we first developed an efficient proce-
dure for genetic recombination by protoplast
fusion (1, 2). We also wanted to define more
precisely the biosynthetic pathway of tylosin,
the rate-limiting step(s), and the locations and
possible clustering patterns of tylosin genes. To
aid in these studies, we isolated mutants of S.
fradiae blocked in specific steps in tylosin bio-
synthesis.

In this paper we describe the isolation and
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properties of many N-methyl-N'-nitro-N-nitro-
soguanidine (MNNG)-induced mutants blocked
in tylosin biosynthesis and discuss the properties
of these mutants in relation to the biosynthetic
pathway to tylosin. We also determined the lev-
els of macrocin O-methyltransferase, tylosin al-
dehyde reductase, and tylosin resistance in these
mutants and discuss the possible physiological
ignificance of these findings.

MATElRIALS AND METHODS
Media and growth conditions. S. fradiae C4 and

mutants of this strain induced by MNNG were grown
in Trypticase soy broth and fiagmented by ultrasound
as described previously (1). AS-1 agar medium and
CDA agar medium were prepared as described previ-
ously (2). Complex fermentation medium contained
2% beet molasses, 1.5% corn meal, 0.9% fish meal, 0.9%
corn gluten, 0.1% sodium chloride, 0.04% ammonium
phosphate (dibasic), 0.2% calcium carbonate, and 3%
crude soybean oil. The pH of this medium was ad-
justed to 7.1 with 1 N NaOH. Complex vegetative
medium contained 1% (wt/vol) corn steep liquor, 0.5%
yeast extract, 0.5% soybean grita, 0.3% calcium carbon-
ate, and 0.45% crude soybean oil; the pH was adjusted
to 7.8 with 1 N NaOH.
MNNG mutagenesis. A 50-ml volume of Trypti-

case soy broth in a 250-ml Erlenmeyer flask was in-
oculated with 0.5 ml ofvegetative mycelium preserved
in liquid nitrogen. This culture was incubated at 320C
on a New Brunswick water bath shaker for about 24
h, as described previously (1). A sample of the culture
was homogenized in a tissue grinder, and the mycelia
were fragmented by ultrasonic vibration into approx-
imately single-cell units, as described previously (1);
0.5 ml of the resulting cell suspension was inoculated
into 50 ml of Trypticase soy broth and grown for about
17 h under the same conditions to an aboorbance at
600 nm of about 2 to 4. The culture was again homog-
enized and sonicated, and then it was diluted into 50
ml of Trypticase soy broth to an absorbance at 600
nm of 0.1 to 0.2. This culture was incubated for an
additional 3 h at 32°C. Then the pH was adjusted to
8.5 with 2% sodium hydroxide, MNNG was added to
a final concentration of 400 to 800 tg/ml, and the
culture was incubated at 370C in a New Brunswick
water bath shaker at about 250 to 300 rpm. After 20
min, 1 ml of culture was diluted into 19 ml of Trypti-
case soy broth chilled to 00C to determine the cell
count. The remaining cells were washed free ofMNNG
by centrifugation in a clinical centrifuge for 5 min. The
supernatant was decanted, and the cell pellet was
resuspended in 50 ml of Trypticase soy broth. The
cultures were grown at 320C overnight to allow seg-
regation and then homogenized and sonicated. Myce-
lial fragments (cells) were diluted, plated onto AS-1
agar, and incubated at 32°C for about 10 days to
obtain mutant clones.
Determination of tylosin and other macrolide

antibiotic concentrations. Fermentation broths
were mixed with equal volumes of methanol and fil-
tered through Whatman no. 1 paper. Filtrates were
further diluted, and macrolide antibiotic concentra-

tions were estimated by absorbance at 290 nm, using
purified tylosin as a reference standard. Interference
from pigments and other substances absorbing at 290
nm was minimizd by subtracting the absorbance at
330 nm.
The distributions of tylosin-like macrolide antibiot-

ics in fermentation broths were estimated by separat-
ing the macrolide components by thin-layer chroma-
tography and determining the peak areas obtained by
scanning thin-layer chromatography plates for sub-
stances absorbing at 290 nm. Compounds not previ-
ously identified were purified, and their structures
were determined by nuclear magnetic resonance spec-
troscopy (D. Dorman and G. M. Wild, unpublished
data). The Rf values of the tylosin-like compounds in
ethyl acetate-diethylamine (95:5) are listed in Table 1.
The antimicrobial activities contained in fermenta-

tion broths were determined by an automated turbi-
dometric assay in which Staphylococcus aureus was
used as the test organism.

Detection of mutants blocked in tylosin bio-
synthesis. Fermentations (see below) were carried
out with about 6,000 individual colonies from MNNG-
mutagenized cells, and fermentation broths were spot-
ted onto silica gel thin-layer chromatography plates
and developed as described previously (26). The de-
veloped plates were dipped into a solution containing
3 g of vanillin, 97 ml of methanol, and 3 ml of concen-
trated sulfuric acid and then heated at 600C for 90
min. Under these conditions, macrolide components
appeared as blue or black spots. Standard solutions
containing tylosin and other tylosin-like macrolides,
such as macrocin, relomycin, and desmycosin (26),
were run on each plate to help identify mutanta
blocked in tylosin production. Fermentation broth
samples containg no tylosin-like components or con-
taining macrolide antibiotics other than tylosin were
chromatographed again, and the plates were analyzed
on a Schoeffel thin-layer plate scanner for material
absorbing at 283 nm. Putative mutants were grown in
complex vegetative medium broth, and fermentation
analyses were repeated to confirm the mutant pheno-
types. Cultures of confirmed mutants were preserved
in liquid nitrogen for further work.

Identfication of tylosin-like intermediates
and branch products. Some of the mutants accu-
mulated tylosin-like macrolide antibiotics which have
been described previously (e.g., macrocin or desmy-
cosin). The identities of these compounds were con-
firmed by cochromatography with purified com-
pounds. Compounds not previously described were
identified by their chromatographic properties on
thin-layer chromatographic plates and were purified
and characterized by nuclear magnetic resonance and
mass pectral analysis (G. M. Wild, R L. Hamill, and
D. Dorman, unpublished data).
Fermentation and cofermentation conditions.

Strains were obtained as vegetative cultures preserved
in 1-ml volumes in liquid nitrogen. The frozen cells
were thawed rapidly in warm water, and 0.5 ml of each
culture was inoculated into 150 mi of complex vege-
tative medium in a 500-ml cotton-plugged Erlenmeyer
flask to prepare the inocula. These cultures were in-
cubated at 290C for 48 h on a closed box shaker at 300

216 BALTZ AND SENO



MUTANTS BLOCKED IN TYLOSIN BIOSYNTHESIS 217

TABLE 1. Structures of tylosin and other tylosin-like macrolide antibiotics

6- 0-methyl
Oxidation level My- My- Deoxy- groups

Compound cami- ca- Dal- present Rfb
nose rose

C-20 c-23a lose 2m 3m

Tylactone CH3 CH3 - - _ _ _ 0.93
Tylonolide CHO CH20H - - - - - NDc
20-Deoxy-20-dihydro-0-mycaminosyl tylonolide CH3 CH20H + - - - - 0.39
20-Dihydro-23-deoxy-0-mycaminosyl tylonolide CH20H CH3 + - - - - 0.37
20-Dihydro-0-mycaminosyl tylonolide CH20H CH20H + - - - - 0.18
23-Deoxy-0-mycaminosyl tylonolide CHO CH3 + - - - - 0.62
O-Mycaminosyl tylonolide CHO CH20H + - - - - 0.48
23-Deoxydemycinosyl tylosin CHO CH3 + + - - - 0.79
Demycinosyl tylosin CHO CH20H + + - - - 0.56
Demethylmacrocin CHO CH20R + + + - - 0.10
Lactenocin CHO CH20R + - + + - 0.27
Macrocin CHO CH20R + + + + - 0.29
Desmycosin CHO CH20R + - + + + 0.54
Relomycin CH20H CH20R + + + + + 0.38
Tylosin CHO CH20R + + + + + 0.67

a R 6-Deoxy-D-allose, 3-demethylmycinose, or mycinose.
b Rf values were determined by thin-layer chromatography in ethyl acetate-diethylamine (95:5).
ND, Not determined.

rpm; then 0.5 ml of each culture was inoculated into 7
ml of complex fermentation medium in a 50-ml plastic
bottle, and fermentations were carried out for 7 days
at 290C, as described above.

For random screening of mutagenized clones, colo-
nies from mutant clones were picked from AS-1 agar
plates, added directly to complex fermentation me-
dium, and incubated for 7 days at 290C.

Cofermentation of tylosin by pairs of mutants
blocked in tylosin production was asessed by inocu-
lating fermentation bottles containing 7 ml of complex
fermentation medium with 0.25 ml of a vegetative
culture of each mutant. Fermentations were carried
out for 7 days, and fermentation broths were analyzed
for the presence of tylosin by thin-layer chromatog-
raphy.
Bioconversion of tylosin-like compounds. Mu-

tants blocked before macrolide ring closure were tested
for the ability to convert tylactone (Fig. 1) and macro-
cin to tylosin and for the ability to reduce the tylosin
C-20 aldehyde group to the alcohol of relomycin. Each
compound (concentration, 2 mM) was added to dupli-
cate fermentation broth cultures of each mutant 48 h
after inoculation. The fermentations were continued
for an additional 3 days and then analyzed for the
presence of tylosin or other tylosin-like products by
thin-layer chromatography. Tylosin aldehyde reduc-
tase activity was determined as the percentage of
tylosin converted to relomycin during the incubation
period.

Tylosin susceptibility. Mutants were tested for
tylosin susceptibility by patching ultrasonic fragments
of mycelia diluted 10-fold onto AS-1 medium contain-
ing 400 jAg of tylosin per ml. The efficiency of plating
of each S. fradiae mutant on tylosin was determined
by growing the mutant in Trypticase soy broth for 16
h and then fragmenting the mycelia by ultrasound;
myceLial fragments (cells) were diluted and plated onto

AS-1 agar plates containing varying concentrations of
tylosin. The plates were incubated for 7 days at 320C,
and the numbers of colony-forming units were deter-
mined.

Aerial mycelium formation, sporulation, and
auxotrophy. Aerial mycelium formation was scored
visually by the appearance of colonies growing on AS-
1 agar plates, and spore formation was determined by
phase-contrast microscopy. Auxotrophy was defined
by the inability of the mutants to grow on CDA agar
plates (2).
Macrocin O-methyltransferase activity. S-Ad-

enosyl-L-methionine:macrocin 0-methyltransferase
activities were determined by a procedure similar to a
previously described procedure (26). This enzyme as-
say measured the transfer of ['4C]methyl from S-ad-
enoeyl-_L[methyl-_4C]methionine to macrocin to pro-
duce tylosin. Enzyme specific activities are expressed
as picomoles of [14C]methyl incorporated per minute
per milligram of protein. A detailed description of the
modified macrocin 0-methyltransferase assay proce-
dure is presented elsewhere (Seno and Baltz, Antimi-
crob. Agents Chemother., in press).

RESULTS
MNNG mutagenesis. After a survey of sev-

eral mutagenic agents, including ultraviolet
light, methyl methane sulfonate, ethyl methane
sulfonate, and MNNG, for induction of forward
mutations to auxotrophy, to rifamycin resist-
ance, or to streptomycin resistance in S. fradiae,
it was apparent that MNNG was superior to the
other mutagens tested (R. H. Baltz, J. Stonesi-
fer, and E. T. Seno, unpublished data). For
instance, we could readily obtain several percent
stable auxotrophs and rifamycin-resistant clones
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at frequencies of 100- to 1,000-fold over the
spontaneous background afterMNNG mutagen-
esis. We screened about 6,000 clones of S. fra-
diae which survived MNNG treatment and iso-
lated 72 mutants blocked in tylosin biosynthesis.
Locations ofgenetic blocks. Figure 1 shows

the structures oftylosin and tylactone (produced
by tylA and tyiB mutants [see below]), and
Table 1 summarizes the salient structural fea-
tures of these and the other tylosin-like macro-
lide antibiotics discussed here. Table 2 summa-
rizes the biochemical blocks and compounds
produced by the various classes of S. fradiae
mutants isolated. We obtained mutants blocked
in the formation or addition of individual tylosin
sugars (tylB, tyiC, and tyID), as wel as mutants
(tylA) blocked in the addition of all three sugars
(see below). Two types of 0-methylation mu-
tants (tylE and tyiF) and two oxidation mutants
(tylH and tylI) were also isolated. In addition,
numerous mutants (59 of 72) were apparently
blocked in early biosynthetic steps preceding
macrolide ring closure (tyiG). Unlike the other
mutants, none of the tfyG mutants produced
detectable tylosin intermediates or shunt metAb-
olites.
Tylosin intermediates or shunt metabo-

lites produced by blocked mutants. Table 3
lists the tylosin-like compounds produced by
certain specific mutants containing single or
multiple blocks in tylosin biosynthesis. Most of
the mutants produced less tylosin-like macrolide
antibiotics than the control strain, and none of
the mutants produced more than 2% tylosin. All
of the mutants studied in detail (Table 3) also
appeared to be at least fairly stable, since no
tylosin-producing spontaneous revertants were
detected. Also, after S. fradiae GS48 (tyID48)
was mutagenized with MNNG, no tylosin-pro-
ducing revertants were detected among 1,600
clones tested by fermentation analysis. However,

a more quantitative assessment of spontaneous
and mutagen-induced reversion frequencies was
impractical since tylosin-producing revertants
could not be identified selectively.

All of the tylA and tylB mutants produced
tylactone (Fig. 1 and Tables 2 and 3) as a pre-
dominant factor and thus could not carry out
any oxidations of C-20 and C-23 positions or
additions of any of the tylosin sugars to tylac-
tone. However, the tylB mutant produced some
5-mycarosyl tylactone as an apparent shunt
product. tylC and tylD mutants were blocked in
the biosynthesis or addition of mycarose and 6-
deoxy-D-allose (a precursor of mycinose [see be-
low]), respectively, but were capable of carrying
out all other biosynthetic steps. Thus, tylC mu-
tants accumulated desmycosin (lacking only my-
carose), whereas tylD mutants accumulated de-
mycinosyl tylosin (lacking mycinose).
The tylE mutant accumulated demethylma-

crocin and therefore was unable to carry out 0-

methylations of the 2' and 3' positions (Fig. 1
and Table 1). Accumulation of demethylmacro-
cin in the tylE mutant indicates that both 0-

methylations took place after 6-deoxy-D-allose
was added to the lactone ring. However, the tylF
mutants were deficient only in 3'" 0-methylation
and accumulated macrocin, an apparent precur-
sor of tylosin (26).
The mutants containing tylHand tylImutants

were derived from GS48 (tyID48) and therefore
contained at least two mutations. The tyID tylH
double mutant accumulated 23-deoxydemyci-
nosyl tylosin and therefore could not oxidize the
C-23 methyl position oflactone (Fig. 1 and Table
1), but this mutant carried out all other possible
biosynthetic steps. The tylD tyl double mutant
produced nearly equal amounts of 20-deoxy-20-
dihydro-O-mycaminosyl tylonolide and 20-
deoxy-20-dihydrodemycinosyl tylosin, indicat-
ing that it was blocked in oxidation of the C-20

TABLE 2. Summary of classes ofS. fradiae mutants blocked in tylosin biosynthesis
Mutant Biochemical block Compound No. of mu-
claw tantsicomsunprducd
tyLA Mycaminose, mycarose, and 6-deoxy-D-allose Tylactone 2a
tyiB Mycaminoseb Tylactone 1
tyiC Mycaroseb Desmycosin 4
tyID 6-Deoxy-D-alloseb Demycinosyl tylosin 1
tylE 2'" 0-methylation Demethyhmacrocin 1
tyiF 3"' 0-methylation Macrocin 2
tyiG Tylactone formation None 59
tylH C-23 oxidation 23-Deoxydemycinosyl tylosin 1
tylI C-20 oxidation(s) Not knownc 1

a One of the mutants (GS25) was isolated as a tyiG mutant and subsequently was shown to also contain a
tylA mutation (see Tables 3 and 4).

b May be blocked in sugar biosynthesis or in glycosyltransferase reactions.
'No tylI single mutant is yet available. The tylI tyID double mutant produces 20-deoxy-20-dihydro-O-

mycaminosyl tylonolide and 20-deoxy-20-dihydrodemycinosyl tylosin.
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TABLE 3. Tylosut-like compounds and macrocin 0-methyltransferase activities produced by mutants
blocked in tylosin biosynthesis

Relative ma-

Relative Distribution of products crocin 0-meth-
Reativhe Myltransferssemacrolide b

Strain Major tylosin-like macrolide antibiotic produced antibiotic activity
produc- Mao
tion Mjo Tylo Maxicomr- 0 OthersaM - Avg

pound am mum

C4 Tylosin 100 74 74 26 100 100
GS14 (tylA14) Tylactone 45 70 <1 30 111 101
GS50 (tylB50) Tylactone 35 76 <1 24 128 121
GS52 (tyID52) Desmycosin 75 81 <1 19 146 134
GS48 (tylD48) Demycinosyl tylosin 59 92 <1 18 130 123
GS16 (tyIE16) Demethylmacrocin 100 88 2 10 208 185
GS15 (tylF15) Macrocin 91 71 <1 29 7 4
GS28 (tylF8) Macrocin -100 57 2 41 61 40
GS76 (tylH76 23-Deoxydemycinosyl tylosin 42 98 2 0 130 133

tylD48)
GS77 (tyU177 20-Deoxy-20-dihydro-O-mycaminosyl tylonolide 62 79c <1 21 131 113

tyLD48) and 20-Deoxy-20-dihydrodemycinosyl tylosin
GS5 (tyIG5) <1 112 115
GS13 (tyIG13) <1 82 80
GS20 (tyIG20) <1 89 85
GS22 (tyIG22) <1 118 104
GS53 (tyIG53) <1 114 95
GS73 (tyIG73) <1 109 111
GS25 (tyIG25 <1 90 85

tyLA78)
GS18 (tyIG18) <1 0.7 1
GS40 (tylG40) <1 0.4 0.8
GS41 (tyIG41) <1 0.3 1.3

a In most cases, a substantial fraction of the minor factors produced were C20 dihydro analogs of the major compound. The
minor factors produced by the tyLA mutants have not been identified. The major additional factor produced by the tyiB mutant
was 5-mycarosyl tylactone (G. M. Wild, R. L. Hamill, E. T. Seno, and R. H. Baltz, unpublished data). GS28 accumulated a large
amount of demethylmacrocin in addition to 20-dihydromacrocin.
'Maximum macrocin 0-methyltransferase activities were present after 3 or 4 days of fermentation (see Fig. 2). Average

macrocin 0-methyltransferase activities were determined from days 1 through 6 of fermentation (Fig. 2).
e Approximately equal amounts of the two major products comprised 79% of the total.

methyl group of lactone as well as in formation
or addition of 6-deoxy-D-allose (because of the
tyID mutation) and was capable of adding my-
carose to the 4' of mycaminose with moderate
efficiency. All tyiG mutants did not produce
detectable levels of tylosin-like compounds.
Cofermentation oftylosin by blocked mu-

tants. To determine the extent of the genetic
defects present in the blocked mutants, pairs of
blocked mutants were cofernented in complex
fermentation medium, and fermentation broths
were screened for tylosin production (Table 4).
With the exception of the tylA mutants, all
classes of mutants apparently blocked in single
steps beyond tylactone formation produced ty-
losin in pairwise combinations. The tylA mu-

tants cofermented tylosin with mutants blocked
in either 0-methylations or oxidations, but did
not coferment tylosin with tiB, tyIC, and tylD
mutants. The tyiC and tyID mutants were clearly
blocked in either biosynthesis or addition of
mycarose and 6-deoxy-D-allose, respectively,
since they produced desmycosin and demycino-

syl tylosin (Fig. 1 and Table 2). The tyiB mutant
produced tylactone (like the tylA mutant), but
was capable of cosynthesizing tylosin with all
mutants other than tylA. Thus, it appeared that
the tyiB mutant was blocked in the formation or
addition of mycaminose and that the tyA mu-
tants were blocked in the formation of all three
sugars. These observations suggest that addition
of mycaminose is the essential first step in the
conversion of tylactone to tylosin.
A total of 10 mutants classified as tyiG were

cofermented with each other and with typical
mutants from all other classes (Table 4); none of
these tyiG mutants produced detectable tylosin
when they were cofermented with other tyiG
mutants. Six of the mutants (GS5, GS13, GS20,
GS22, GS53, and GS73) cosynthesized tylosin
with all eight other classes of mutants. However,
GS18, GS40, and GS41 did not cosynthesize
tylosin with any of the other eight classes of
mutants. GS25 cofermented tylosin with tylE
and tyiF mutants but not with tylA, tyiB, tIC,
and tyID mutants. Thus, GS25 appeared to con-
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TABLE 4. Cosynthesis of tylosin by pairs of S. fradiae mutants blocked in tylosin biosynthesis
Cofermentation with:

Strain
GS14 GS50 GS52 GS48 GS16 GS15 GS5a GS18b GS25 GS76 GS77

GS14 (tyL414) - - - - + + + - - - -
GS50 (tylB50) - - + + + + + - - + +
GS52 (tylC52) - + - + + + + - - + +
GS48 (tyD48) - + + - + + + - - - -
GS16 (tylE16) + + + + - + + - + + +
GS15 (tylF15) + + + + + - + - + + +
GS5 (tylG5) + + + + + + - - - + +
GS18 (tyIG18) - - - - - - - - _ _ _
GS25 (tyIG25 tylA78) - - - - + + - - - IC I
GS76 (tylH76tyD8) - + + - + + + - I - -
GS77 (tyU77 tyD8) - + + - + + + - I - -
'Identical responses were obtained with the tyiG mutants GS13, GS20, GS22, GS53, and GS73.
b Identical responses were obtained with the tyiG mutants GS40 and GS41.
'I, Results inconclusive.

tain at least two classes of mutations (tyIG and
tylA).
Macrocin O-methyltransferase activities

in blocked mutants. Figure 2 shows the spe-
cific activities of macrocin O-methyltransferase
during fermentations by a series of blocked mu-
tants. Table 3 shows the relative macrocin 0-
methyltransferase activities for all of the mu-
tants studied. All of the mutants blocked in the
biosynthesis or addition of tylosin sugars (Fig.
2a) produced enzyme-specific activity profiles
similar to the activity profile ofthe parent strain
(Table 3 and Fig. 2c). In all cases, macrocin 0-
methyltransferase specific activities increased
between 1 and 3 days and then declined during
the next 3 days. Similar profiles were obtained
with mutants blocked in specific oxidations and
with all of the tyiG mutants (blocked in lactone
formation) which cosynthesized tylosin with
other blocked mutants. However, GS18, GS40,
and GS41, which did not cosynthesize tylosin
with any other blocked mutant, did not produce
detectable levels of macrocin 0-methyltransfer-
ase (Fig. 2b and Table 3). However, all of the
mutants blocked in tylosin sugars or in specific
oxidations produced significantly less total ty-
losin-like compounds than the parent strain (Ta-
ble 3).
The mutants blocked in specific 0-methyla-

tions displayed several interesting patterns.
Strain GS16 (tylE16), which accumulated de-
methylmacrocin lacking both 2" and 3"' 0-
methyl groups, produced normal levels of ma-
crocin 0-methyltransferase during the first 2
days of fermentation. However, the specific ac-
tivity continued to increase for an additional 2
days (Fig. 2c), thus allowing GS16 to accumulate
about twice the normal specific activity for ma-
crocin O-methyltransferase and to maintain
nearly twice the normal enzyme level during the
final 2 days of fermentation.
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FIG. 2. Macrocin 0-methyltransferase activities in
S. fradiae blocked mutants during fermentation in
complx fermentation medium. Specific activities
were determined as picomoles of ["C,methyl incor-
porated from S-adeno8yl-L-[methyl-4Clmethionine
into tylosin per minute per milligram ofprotein. (a)
Symbols: 0, GS14 (tyUl4); A, GS50 (tylB50); 0, GS52
(tylC52); V, GS48 (tylD48). (b) Symbols: *, GS5
(tylG5); A, GS22 (tylG22); C, GS76 (tylH76 tylD48);
V, GS77 (tylI77 tylD48); I GS18 (tyIG18). (c) Symbols:
0 and *, C4; A, GS15 (tylF15); 0 andf, GS28
(tylF28); V, GS16 (tylE16). Experinents represented
by open and solid symbols were carried out at differ-
ent times.

Strain GS15, which carried a tyiF mutation
and accumulated macrocin (Table 3), the sub-
strate for macrocin 0-methyltransferase, pro-
duced nearly undetectable leveLs of macrocin 0-
methyltransferase during fermentation.
G828, which also carried a tyiF mutation, did

not produce detectable macrocin 0-methyl-
transferase activity during the first 2 days of
fermentation (Fig. 2c), but produced approxi-
mately 50% of the control level of macrocin 0-
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methyltransferase by 4 days. This mutant pro-

duced very low levels of tylosin (Table 2).
Aerial mycelium, spore formation, and

auxotrophy. All of the strains listed in Table 3
except GS40 and GS41 produced normal
amounts of aerial mycelia and aerial spores on

AS-1 medium; GS40 and GS41 produced no

detectable aerial mycelia or spores. Only 1 of 72
mutants tested contained an auxotrophic muta-
tion in addition to a specific tyl mutation.
Tylosin aldehyde reduction and other

bioconversions. All of the mutants listed in
Table 3 which contained blocks in biosynthetic
steps beyond formation of tylactone and most of
those blocked before tylactone formation con-

verted tylosin to relomycin very slowly by re-

ducing the C-20 aldehyde to an alcohol function.
This slow reduction is characteristic of tylosin-
producing strains (26). However, the three tyIG
mutants (GS18, GS40, and GS41) which ap-

peared to be completely devoid of tylosin bio-
synthetic enzymes (see above) converted tylosin
to relomycin and macrocin to 20-dihydromacro-
cin rapidly (Table 5). However, none of these
mutants was able to convert tylactone to any
other compound. GS22, GS25, and GS73 con-

verted macrocin to tylosin efficiently and thus
were similar to normal tylosin-producing strains
(26), and GS22 and GS73 converted tylactone to
tylosin efficiently. GS25 converted tylactone to
tylosin poorly, indicating that it contained both
tyiG and tyLA mutations (Table 4). Since GS25
converted 11% of the tylactone to tylosin, it
could not contain a deletion mutation spanning

both loci.
Tylosin resistance. All of the mutants listed

in Table 3 except GS40 grew on AS-1 medium
containing 400 ,ug of tylosin per ml in patch tests.
In subsequent tests of plating efficiency, GS40
was susceptible to low levels of tylosin (Fig. 3);
however, a fraction of the cells (about 4 x 10-5)
initiated colony fonnation. Subsequent tests of
these clones indicated that they were phenotyp-
ically resistant but genotypically susceptible.

DISCUSSION
MNNG is a potent mutagenic agent for a

variety of microorgaisms (3, 5), including the
actinomycete Streptomyces coelicolor (4, 24).
MNNG produces multiple closely linked muta-
tions in many bacteria (3, 5, 24).
We found that MNNG is also a potent muta-

genic agent for S. fradiae and used it to induce
mutations in genes associated with tylosin bio-
synthesis. With treatments resulting in about 90
to 99% inactivation, more than 1% of the surviv-
ing cells contained mutations which blocked one
or more steps in tylosin biosynthesis. Among
these were mutants blocked in formation of ty-

TABLE 5. Bioconversion of tylo8in, macrocin, and
tylactone by tylG mutants of S. fradiae

Distribution of bioconversion prod-
ucts (%)

Stria Compound R- 20-Di-Tyadded Ty- lo- Ma- hydro- TaY-
losin my- crocm macro- tone

cmn cin

GS22 Tylosin 87 13 0 0 0
Macrocin 86 10 4 0 0
Tylactone 83 17 0 0 0

GS25 Tylosin 82 18 0 0 0
Macrocin 94 6 0 0 0
Tylactone 11 0 0 0 89

GS73 Tylosin 91 9 0 0 0
Macrocin 93 4 3 0 0
Tylactone 83 17 0 0 0

GS18 Tylosin 36 64 0 0 0
Macrocin 0 0 44 56 0
Tylactone 0 0 0 0 >99

GS40 Tylosin 27 73 0 0 0
Macrocin 0 0 44 56 0
Tylactone 0 0 0 0 >99

GS41 Tylosin 16 84 0 0 0
Macrocin 0 0 19 81 0
Tylactone 0 0 0 0 >99

lactone, in oxidation of the C-20 or C-23 position
of tylactone, in formation or addition of the
three tylosin sugars, and in 0-methylations of
the 6-deoxy-D-allose and 3"'-demethylmycinose
covalently linked to the lactone ring. Of the 19
mutants studied in detail, only 1 (GS25) clearly
contained two distinct mutations in tylosin
genes. However, three mutants appeared to be
blocked in many biosynthetic steps, but the phe-
notypes of these mutants were probably not
caused by multiple closely linked mutations (see
below). Of the 72 blocked mutants studied, only
1 contained an additional auxotrophic mutation,
and 2 lacked the ability to produce aerial mycelia
and spores. Thus, we did not obtain a large
number of mutants carrying easily identifiable
multiple mutations. However, many multiple
mutations in tylosin genes could go undetected.
For instance, multiple mutations in genes coding
for enzymes involved in tylactone formation can-
not be distinguished from single mutations by
cofermentation or bioconversion experiments,
since intermediates of tylactone were not de-
tected and are probably bound covalently to an
acyl carrier protein (see below). Also, multiple
mutations in specific sugar pathway genes can-
not be distinguished from single mutations.
Therefore, a more critical analysis of the fre-
quency of comutation in tylosin genes awaits the
development of a complementation assay which
does not depend on excretion of intermediates.
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FIG. 3. Efficiency of plating strains C4 (0) and

GS40 (tylG40) (A) on AS-I media containing different
concentrations of tylosin.

An analysis of the properties of the mutants
isolated and characterized in this study provided
new information on the biosynthetic pathway to
tylosin. Tylosin is composed of a 16-member
lactone (tylonolide) to which three sugars (my-
caminose, mycinose, and mycarose) are attached
(Fig. 1). The lactone is derived from two ace-
tates, five propionates and one butyrate (19, 20),
presumably by condensation of one propionyl-
S-coenzyme A molecule (as primer) with two
malonyl-S-coenzyme A molecules, four methyl-
malonyl-S-coenzyme A molecules, and one
ethylmalonyl-S-coenzyme A molecule by a
scheme analogous to that involved in fatty acid
biosynthesis (18). A prediction of this scheme is
that the C-20 and C-23 positions should originate
as methyl groups derived from ethylmalonyl-S-
coenzyme A and methylmalonyl-S-coenzyme A,
respectively. We confirmed this by isolating tyA
and tyiB mutants which accumulated tylactone
(Fig. 1), a compound which was readily con-
verted to tylosin by certain tyIG mutants
blocked in tylactone formation. Also, tylactone
was the least complex molecule to accumulate
in any of the blocked mutants and thus appears
to be the first stable intermediate excreted by S.
fradiae. If tylactone is in fact synthesized by a
multienzyme complex analogous to fatty acid
synthetase, one would predict that intermedi-
ates would be bound covalently to an acyl carrier
protein and that only the final product might be
released. The lack of positive cosynthesis with

tyiG mutants, which must comprise a heterolo-
gous collection of mutants blocked in many dif-
ferent steps in tylactone formation, is consistent
with this hypothesis.
The mutants designated tyiG accounted for

more than 80% of the blocked mutants isolated.
Of the 10 tyIG mutants analyzed for cosynthesis
with other blocked mutants, 7 appeared to be
blocked only in tylactone formation and were
capable of carrying out all other tylosin biosyn-
thetic reactions. If each step in tylactone for-
mation is carried out by a specific enzyme, about
21 steps can be postulated (i.e., 4 acyl transferase
reactions, 8 condensations, 5 f.-keto reductions,
2 dehydrations, and 2 enoyl reductions). Since
fatty acid synthetase complexes are generally
comprised of many fewer enzymes, some of
which carry out more than one specific conver-
sion, tylactone synthetase could be composed of
fewer enzymes. It is likely that a roughly equal
number of reactions are required to carry out
the remaining steps in the biosynthesis of tylo-
sin, including about 12 postulated steps to con-
vert glucose to TDP-4-keto-6-deoxy-D-glucose
and subsequently to TDP-mycarose, TDP-6-
deoxy-D-allose, and TDP-mycaminose (see be-
low), 2 oxidations of C-20, 1 oxidation of C-23, 2
0-methylations, and 3 glycosyltransferase reac-
tions. Thus, mutations in genes coding for spe-
cific enzymes involved in tylactone formation
are clearly induced at higher frequencies than
mutations in other specific tylosin genes. This
may be accounted for ifmore sites in these genes
are mutable (or fewer sites can accumulate silent
mutations) because of subtle protein-protein in-
teractions involved in a multienzyme tylactone
synthetase. Altematively, these genes may be
intrinsically more mutable.

Tylosin contains three sugars, mycarose, my-
cinose, and mycaminose (Fig. 1). We identified
four classes of mutants blocked in tylosin sugar
biosynthesis or in glycosyltransferase reactions.
tyiB, tyiC, and tyID mutants are blocked specif-
ically in the formation or addition of mycami-
nose, mycarose, and 6-deoxy-D-allose (a precur-
sor of mycinose), respectively. Although a tyiB
mutant has been shown by cofermentation anal-
ysis to be capable of carrying out oxidations of
C-20 and C-23, additions of 6-deoxy-D-allose and
mycarose, and 0-methylations of the 2"' and 3"'
positions of 6-deoxy-D-allose, it produced pri-
marily unmodified tylactone. Therefore, the ad-
dition of mycaminose to tylactone must precede
all other biosynthetic steps involved in conver-
sion of tylactone to tylosin. A similar scheme
has been demonstrated for the biosynthesis of
platenomycin (7).
On the other hand, the tyIC and tyID mutants

A
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carried out all of the steps except addition of
mycarose and addition of 6-deoxy-D-allose, re-
spectively, and produced desmycosin or demy-
cinosyl tylosin. Therefore, these glycosyl trans-
fers do not necessarily proceed in a particular
order, and neither is required to proceed before
either C-20 or C-23 oxidation.
The tylA mutants were blocked in the forma-

tion or addition of all three tylosin sugars and,
like the tyiB mutant, produced tylactone. The
TylA phenotype is probably not caused by dele-
tions spanning several genes involved in biosyn-
thesis or glycosyl transfer of the sugars since
GS25, which was blocked in tylactone formnation
and in the formation or addition of all three
tylosin sugars, was capable of converting a small
amount of exogenously added tylactone to tylo-
sin. Thus, GS25 appears to contain a tylA point
mutation. A single point mutation could block
the formnation of all three sugars if all three are
derived from acommon intermediate. Two likely
intermediates are TDP-D-glucose and TDP-4-
keto-6-deoxy-D-glucose (12, 22).
We isolated two classes of mutants blocked in

oxidation of tylactone. The tylH mutant, which
was blocked in the oxidation of C-23 methyl to
hydroxymethyl, was capable of carrying out all
other biosynthetic steps (except addition of 6-
deoxy-D-allose and subsequent 0-methylations)
and produced the biologically active compound
23-deoxydemycinosyl tylosin. Thus, oxidation of
C-23 does not have to precede addition of my-
camninose to tylactone (as expected from above),
oxidation of C-20 methyl to formyl, or addition
of mycarose to the 4' hydroxyl of mycaminose.
The tylI tyID double mutant was blocked in the
oxidation of C-20 methyl to formyl and in the
formation or addition of 6-deoxy-D-allose and
produced 20-deoxy-20-dihydro-O-mycaminosyl
tylonolide and 20-deoxy-20-dihydrodemycinosyl
tylosin. Thus, oxidation of C-20 does not neces-
sarily precede oxidation of C-23. However, a
cofermentation analysis indicated that the tylI
mutant was proficient in the biosynthesis and
addition of mycarose but incapable of efficient
addition of mycarose to endogenously produced
20-deoxy-20-dihydro-O-mycaminosyltylonolide.
Thus, it appears that the oxidation of methyl to
formyl at C-20 normally precedes the addition
of mycarose in tylosin biosynthesis. However,
we cannot rule out the possibility that the mu-
tant containing the tylI mutation might also
contain a leaky tyiC mutation, which could ac-
count for the poor addition of mycarose. This
will be discussed elsewhere (E. T. Seno, R. H.
Baltz, J. Stonesifer, and G. M. Wild, manuscript
in preparation). Also, since the tylI mutant con-
tained an additional tyID mutation, we could not

determine whether C-20 oxidation nornally pre-
cedes the addition of 6-deoxy-D-allose to the C-
23 hydroxymethyl position.
The tylosin sugars contain five methyl groups

(Fig. 1). It has been shown previously that the
C-methyl group of mycarose and the N-methyl
groups of mycaminose in other macrolide-pro-
ducing Streptomyces strains are derived from
L-methionine (8, 18, 21). Also, Seno et al. (26)
have shown that the 3' hydroxyl group of ma-
crocin can be 0-methylated in vitro by cell-free
extracts of S. fradiae containing S-adenosyl-L-
[methyl-4C]methionine or L-[methyl-'4C]methi-
onine plus adenosine triphosphate as a methyl
donor to produce tylosin. These authors pro-
posed that 3'" 0-methylation of macrocin and
addition of mycarose to desmycosin are alter-
native terminal steps in tylosin biosynthesis. We
isolated two classes of mutants blocked in sugar
methylations; both were blocked in specific 0-
methylations of precursors of mycinose. The
tylE mutant accumulated demethylmacrocin,
which contained 6-deoxy-D-allose instead of my-
cinose. Production of this compound indicated
that 6-deoxy-D-allose can be added efficiently to
the C-23 hydroxymethyl position of the lactone
ring before either 0-methylation. Cofermnenta-
tion analysis indicated that the tylE mutant was
proficient in all tylosin biosynthetic steps except
2' 0-methylation of the 6-deoxy-D-allose moi-
ety ofdemethylmacrocin. In vitro measurements
of O-methyltransferase activity with macrocin
as the substrate also indicated that the tylE
mutant produced high levels of macrocin 0-
methyltransferase. Thus, demethylmacrocin
does not appear to be a substrate for macrocin
0-methyltransferase, and 2' 0-methylation
must occur before 3"' 0-methylation. This con-
clusion was further supported by in vitro 0-
methyltransferase studies with the mutants
blocked in either step (Seno and Baltz, in press).
It is interesting that demethylmacrocin acts as
a potent inhibitor of macrocin 0-methyltrans-
ferase (Seno and Baltz, in press).
The tylE mutants were blocked specifically in

macrocin O-methyltransferase activity and ac-
cumulated macrocin (a tylosin analog lacking
only the 3'" 0-methyl group). The tyIF15 mu-
tant produced nearly undetectable levels of ma-
crocin O-methyltransferase activity (Fig. 2 and
Table 3) but high levels of demethylmacrocin 0-
methyltransferase activity (Seno and Baltz, in
press). Thus, the 2"' and 3"' 0-methyltransfer-
ases show high degrees of specificity. The fact
that both demethylmacrocin and macrocin can
be converted rapidly to tylosin by tyIG mutants
(Seno et al., manuscript in preparation) suggests
that both of these compounds are precursors of
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tylosin and that both 0-methylations normally
occur after 6-deoxy-D-allose is attached to the
lactone ring. Also, dimethylation of 6-deoxy-D-
allose after it is linked covalently to the macro-
lide ring might explain why only two TDP sugars
containing [14C]methyl derived from L-[methyl-
"4C]methionine were detected in a tylosin-pro-
ducing strain of S. rimosus (22). One TDP sugar
was clearly TDP-mycarose, whereas the other
may have been TDP-mycammose.
The tylF28 mutant produced little macrocin

O-methyltransferase early in fermentation, but
normal levels late in the fermentation. However,
it did not produce appreciable amounts of tylo-
sin. This mutant also accumulated quantities of
demethylmacrocin, suggesting that it may be
deficient in demethylmacrocin O-methyltrans-
ferase also. Further work to determine whether
this mutant contains a mutation in a regulatory
sequence controlling both enzymes awaits de-
velopment of a quantitative assay for demethyl-
macrocin O-methyltransferase.
Most of the tyl mutants shared certain simi-

larities, although three tyiG mutants showed
marked differences. All of the mutants other
than the tyiG mutants produced relatively high
levels of intermediates or shunt metabolites,
ranging from 35 to 100% ofnormal tylosin yields.
The lower relative production of tylosin-like
compounds by many tyl mutants may be due to
second-site mutations resulting from high levels
ofMNNG mutagenesis (Baltz et al., unpublished
data).

All of the mutants blocked only in biosyn-
thesis or addition of tylosin sugars, in specific
oxidations, or in tylactone fornation produced
normal or elevated levels of macrocin O-meth-
yltransferase activity. Thus, it appears that no
specific tylosin intermediate or shunt product is
required in high concentrations to induce this
enzyme. However, we cannot rule out the pos-
sibility that all of these mutants might produce
trace amounts of an inducing tylosin-like com-
pound. The tylE mutant (blocked in demethyl-
macrocin O-methyltransferase) produced twice
the normal maximum specific activity of macro-
cin O-methyltransferase, even though this strain
was incapable of using this enzyme unless ma-
crocin was provided exogenously. The product
ofthe tylE mutant, demethylmacrocin, could act
as a specific stimulator of macrocin 0-methyl-
transferase biosynthesis or could inhibit macro-
cin 0-methyltransferase turnover, perhaps by
binding to the enzyme (Seno and Baltz, in press).
The three tyiG mutants (GS18, GS40, and

GS41) which could not cosynthesize tylosin with
any other blocked mutant and could not convert
exogenously added tylactone or macrocin to ty-

losin did not produce detectable levels ofmacro-
cin 0-methyltransferase.

Tylosin is reduced slowly to a less active an-
tibiotic, relomycin (which contains C-20 hydrox-
ymethyl instead of formyl), by S. fradiae during
normal fermentations (26). This reaction is also
carried out by a tylosin-producing strain of S.
hygroscopicus (11) and by several other species
of Streptomyces and Nocardia (6, 16). All of the
blocked mutants capable of carrying out any
steps in tylosin biosynthesis converted tylosin to
relomycin very slowly. However, the three tylG
mutants which were incapable of carrying out
any tylosin biosynthetic steps in cofermentation,
bioconversion, or in vitro 0-methylation exper-
iments converted tylosin to relomycin and ma-
crocin to 20-dihydromacrocin very rapidly. Since
these mutants could not carry out the reverse
reaction (oxidation of relomycin to tylosin) or
coferment tylosin with a mutant blocked in C-
20 oxidation, it appears that tylosin aldehyde
reductase is a separate enzyme and is not in-
volved in tylosin biosynthesis.

All of the tyl mutants except GS40 were re-
sistant to 4000ug of tylosin per ml in patch tests
on AS-1 agar. GS40 was susceptible to very low
levels of tylosin in a more quantitative effi-
ciency-of-plating test. GS40 was also devoid of
aerial mycelia and spore formation. These com-
bined phenotypes were similar to certain var-
iants of Streptomyces riticulli which have un-
dergone plasmid rearrangements (25). The two
other tyiG mutants which did not cosynthesize
tylosin with any other tyl mutants and produced
no macrocin 0-methyltransferase activities were
resstant to tylosin in patch tests, and one pro-
duced aerial mycelia and spores. These atypical
tyiG mutants may contain substantial deletions
of tylosin genes or mutations in regulatory se-
quences and are being characterized further.
The isolation and characterization of mutants

blocked in tylosin biosynthesis have increased
our understanding of the biosynthetic pathway
of tylosin. However, the precise sequence of
reactions after addition of mycaminose to tylac-
tone have not been elucidated completely. We
have used these mutants to probe the specific
rates of particular bioconversions in more detail
and will report these findings elsewhere (Seno
et al., manuscript in preparation).
These mutants have been used to produce

tylosin intermediates and shunt products which
contain antibiotic activities. In turn, these com-
pounds can be used as intermediates in biocon-
version and chemical conversion reactions to
produce novel antibiotics (23). The tylosin-
blocked mutants are also being used in genetic
mapping experiments by protoplast fusion and
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conjugation (1, 2; R. H. Baltz, E. T. Seno, J.
Stonesifer, P. Matsushima, and G. Wild, in Mi-
crobiology-1981, in press) and should aid in
identifying potential tylosin operons which
might be manipulated genetically by promoter
mutations or by gene amplification by tandem
duplication or gene cloning (23).
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