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SUMMARY

A derivative of Xanthomonas campestris B1459 was constructed that utilizes lactose in clarified cheese
whey for xanthan gum synthesis. Genes conferring lactose utilization carried by transposon Tn951 were
inserted into the bacterial chromosome. The ability to use lactose for xanthan gum synthesis was stably
inherited and the amount of xanthan produced suggested carbohydrate conversion efficiencies similar to
wild-type X. campestris growing in the presence of glucose. Bench-scale fermentation of this organism and

identification of the optimal whey sources and pretreatments can now proceed.

INTRODUCTION

Xanthan gum is usually produced by fermenta-
tion of Xanthomonas campestris with glucose or
corn syrup as the major carbon source [9]. How-
ever, it is also possibie to convert the glucose and
galactose in hydrolyzed whey to xanthan gum
[2,13]. Whey is a high BOD waste from the manu-
facture of cheese. The composition of whey varies
according to the type of cheese produced, but can
be up to 5% (w/v) as lactose or 70% lactose when
dried. The remainder is made up of protein, organic
acids, minerals and vitamins. The amount of waste
whey generated from just a few typical cheese plants
could supply all the worldwide fermentation sub-
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strate needs for the production of xanthan gum.
Because wild-type strains of X. campestris utilize
lactose poorly, the whey must first be hydrolyzed
enzymatically with lactase or B-galactosidase. The
efficiency of conversion of hydrolyzed whey car-
bohydrate to xanthan gum ranges from over 75%
to near the theoretical maximum [2]. One possible
reason for the poor utilization of unhydrolyzed lac-
tose may be that the f-galactosidase of X. campes-
tris has a low affinity for lactose [8]. In order to
overcome this defect and to generate a strain of X.
campestris that could utilize lactose more efficient-
ly, Walsh et al. [15] transferred exogenous lac (lac-
tose) genes into X. campestris. The lac genes were
carried by transposon Tn951 which was in turn in-
serted within the mobilizable broad host range plas-
mid RP1 [4]. In the absence of a plasmid-selective
antibiotic the plasmid, and therefore the lac genes,
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were not stable. A different approach was taken by
Schwartz and Bodie [11] when they isolated a spon-
tancous derivative of X. campestris B1459 that
could convert unhydrolyzed lactose in whey to xan-
than gum. They demonstrated substrate conversion
efficiencies with this strain of less than 40% for long
fermentation times (about 70 h). The nature of the
mutation was not known and the strain proved to
be unstable for xanthan production, losing con-
siderable productivity within 40 generations under
non-selective conditions.

In this report we describe the construction of a
plasmid vector that is useful for integrating foreign
DNA into the chromosome of X. campestris. Using
this vector we inserted the /lac genes from pGC9114
(RP1::Tn951) into a rifampicin-resistant derivative
of X. campestris B1459. The genetic stability of lac-
tose utilization and conversion of lactose or lactose
in clarified whey to xanthan gum was determined.
In addition, a preliminary characterization of the
quality of the xanthan gum made by this strain
from clarified cheese whey is described.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions.
X. campestris B1459S-4L-I1 (our strain X55) was
obtained from the Northern Regional Research
Center in Peoria, Illinois and is the parent of all X.
campestris strains used in this work. Strain X59 is
a spontaneous rifampicin-resistant derivative of
X55 [14]. Both are fully positive for xanthan gum
synthesis (Xgs*). Escherichia coli strain MC1009
(dlac ipozy-X74, galK, galU, Aara-leu-7697, strd,
recA) was obtained from J. Hoch and strain JC3272
(his, trp, lys, Alac ipozy-X74, strA) containing plas-
mid pGC9114 (RP1::Tn951) from G. Somkuti.
Plasmids pRK290, pRK311 and pRK2013 were
obtained from D. Helinski and pUC13 from Be-
thesda Research Laboratories. Xanthomonas
strains were cultured at 30°C in four related liquid
or solid (with agar) media: YT (10 g/l Difco yeast
extract, 16 g/l Difco tryptone, 5 g/l NaCl); YTS (5
g/l Difco yeast extract, 5 g/l Difco tryptone, 3.5 g/l
K,HPO,, 2.6 g/l KH,PO,, 0.26 g/l MgSO, - TH,O,
6 mg/l H3BO3, 6 mg/l ZnO, 2.6 mg/l FeCl; - 6H,0,

20 mg/1 CaCOj;); YPS (with an equal weight of pep-
tone substituted for tryptone in YTS); PS (10 g/l
peptone substituted for yeast extract and tryptone
in YTS); S (2-4 g/l (NH,),SO, substituted for yeast
extract.and tryptone in YTS). The volume of cul-
ture was always one-tenth to one-fifth the flask ca-
pacity. E. coli strains were grown in LB broth or
YT. Antibiotics and carbohydrate were added as
needed. Whey was ‘sweet whey’ from Sigma. It was
65% lactose by dry weight, 13% protein, 8% ash
and 2% lactic acid. A 30% (w/v) solution was auto-
claved at 121°C for 20 min and centrifuged to clar-
ify. The pH before autoclaving and after clarifica-
tion was about 6. The phenol-H,SO, assay was
used to measure final lactose concentration [7].

DNA preparation and analysis. DNA was pre-
pared by the boiling method [10] or the Birnboim
and Doly procedure [1] and when necessary purified
by equilibrium sedimentation in density gradients
of CsCl1 containing ethidium bromide [10]. Restric-
tion enzymes and DNA ligase were used according
to the instructions of the manufacturer. Chromo-
somal DNA digested with HindIII was separated
by gel electrophoresis and transferred to nitrocel-
lulose filters by the method of Southern [10,12].
Plasmid DNA for use as hybridization probes was
radioactively labeled with 32P by nick transiation
[10]. Transformation of E. coli cells with plasmids
or ligation mixtures was standard [10] and conjugal
transfer of plasmids into X. campestris followed the
triparental mating scheme [6].

Xanthan gum isolation and analysis. In order to
measure amounts of xanthan gum, culture samples
(without prior removal of cells) were added to 2
volumes of isopropyl alcohol. The precipitated ma-
terial was collected by filtration onto Whatman
934-AH filters, then dried at 80°C in a vacuum oven
and weighed. For viscosity measurements the dried
precipitate was ground in a mortar and sieved
through a 250 micron mesh before resuspending in
0.1% (w/v) NaCl. Viscosity measurements over a
range of shear rates at room temperature were
made with a Brookfield LVT viscometer. Protein
concentrations were determined with the Bio-Rad
Protein Assay and standards of bovine serum al-
bumin (Sigma).



RESULTS

Construction of lactose-positive X. campestris
Plasmid pGC9114 is a derivative of plasmid RP1
and carries Tn951, a transposon that confers lac-
tose utilization [4]. We verified that a subfragment
of pGCY114 of about 10.5 kbp and flanked by Bam-
HI restriction sites carried the lac genes [3]. We sub-
cloned that fragment to pUCI3 and transformed
Lac™ E. coli MC1009 to Lac* (blue colonies on
nutrient plates containing 5-bromo-4-chloro-3-in-
doxyl-f-D-galactoside (Xgal) and isopropyl thio-
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Fig. 1. Construction of Lac? integration vector. Steps I through

IV are described in the text. The circular genetic maps are drawn

roughly to scale. Plasmid pSY1181 is a general purpose integra-

tion vector and carries a DNA segment (c1) that is identical to

an X. campesiris chromosomal sequence. Plasmid pSY1232 car-
ries in addition the /ac genes from Tn951.
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galactopyranoside (IPTG)). The same 10.5 kbp
fragment was subcloned into a plasmid ‘integra-
tion” vector (pSY1181) that could be conjugally
transferred from E. coli to X. campestris but could
not replicate in the latter. We call this an ‘integra-
tion’ vector since the only way that the /ac genes
can be stably maintained in the recipient is if they
recombine with and become integrated into the bac-
terial chromosome. The four steps in the construc-
tion of plasmids pSY1181 and pSY1232 are illus-
trated in Fig. | and explained below.

To promote integration into the chromosome we
included a fragment of chromosomal DNA in
pSY1232. Previously we isolated fragments of the
X. campestris wild-type chromosome that comple-
mented or restored xanthan gum synthesis to mu-
tants unable to make the polysaccharide [14]. Col-
onies of both the wild-type and mutants carrying
the ‘xanthan’ genes cloned on cosmid vectors were
mucoid, while the mutants alone were non-mucoid.
One such clone was c1, a recombinant between the
cosmid vector pRK311 [5] and an approximately 22
kbp chromosomal fragment. A derivative of cl,
that carried transposon Tn5 (kanamycin-resist-
ance) in a site within c¢1 but which did not inactivate
complementation by ¢l for the corresponding mu-
tant ml, was our starting material. As shown by
step I of Fig. 1, this plasmid was restricted with
BamHI enzyme and recircularized to create a single
BamHI cloning site flanked by the ¢l complement-
ing DNA and the kanamycin-resistance gene of
Tn5. The cl-Kan region is bounded by HindIII
sites.

The second step was to convert the matable
broad host range plasmid pRK290 [6] to narrow
host range by substituting the origin of replication
from pUCI3 for the oriV of pRK290. The third
step was to fuse cl-Kan with pRKpUC via the Hin-
dII sites to create the ‘integration’ vector pSY1181.
The last step was to insert the lac genes at the Bam-
HI site of pSY1181 to generate pSY1232. E. coli
MCI1009 transformed with pSY1232 are resistant
to ampicillin and kanamycin and give blue colonies
on plates containing Xgal and IPTG.

In order to allow X. campestris to utilize lactose
we transferred pSY1232 into strain X59 (a rifam-
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Fig. 2. Integration of plasmid pSY1232 into the X59 chromo-
some. Panel A: restriction maps and HindUII fragment sizes for
plasmid pSY 1232, the chromosomal c1 region of strain X59, and
the expected recombinant chromosome of strain X59-1232. The
filled-in boxes show the homologous ¢l sequences. Panel B: hy-
bridization of labelled DNA probes to HindIIl digests of
chromosomal DNA from strains X59 and X59-1232. Lanes 1
and 4, X59 DNA; lanes 2 and 3, X59-1232 DNA. Lanes 1 and
2, hybridization to radioactively labelled plasmid pGC9114;
lanes 3 and 4, hybridization to plasmid pSY1232. Plasmid
pGC9114 [4] carries the lac genes and sequences homologous to
the 20.2 kb fragment of pSY1232, but does not include the X.
campestris c1 DNA. Lane 5, molecular size markers. Plasmid
pSY1232 was separately digested with BamHI alone and BamHI
plus EcoRI, and then the two digests were mixed before electro-
phoresis. Sizes for molecular markers are given in kb at right.

picin-resistant derivative of X. campestris B1459S-
4L-11) using a triparental conjugation scheme with
pRK2013 as the helper plasmid [6]. Exconjugants
were initially selected on kanamycin since X. cam-
pestris is naturally resistant to ampicillin, the other
resistance gene carried on pSY1232. All the Kan'
exconjugants were then shown to grow on minimal
plates with lactose, unlike X59. The Kan' Lac™ ex-
conjugants were indistinguishable, and one, named
X59-1232, was chosen as representative for further
work. Similar results were obtained by mobilizing
the Lact plasmid pGC9114 into X59, as earlier
demonstrated by Walsh et al. {15]. In liquid cultures
we found that the plasmid-bearing X59-pGC9114
grew more slowly than either X59 or X59-1232,
which grew at similar rates. We tentatively attrib-
uted this slower growth to the ‘cost’ of maintaining
the multi-copy plasmid.

Lactose genes are integrated in the chromosome of
strain X59-1232

We immediately noticed that in the absence of
tetracycline selection the plasmid pGC9114 was lost
from a culture of X359, whereas in the absence of
kanamycin selection for strain X59-1232 the cryptic
marker was retained. More importantly the ability
to utilize lactose behaved in the same way. This was
consistent with at least part of the pSY1232 DNA
being stably integrated in the bacterial chromo-
some. By DNA hybridization analysis {12}, we con-
firmed that the narrow host range plasmid had in-
tegrated into the chromosome. Furthermore, the
restriction fragment sizes were consistent with in-
sertion into the homologous ¢l chromosomal re-
gion. The expected results are illustrated in Fig. 2,
panel A, and the observed hybridization pattern is
shown in panel B. The <1 region of the chromosome
was characterized for diagnostic HindIlI restriction
sites after cloning the region on two overlapping
fragments of DNA. The portion of the cl region in
common with pSY1232 is indicated by the filled-in
boxes. Insertion of plasmid pSY1232 into the cl
region of the chromosome by homologous recom-
bination (one double-stranded crossover) should
replace the 25 kb HindIII fragment with fragments
of 18.1, 20.2 and 27 kb. Chromosomal DNA was
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Genetic stability of utilization of lactose for xanthan gum synthesis
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Passage Generation Xanthan gum (% w/w)
number® number®
X59pGCo114 X59-1232
Lac Gle Lac/Gle Lac Gle Lac/Glc
0 7 1.6 2.0 0.8 1.6 1.9 0.8
1 14 1.7 2.0 0.9 1.7 2.0 0.9
3 28 0.6 1.5 04 1.5 1.7 0.9
4 35 0.1 1.8 0.1 L5 2.0 0.8
5 42 0.2 1.7 0.1 1.7 22 0.8

2 Initial inocula were grown in YT plus rifampicin (50 pg/ml) with tetracycline (7.5 pg/ml) for X59pGC9114 or kanamycin (50 ug/ml)
for X59-1232. Each passage was in YT plus rifampicin with an inoculum of 107 cells/m! and was ended at about 10° cells/ml (4gqo
= 1). After each passage, shake flasks containing YPS medium with either lactose (Lac) or glucose (Gle) at 2% (w/v) were inoculated
with 107 cells/ml. After 48 h the amount of xanthan gum in each flask was measured by precipitation with 2 volumes of isopropyl

alcohol and then dried and weighed.

® Includes about seven generations per passage and about seven generations during carbohydrate conversion assay.

prepared from strains X59 and X59-1232, digested
with HindIII and the fragments separated by gel
electrophoresis. After transfer of the DNA to filters
[12], the DNA was hybridized to either of two ra-
dioactively labelled plasmid probes: pGC9114 or
pSY1232. The plasmid pGC9114 carries the lac
genes and is also homologous to the 20.2 kb Hin-
dIII fragment of pSY 1232, but does not hybridize
to the X59 chromosomal DNA (panel B, lane 1).
Lane 2 shows that the pGC9114 probe hybridizes
to chromosomal HindIII fragments of about 20 and
27 kb for strain X59-1232. When pSY1232, carry-
ing a portion of-the ¢l region, was used as the hy-

bridization probe, a chromosomal fragment of 25 -

kb was detected in the X59 DNA. This band was
absent from strain X59-1232 and in its place were
bands of about 18, 20 and 27 kb. This is consistent
with integration of the entire plasmid pSY1232 and
the lac genes into the ¢l chromosomal locus.

Stability of integrated lactose genes

Since the overall objective was to generate a sta-
ble strain for converting lactose to xanthan gum,
we measured stability for this trait after serially sub-
culturing X59-pGC9114 and X59-1232 for many
generations without tetracycline for selection of

plasmid pGC9114 or kanamycin in the case of
X59-1232. In either case, the X59 host is resistant
to rifampicin. This allows a selection against rifam-
picin-sensitive accidental contamination during re-
peated serial transfer. Each strain was grown both
in glucose and lactose and the ratio of the amount
of xanthan produced from lactose to glucose was
calculated. The results are given in Table 1. The
ability to convert lactose to xanthan gum by the
plasmid-bearing strain, X59pGC9114, decreased to
half its original level at the third passage. In con-
trast, X59-1232 carrying the lac genes integrated in-
to the chromosome showed stable conversion of
lactose to xanthan gum through the end of the par-
allel experiment, a total of 42 generations.

Utilization of carbohydrate substraie for xanthan
gum synthesis

Parallel shake flask cultures of strains X59
(Lac™) and X59-1232 (Lac™) were tested for util-
ization of carbohydrate for the synthesis of xanthan
gum. Exopolysaccharide accumulation was mea-
sured with glucose, lactose and clarified cheese
whey at equivalent weight percents of glucose or
lactose. The results are given in Table 2. The Lac™
parental strain X59 did not convert appreciable lac-
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Table 2

Utilization of carbohydrate substrate for xanthan gum synthesis

Strain Carbohydrate Xanthan gum (% w/w)*
substrate
12h 24h
X59 (Lac™) glucose 1.2 2.1
lactose 0.2 0.2
whey lactose 0.0 0.4
X59-1232 (Lac*) glucose 1.1 2.0
lactose 1.6 2.0
whey lactose 1.7 1.8

2 Inocula were grown in YT medium with rifampicin (50 yg/ml),
centrifuged, washed with LB broth and resuspended at 2 x
10° cells/ml in YTS medium plus carbohydrate substrate at
2% (w/v). Samples were withdrawn and xanthan was precip-
itated with 2 volumes of isopropyl alcohol, and then dried and
weighed.

tose or lactose in clarified whey to xanthan gum,
compared to the stable Lac™ strain X59-1232. Since
the residual amounts of substrates from the car-
bohydrate, yeast extract, tryptone and whey were
not determined, we could not calculate the absolute
conversion efficiencies. However, the amounts of
xanthan gum shown in Table 2 are similar to those
of our most productive strains of X. campestris,
which can convert over 70% of substrate to xan-
than during controlled fermentations.

Quality of xanthan gum produced from glucose, lac-
tose and clarified cheese whey

The following cultures were grown in shake
flasks containing 200 ml of PS medium supple-
mented with the indicated carbohydrate at 2%
(w/v): strain X359, glucose; X59-1232, lactose;
X59-1232, clarified cheese whey (lactose). After 48
h growth the culture contents were precipitated
with 2 volumes of isopropyl alcohol, dried and
ground to uniform particle size (about 100-200
microns). Samples of each were resuspended in
0.1% (w/v) NaCl at specific weight percentages,
with the weights determined to the exclusion of
water, protein and ash. Viscosities were measured
over a range of shear rates and the results are given

in Fig. 3. The solution viscosities for the xanthan-
containing material made by X59 from glucose or
X59-1232 from lactose were not distinguishable.
However, the material made in the presence of clar-
ified cheese whey appeared to be less viscous, re-
quiring almost twice as much by weight to give
equal viscosity. A subsequent mixing experiment
indicated that an unknown clarified whey compo-
nent lowers the viscosity of xanthan gum. We pre-
pared a separate culture of X59-1232 grown on PS
medium plus lactose. The xanthan-containing ma-
terial was precipitated either in the presence or ab-
sence of added clarified whey. Enough clarified
whey was added to make the final lactose concen-
tration 2% (w/v). The resulting viscosities from this
mixing experiment are superimposed on Fig. 3.
Most of the apparent qualitative difference is ac-
counted for by the whey effect on viscosity.
Whether the remaining difference repesents an al-
teration in the chemical composition or molecular
size of the xanthan gum is not yet known.
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Fig. 3. Viscosity of xanthan-containing material made from glu-
cose, lactose or clarified whey. Solutions of xanthan gum were
prepared at defined concentrations and to the exclusion of water,
ash and protein. Viscosities at different shear rates were mea-
sured and the values from a shear rate of 1.32 s™! (1 rpm for
spindle number 18, Breokfield), were plotted. Symbols, strains
and growth or processing conditions: @, X59 (Lac™), glucose;
W, X59-1232 (Lac™), lactose; A, X59-1232 (Lac™), clarified
whey; H, X59-1232 (Lac*), lactose, without clarified whey
added at harvest; B, X59-1232 (Lac™), lactose, with clarified

whey added at time of harvest.



DISCUSSION

This study extends previous investigations of the
use of waste cheese whey for production of xanthan
gum by X. campestris [2,8,11,13,15]. We have con-
structed a stable recombinant strain, X59-1232,
which produces quality xanthan gum from lactose
by inserting the lac genes from transposon Tn951
into the chromosome of X. campestris strain X59.
The apparent conversion efficiency of lactose to
xanthan gum by this strain was equivalent to the
conversion of glucose to xanthan gum by strain
X59, a strain which efficiently carries out the latter
conversion. The viscosities of the xanthan gums
from these two sources were equivalent. After more
than 14 generations of growth without positive se-
lection for genetically linked traits, the apparent
conversion efficiency from lactose by strain X59-
1232 was superior to that of strain X59-pGC9114,
a strain which carried the Tn951 Jac genes on a
multicopy plasmid (pGC9114), which, in turn, was
superior to strain X59, which lacks the Tn951 lac
genes. The superiority of X59-1232 could be attrib-
uted to the stable integration of the lac genes into
the chromosome of X59-1232.

The apparent efficiency of conversion for clari-
fied cheese whey to xanthan gum by X59-1232 was
approximately 90% that of lactose to xanthan gum.
This is probably within the experimental ercor of
the measurements employed. Precise conversion ef-
ficiencies must be determined by including mea-
surements of residual substrates from the added
carbohydrate, yeast extract, tryptone, and clarified
whey in future studies. The high utilization of clar-
ified whey for xanthan gum synthesis by our strain
X59-1232 has not been achieved before and rep-
resents a significant advance in investigating the use
of waste cheese whey for production of xanthan
gum. The high utilization must now be confirmed
using conditions which more closely mimic manu-
facturing conditions, such as bench-scale batch and
fed-batch fermentations in stirred reactors with
forced aeration.

A significant phenomenon which was identified
by our study could prevent the use of clarified
cheese whey for xanthan gum production by cur-
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rently accepted manufacturing procedures. Isopro-
pyl alcohol, used to precipitate xanthan gum from
X. campestris broths in FDA accepted procedures,
appears to precipitate a component of whey which
lowers the viscosity of isopropyl alcohol-precipitat-
ed xanthan gum. The final quality of the xanthan
gum is as important to the overall production econ-
omics of this specialty chemical as cellular produc-
tivity. Hence, this study indicates that the identifi-
cation and elimination of the interfering component
in whey is a key issue for investigators interested in
using waste cheese whey for xanthan production by
X. campestris.
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