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The effect of biotin on fatty acids and intact lipids was studied by comparing a
biotin-requiring, a biotin-inhibited, and a biotin-indifferent strain of Rhizobium
japonicum. These organisms were grown in a defined medium with added levels of
0, 0.3, and 0.5 ,ug of biotin per liter, and were analyzed for fatty acids and lipid com-
ponents. Myristic, palmitic, and octadecenoic acids were found to be the major fatty
acids in these strains. The indifferent strain also contained large amounts of C1,
cyclopropane acid and small amounts of a C17 cyclopropane acid. Several unidenti-
fied acids were present in the other two strains. The percentages of fatty acids showed
statistically significant changes corresponding with changes in level of biotin in the
medium. When biotin concentration was increased in the medium, the Cis monoenoic
acids of the biotin-requiring strain increased significantly, and those of the biotin-in-
hibited and'biotin-indifferent strains decreased significantly. Palmitic acid showed a
statistically significant increase in the indifferent strain with increasing biotin con-
centration. The principal intact lipid components in these strains are phospholipids.
The major phospholipids are phosphatidylserine, phosphatidylcholine, phosphati-
tidylethanolamine, and cardiolipin. These phospholipids were not affected by biotin
level and were independent of medium composition.

A relationship between biotin and bacterial
fatty acid synthesis has been established since it
has been shown that certain fatty acids have
biotin-sparing activity (6, 21). A metabolic role
for biotin in fatty acid synthesis was established
by Wakil et al. in 1958 (20). Several studies have
been conducted in an attempt to elucidate the
effects of biotin on the fatty acids and phospho-
lipids of certain biotin-requiring microorganisms
(1, 5), but little information is available on the
direct effect of biotin deficiency on the fatty acid
composition of bacteria. We have reported sev-
eral biotin-requiring or -inhibited strains of
Rhizobium japonicum (2, 3, 13) and, since biotin
is directly associated with fatty acid synthesis
(20), a strain of R.japonicum stimulated by biotin,
one inhibited by biotin, and one which grows the
same with and without biotin were examined for
fatty acid and intact lipid composition. The
objective of these studies was to further deter-
mine the role of biotin in fatty acid synthesis by
characterizing the fatty acids and phospholipids
of several biotin-sensitive strains of R. japonicum.
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MATERIALS AND METHODS

Growth of bacteria. The strains of R. japonicum
utilized in this study were strains 311b83 (USDA,
Beltsville) which is indifferent to biotin concentration,
508 (University of Wisconsin) which is inhibited by
biotin (2, 3, 13), and 5633 (Nodogen Co., Princeton,
Ill.) which requires biotin (3). These bacteria were
maintained by monthly transfer on slants of standard
yeast extract mannitol (YEM) medium consisting of
(grams per liter): KH2P04, 1.0; K2HPO4, 1.0; NaCl,
0.2; MgSO4, 0.18; CaSO4, 0.13; FeC13, 0.004; KNO,
1.00; yeast extract, 1.00; mannitol, 9.00; and arabi-
nose, 1.00. The inoculated slants were incubated at
room temperature for 4 days and then stored at 4 C.
Purity of the cultures was ascertained by examination
of stained smears.

In these studies, two media were employed. YEM
medium as described above served as the complex
medium. A defined medium, designated Murphy
medium, consisted of (grams per liter): KH2PO4, 1.00;
K2HPO4, 1.00; NaCl, 0.02; MgSO4, 0.18; CaSO4,
0.13; FeCls, 0.004; NH4Cl, 0.50; mannitol, 5.00;
casein hydrolysate, 0.20. Murphy medium was used
in biotin-level studies. The ingredients of the me-
dium were tested for biotin content by standard
microbiological assay by using Lactobacillus plan-
tarum 8014. The growth response of L. plantarum
was measured turbidimetrically at 420 nm with a
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Bausch & Lomb Spectronic 20 spectrophotometer
and by titration of the lactic acid produced by the
organism with standard alkali. The chemically de-
fined minimal medium was found to contain less than
0.012 pg of biotin per liter. This level of biotin did
not cause any growth response in either the biotin-
inhibited or biotin-requiring strains. When biotin
(Nutritional Biochemicals Corp., Cleveland, Ohio;
lot no. 9419) was added to this medium, this vitamin
was diluted to a concentration of 1 ,ug/ml with dis-
tilled water and was added to the medium before it
was autoclaved. The concentration of biotin which
gave one-half maximal levels of growth for both the
biotin-requiring and the biotin-inhibited strains was
found to be 0.3 pg of biotin per liter of medium, and
the concentration of biotin which gave minimal
growth for the biotin-inhibited strain and maximal
growth for the biotin-stimulated strain was 0.5 pAg of
biotin per liter of medium. Thus, the levels of biotin
selected for the growth of the three strains were 0,
0.3, and 0.5 pug of biotin per liter. These organisms
were also grown in YEM, which provided optimal
growth for these strains. To obtain the quantities of
cells needed for analysis, the cultures were grown in
2-liter Erlenmeyer flasks containing 1 liter of medium
on a rotary shaker set at 200 rev/min with a rotation
radius of 2.54 cm for 4 days at 30 C.

Preparation of cells. Cultures were checked for
contamination, and optical densities were measured
to see that growth was equivalent in all flasks before
harvesting. Cells were harvested by centrifugation in
a refrigerated centrifuge at a speed of 9,000 rev/min
for 20 min. They were washed twice with cold iso-
tonic saline. Dry weights of the cells were measured
by drying a measured weight of harvested cells in a
drying oven at 70 C for 48 hr and reweighing. The
remaining cells were lyophilized and stored over des-
sicant at -18 C until they were analyzed.

Extraction procedures. For fatty acid analysis, 400
mg of the lyophilized cells were saponified by reflux-
ing with 5 ml of 15% KOH in 50% aqueous methanol
(v/v) for 3 to 4 hr at 60 to 70 C. Cell debris was re-
moved by centrifugation. The supernatant fluid was
extracted with petroleum ether, which boils at 40 to
60 C, to remov e the nonsaponifiable fraction of the
lipids. The material was then acidified with 6 N HCI,
and the free fatty acids were extracted with diethyl
ether. The ether was evaporated under a stream of I
nitrogen and the residue was redissolved in petroleum £
ether. This fatty acid solution was washed with dilute
KCI and water and dried overnight over anhydrous
sodium sulfate. For intact lipid analysis, cells pre-
pared as described were extracted overnight in cold
2:1 chloroform-methanol and then purified by the
method of Folch, Lees, and Sloan-Stanley (4).

Esterification and analysis of fatty acids. Fatty acids
were esterified with boron trifluoride reagent (12)
and analyzed on a model 810 F and M gas chromato-
graph by utilizing a column packed with 90% chro-
mosorb W, 60 to 80 mesh, as a solid support and
10% diethylene-glycol-succinate as the stationary
liquid phase. The column was maintained at 180 C,
and nitrogen was used as the gas phase.
The peak areas were calculated by triangulation.

The relative percentage of each peak was calculated
from the ratio of its area to the sum of the areas of
all the peaks. Fatty acids were identified by plotting
the log of the retention time against the number of
carbons. These values were compared with such values
calculated for National Institutes of Health Standard
D separated on the same column. Cyclopropane
standards were contributed by Howard Goldfine.
The authenticity of cyclopropane standards was
verified by means of an MS-9 mass spectrograph
(Research Triangle Center for Mass Spectrometry,
Raleigh, N. C.). Plots of the relative retention time
versus carbon number for standards are shown in
Fig. 1. Hydrogenation of the fatty acid esters was
carried out by utilizing Adams catalyst .(PtO2) under
one atmosphere of hydrogen in absolute ethyl alcohol.

Thin-layer chromatography. Thin layers (0.25 mm)
of silica gel G in borate buffer at pH 8 were placed
on glass plates with a Desaga applicator, heated at
100 C for 1 hr, and stored in a dessicating cabinet.
The plates were reactivated by heating to 100 C for
1 hr immediately before use. Neutral lipids were
separated with a one-dimensional system of hexane-
diethyl ether-glacial acetic acid (90:20:1) and were
detected with rhodamine B under ultraviolet light.
Phospholipids were separated on the plates with a
chloroform-methanol-water (65:25:4) one-dimen-
sional system and by a two-dimensional system pre-
viously described by Skidmore and Entenman (16).
The first dimension uses a solvent system of chloro-
form-methanol-7 N ammonium hydroxide (60:35:5);
the second solvent system is chloroform-methanol-7 N

c'12 C'14 c'1 c' c

CARBON NUMBER
FIG. 1. Relative retention times for fatty acid stand-

ards with palmitic acid as a reference. Ordinate is a
logarithmic scale.
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ammonium hydroxide (35:60:5). Phospholipids were
revealed by immersing the entire plate in a closed
container with iodine crystals and iodine vapors.
Ninhydrin spray was used to detect amino nitrogen
groups (18), acid molybdate was used for phosphate
(19), anthrone and diphenyl amine were used for
glycolipid, and Chargaff reagent was used to detect
choline (18). Phospholipid standards were obtained
from Supelco, Inc., Bellefonte, Pa. They were used
to identify phospholipids by comparing RF values
(distance of center of spot from starting point divided
by distance of solvent from starting point) of the
standards with those of phospholipid components,
and they served as positive controls for the detection
reagents.

Statistical analysis. Statements of difference for
effects in the statistical analysis are based on the F
test of the analysis of variance (17).

RESULTS
Fatty acid analyses. The fatty acid content of

the three strains of R. japonicum grown in YEM
medium and in Murphy medium with 0, 0.3, or
0.5 ,ug of added biotin per liter is shown in Table
1. Myristic, palmitic, palmitoleic, stearic, octade-
cenoic, and cis-1 1, 12-methylene octadecanoic
acids were present in all three of the strains when
they were grown in YEM medium. The biotin-
inhibited strain also contains a small amount of a
seventh acid, a C17 cyclopropane acid.
The biotin-requiring strain contained several

acids which remain unidentified. A typical chro-
matogram of the fatty acids of this strain is
shown in Fig. 2. One of these has a relative reten-
tion time of 1.25, which is very similar to that of

palmitoleic, but it was not subject to hydrogena-
tion as are the unsaturated acids. It comprised
about 20% of the fatty acids present in this strain
when it was grown in Murphy medium with no
added biotin. It was not present in this strain
under any other conditions. Two other unidenti-
fied acids were present in this strain under all
growth conditions. None of the three unidentified
acids in this strain could be converted to the
trimethylsilyl derivatives and are therefore not
hydroxy acids. The first had a relative retention
time of 1.14, and the second was 2.30 (Table 1).
Neither is affected by mild hydrogenation, which
suggests that both are saturated. These relative
retention times correspond to those of methyl-
palmitate and methylstearate recently described
in Agrobacterium tumefaciens by Kaneshiro and
Thomas (11), and it is possible that these are the
same acids.
The inhibited strain contains small amounts of

the acid with a relative retention time of 114,
which appeared in the cells under all conditions
except when they were grown in Murphy medium
with 0.5 ,ug of biotin per liter. This strain also has
small amounts of fatty acids with a carbon chain
length of less than 14.
The major quantitative difference between

these three strains existed in the C1g cyclopropane
acids, which comprise about 20 to 25% of the
acids in the indifferent strain and are present only
in small amounts in the other two strains. As
shown in Table 1, several other quantitative differ-
ences existed between the three strains. When

TABLE 1. Fatty acid composition of three strains ofR. japonicum differing in response to biotin, grown with
various levels of biotin; data reported as percentage of total fatty acids

StrainMediumBiotin
Fatty acidsa

Strain Medium ~ (ug/liter)

14:0 16:0 U 16:1 U 17 cyc 18:0 U 18:1 |9 cyc

83b YEM None 2.6 17.3 0.3 1.0 1.9 52.2 24.1
Murphy None 0.7 11.7 1.0 1.6 0.6 66.2 18.9
Murphy 0.3 0.6 15.1 0.6 1.2 56.1 26.2
Murphy 0.5 5.0 21.2 2.3 4.5 43.3 23.7

508c YEM None 12.3 22.6 0.9 0.9 6.6 43.3 0.7
Murphy None 4.0 14.1 1.2 0.4 2.7 74.0
Murphy 0.3 4.8 16.0 1.8 0.7 4.5 63.6
Murphy 0.5 14.6 16.7 1.0 4.6 50.2 0.5

5633d YEM None 9.6 19.3 3.0 3.6 4.8 6.0 49.8 1.8
Murphy None 13.2 13.2 3.3 3.0 19.8 2.0 5.8 38.4
Murphy 0.3 8.7 21.2 2.4 2.4 0.6 9.4 47.2 8.0
Murphy 0.5 0.5 17.7 1.0 4.1 0.4 6.0 71.3

a U, unidentified fatty acid; cyc, cyclopropane.
b Indifferent to biotin.
" Biotin-inhibited.
d Biotin-requiring.
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these strains were grown in the complete medium,
the indifferent strain contained less myristic acid
than the other two strains. Strain 5633 contained
more palmitoleic acid than the other strains, and
strain 508 had a higher percentage of stearic than
the biotin-requiring or indifferent strains.
The results of the study of the effect of biotin

concentration on the fatty acid composition of
the three strains is summarized in Table 1. The
level of biotin had a significant (P < .01) effect on
the percentages of the C18 monoenoic acids in all
strains tested. Palmitic acid levels changed (P <
.01) with changes in biotin concentration in the
indifferent strain. Percentages of the other acids
in all strains changed proportionally with the
changes in the octadecenoic acids. The biotin-
requiring strain shows marked (P < .01) increases
in the C18 monoenoic fraction with increasing
levels of biotin. In YEM medium, about 50% of
the acids were present in this fraction. However,
when the cells were grown in Murphy medium
with no added biotin, the C18 monoenoic acids
comprised only 38.4% of the total. When the
biotin concentration was increased to 0.3 jug of
of biotin per liter, 47.2% of the acids were mono-
enoic. At a concentration of 0.5 ,ug of biotin per
liter, 71.3% were monoenoic.
The strain which is inhibited by growth-factor

levels of biotin, strain 508, also shows significant
(P < .01) changes in the octadecenoic acids with
changes in biotin concentration, but these acids
decrease as the biotin level increases (Table 1).
The complete medium produces cells of strain 508
with about 50% C18 monoenoic acids, but when
Murphy medium was used with no biotin, these
acids comprised 74% of the acids present. Addi-
tion of 0.3 Mug of biotin per liter of Murphy me-
dium caused a decrease in the C18 monoenoic
acids to 64% of the total, whereas 0.5 MAg of this
vitamin per liter of medium reduced this acid to
50% of the total acids present.

Fatty acids of the control strains which grow
well with or without biotin are also affected by
the level of biotin in the medium. The effects here
are once again on the octadecenoic acids, and the
changes are in the same direction as those of the
biotin-inhibited strain. The YEM medium pro-
duced cells with 50% Ci8 monoenoic acids,
whereas Murphy medium yielded cells with about
66% octadecenoic acids; 0.3 MAg of biotin per liter
of minimal medium produced cells with 56% of
these acids, and 0.5 MAg of biotin per liter yielded
43% of the fatty acids in the Cl8 monoenoic
fraction.
The results of this study show that the level of

biotin does affect the proportions of fatty acids
present in these strains, especially the C18 mono-
enoic fraction.

9.6 19.3 3.0 3.6 4.8 6.0 49.8 1.8
PER CENT FATTY ACID

FIG. 2. Gas chromatogram of fatty acids of strain
5633 grown in YEM medium; data expressed as per-
centages of total fatty acids.

Intact lipid identification. Qualitative measure-
ments of the lipids of the three strains when they
were grown in the four media were made to deter-
mine whether the level of biotin or the kind of
medium in which the cells were grown affected
the type of intact lipid components present.
Neutral lipids were chromatographed but were
found to be present in very small amounts; there-
fore, major emphasis was placed on the phospho-
lipids. Figure 3 and Table 2 show the results of
these experiments. The major phospholipids
present in these strains are phosphatidylserine,
phosphatidylcholine, phosphatidylethanolamine,
and cardiolipin. Strain 83 contains small amounts
oftwo unidentified phospholipids as well. Murphy
medium does not seem to affect the phospho-
lipids present, nor does the level of biotin present.
Figure 3 shows a typical chromatogram of the
lipids of each strain. The phospholipids of the
three strains remained the same when they were
grown in YEM medium and in Murphy medium
with 0, 0.3, and 0.5 MAg of biotin per liter.
Table 2 shows the RF value for each of the

phospholipids for each dimension; standard RF
values are included in this table. Spots were
identified by appropriate sprays as well. All spots
reacted with molybdate-mercury spray (19).
Phosphatidylethanolamine and phosphatidyl-
serine reacted with ninhydrin (18). Phosphatidyl-
choline reacted with Chargaff reagent (18). None
of the spots reacted with anthrone reagent or
diphenylamine sprays (18).

DISCUSSION

The purpose in initiating this investigation was
to characterize the fatty acids and complex lipids
of certain rhizobium strains and to determine the
effect of biotin on these fatty acids and intact
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lipids of certain biotin-sensitive strains of R. ja-
ponicum.
By using other biotin-requiring strains or

mutants, the C18 monoenoic acids have been
shown to decrease in biotin deficiency (1, 5).
Biotin is required for de novo synthesis of fatty
acids (20). Unsaturated fatty acids or other fatty
acids exhibiting biotin-sparing activity are essen-
tial to the cell. Therefore, it is reasonable to expect
the decrease in the octadecenoic acids in a biotin-
requiring strain in biotin deficiency.
The other two strains, strain 83, which grows

the same with or without biotin, and strain 50T,
the biotin-inhibited strain, are affected in exactly
the opposite way. Their C1s monoenoic acid
percentages decrease with increasing levels of
biotin. These two strains do not require biotin;

STANDARD 83 508 5633
Soi 2 SOvtI2 SoIvent 2 1 sOl 2t~~~~~o0o°rNX E,Jpc . , O, PC

FIG. 3. Separation of phospholipid standards and
phospholipids of three strains ofR. japonicum grown in
YEM and Murphy media by thin-layer chromatography
with the first dimension system of CH3CI-CHsOH-
NH4OH(60:35:5) and the second CH,Cl-CH80H
-NH4OH (35:60:5). PS, phosphatidylserine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; C,
cardiolipin; 0, origin.

therefore, they must have the ability to synthesize
what they need. Strain 508 is inhibited by very low
levels of this vitamin (0.1 ,ug per liter or less). No
explanation is offered for the mechanism of this
inhibition or for the changes in fatty acid patterns
due to the presence of biotin. Elkan (2) has shown
that this inhibition can be overcome by certain
metabolic intermediates of the tricarboxylic-acid
cycle such as a-ketoglutarate and succinate. Thus,
the site of biotin inhibition is located at some
point prior to these tricarboxylic acid cycle com-
pounds. This same inhibition apparently blocks
the formation of the unsaturated acids. It is
possible that the fatty acid synthesis is blocked
because of the lack of some precursor. Since the
C18 monoenoic acids of the control strain are
affected in the same way by excess biotin, al-
though their growth is not inhibited, it would
appear that strain 83 has some means of by-pass-
ing the inhibitory site even though its fatty acid
synthesis is still affected. Strain 83 shows more
diversity in its metabolism than the other strains
tested. For example, it shows a significant increase
in palmitic acid as the C18 monoenoic acids de-
crease. It also maintains a large percentage of the
Cl, cyclopropane acids under all growth condi-
tions. It has been suggested that the change in
fatty acid patterns with decreases in the unsatu-
rated acids changes cell permeability because of
its effects on the membrane integrity (14). Several
studies utilizing gram-positive organisms have

TABLE 2. RFa values of thin-layer chromatography of three strains of R. japonicum and standards

Phosphatidyl- Phosphatidyl- Phosphatidyl-

Strainb MediUmn ("B6Biotin serine choline et anolamineStrainb Medium ~~(mg/liter)
Rp1 RFp Rp1 Rp2 RF1 Rp2 Rp1 RR1.

83 YEM None 0.14 0.15 0.23 0.32 0.50 0.65 0.96 0.86
Murphy None 0.19 0.15 0.23 0.37 0.52 0.70 0.92 0.89
Murphy 0.3 0.18 0.18 0.27 0.40 0.51 0.73 0.89 0.87
Murphy 0.5 0.20 0.20 0.26 0.39 0.51 0.68 0.94 0.87

508 YEM None 0.16 0.15 0.25 0.37 0.50 0.56 0.93 0.86
Murphy None 0.11 0.15 0.24 0.34 0.48 0.63 0.97 0.81
Murphy 0.3 0.12 0.14 0.23 0.36 0.51 0.65 0.96 0.84
Murphy 0.5 0.15 0.15 0.25 0.32 0.50 0.60 0.95 0.84

5633 YEM None 0.14 0.13 0.24 0.37 0.52 0.61 0.96 0.83
Murphy None 0.14 0.14 0.25 0.38 0.48 0.70 0.87 0.86
Murphy 0.3 0.11 0.14 0.21 0.41 0.50 0.70 0.93 0.88
Murphy 0.5 0.13 0.13 0.23 0.40 0.51 0.65 0.90 0.87

Standards 0.10 0.17 0.29 0.30 0.59 0.56 0.94 0.88
0.16 0.15 0.27 0.35 0.56 0.61 0.94 0.87

RF is the distance of center of spot from starting point divided by distance of solvent front from
starting point.

See footnotes b, c, and d for strain descriptions.
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shown that in biotin deficiency cell permeability
is altered, resulting in significant cell transport
problems (7, 8, 15). If the changes in fatty acids
are indeed changing membrane integrity, perhaps
the fact that strain 83 continues to maintain
approximately 20% of the Cig cyclopropane
acids even in the absence of biotin prevents its
growth inhibition, whereas strain 508 becomes
"leaky" and loses its membrane integrity and is
inhibited in growth much more quickly. O'Leary
(14) has suggested that the cyclopropane acids
may have some important function since a good
deal of energy is required for their synthesis. In
any case, lactobacillic acid spares biotin just as
the unsaturated acids do. It is interesting to note
that strain 508 is not inhibited by biotin after
growth is initiated (2). No explanation for this
mechanism is offered from these studies.
The major lipids of these organisms have been

identified as phosphatidylserine, phosphatidyl-
choline, phosphatidylethanolamine, and cardio-
lipin. The most interesting point in this characteri-
zation is the fact that phosphatidylcholine has
been found in these organisms. This phospho-
lipid is absent in most bacteria, but it is found in
the agrobacteria (which are also in the family
Rhizobiaceae) and also in the pseudomonads
(9, 10). The precursors of phosphatidylcholine
are probably present in very small amounts, and
thus the spots for phosphatidylcholine and phos-
phatidylethanolamine may not be a single phos-
pholipid component. Further, phosphatidylglyc-
erol is usually present in small amounts as a con-
taminant in cardiolipin.
The results of this study show that the level of

biotin does affect the proportions of fatty acids
present in these strains, especially the C18 mono-
enoic fraction. Further, neither the change in
medium nor the level of biotin in the medium
change the phospholipid components present.
Studies are now under way to characterize the
phospholipids of R. japonicum quantitatively, by
utilizing a number of strains.
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