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Abstci

Borrelia burpdorfer - the Lyme disesse spirocheie -
was grown in modified Kelly medivm and characterized
by transmission and by scanning electron  microscopy.
Using silver staining procedures which preferentially bind
1o nuclear components of eokaryotic cells, signal could be
detected by backscanmtered electmon imaging throughout the
length of the prokaryotic spirochete Interestingly,
however, the highest levels of backscatiered signal wene
observed in naturally elaborated membrane biebs that were
visible amached to cell surfaces and free in the medivm.
These membrane vesicles could be entched by filtration
through nimecellulose or Anopore membranes and by
differential  centrifugation. The  possibility of
contaminating cellular DNA coating the membranc
vesicles was ruled oot by exhanstive digeston with
pancreatic DNAase I Intact DNA was demonstrated bath
by lysing blebs directly on the surface of microscope
grids snd by estacting molecules from purified bleb
preparation with detergents and solvents. Both linear and
circular DNA molecules could be identified in purified
membrane blebs. A simple, one-step, alicroative silver

staining 15 described which appears 1w
effectively label the protein-nocleic acid complexes
contained in  the membrane wvesicles of the human

pathogen B. burgdorferd, and may provide an important
method 10 track and 1 define the biological function of
these structures.

Eey Wonds:  Silver staining, backscamered eleciron
imaging, nucleic acids, spirocheres
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Introdluction

Lyme borrelingis 15 now the most common arthropod-
borne disease in the United Simies. While originally
thought to be confined to limiled arcas, the disease has
now been found in mt least 35 states and 6 continemts.
Early treatment, which is critical w the prevention of
mone  2rious consequences, i3 often delayed by the
vagaries of clinical pressatation and available diagnostc
procedures,  Bormelia burpdocfen. the causative agent (7)
has been isolated from humans. mammals, birds and

and is cultivable in the lsboratory. Careful
structural analysic of the DNA content of =everal early
passage isolates has mevesled 2 unigue mixwe  of
terminally cross-linked, linear and covalently closed,
circular DNA molecules ranging in size from a few fo
fifty kilobases (kh) in length (3, 1B). No molecules
longer then 900 kb could be dewecied  Often DNA
pamerns appear o differ among isolaies (2, 18). Given 1)
the number of molecules in this apparemt chromasome
pool, 2) the presence of genes for major surface prodeing
locaied on relatively small linear DNA molecules (4], 3)
the uniguencss of the DNA profile among isolates, and 4)
the stroctural features of these molecules, which related
them to human telomeres, we wondered if this pool of
DNA molecoles might function as a collection of mini-
chromosomes. This view has been supporied recently by
the description of & similarly segmented armangement of
DNA molecules in Bonelin duoftonii - an of
relapsing fever (14). Furthermore, we wondened if these
molecules were partitioned in any particular fashion
throughout the cell,

These questons Jed us to amempt several  silver
staining pmcedures (11, 19 which had been  shown
previously to bind preferentially (6, 16, 19, 20, 21. 23).
althowgh not exclusively (B, ), 1o the nuclear components
of cukaryotic cells.  We wondered how simillarly stined
B. burgdorferd cells would compare with the published
images of darkly siained nuclei (11, 19, 20, 21, 23) and
nucleali (1, 16, 22) when wviewed with backscatiered
electron detectors (10, 17). Finally, we present a simple,
one-sicp, aliemative silver saining procedure, originally
developed by Moreno et al. (16) for thin section staining,
which appears 0 work well in our syseem and which has
Ied w0 the descripion of a new DNA  containing
compartment.
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Figure 1. Electron  photomicrograph  of Bomelia
burgdorferi cell nepatively swained with 3% ammonium
molybdate, pH 6.5, Numerous outer membrane blebs are
shown afong i1s length. Bar = (L5 pum.

Figue 2. Ouier membrane blebs confirmed by scanning

electron microscopy of gold coated cells, Bar = 1.0 pm

Figur: 3.
the Becker gnd Sopard method a3 seen by secondary (a)

Silver staining of Bomeliz burgdorfen cells by

and backscater (b} clectron  imaging, While some
backseattered signal is delectable along the length of the
spirochetes, the highest level of signel (darkest spots
marked with amows) is seen in membrane hlebs both
attached 1o cells and free, Bar = 1.0 ywm,

Magerials and Methods

Borrelin  burgdorferd strain SH-2-82 was  omiginally
obtained as a tick isolaé and was used throughout these
stucies. The early pacsage strain was grown in 500 ml
bottles of modified Kelly medium at 34°C as previously
described (18). Membrane blebs wene porified from lae
log phase culwres by a modification of a procedure
described by Dorward and Judd (12  Spirochees were
removed from the cultere by cenmifuganion at 13.000 =g
for 30 min ar 25°C in o GSA motor (Sorvall, Norwalk,
Conn.), The supermatants wers filtered through 2.0 pm
nitroceliulose (Millipore, San Francisoa, Calif.) or Anopore
(Anotec  Separatbons, New York, M.Y.) membmnes io
remove residoal cells Blebs weme recovered from
resulting filwates by centifugation & 208,000 xg for
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S min mr 25°C in a 60TI rotor (Beckman, Palo Ao,
Calif.). Bleb pellets were rinsed and resuspended in
Dulbecen’s phosphate buffered saling (FBS) &t pH 7.2,
Twelve millimeier glass cover slips were cleaned
with a sulfuric acid-pomssivmn dichromare solution, rinsed
exhaustively with tap water followed by a final rinse with
deionized water. Cleaned cover slips were placed on edpe
in & porcelain rack and immerssd for 1 h in a 0.015%
solution of poly-D-lysine  hydrobromide  mol wt
30,000-T0.000  (Sigma #P-TERG). Racks containing the
cover slips were rnsed several times in deionized water
and dried overmight at 37°C. The polylysine coated cover
glipe were placed in a multiwell tissue culmre plae
{Falcon #3008} and 0.4-1.0 ml of bacterial suspension was
added either dinectly from liquid culiure or resuspended in
PBS. The suspension was allowed to adsorh to the cover
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slips for 1 h at room emperare.  Solurions were rapidly
withdrawn from the welly and replaced with a second
solution using Pastewr pipentes o avoid air drying.
Rinsed cover slips were fixed in 0.5% gloamldehyde in
this manner. After fixation and multiple rinses in PBS
gnd then deionized water, the cover slips were transferned
to a porcelain rack. The rack with cover slips was kept
in deionized wamer unil stining.

The silver staining method of Becker and Sogard (6)
was performed as follows: Presh stain was preparcd by
adding 5 ml of 5% slver nitmie solution, dropwise with
shaking, to 100 ml of 3% hexamethylenctetramine.  Fifty
milliliters of this solwion was mixed with an equal
volume of deionized water and 4 ml of 3% sodium borate
solution. The coated cover slips prepared above and held
veriically in o porcelain rack wers submerged into the
silver smin solmtion, capped and agiaed s 120 rpm in 2
rotary shaker for 40 min at 50°C. The reck was removed
from the silver stain and tansferred 10 an  dentcal
container of deionized water, After three washes in fresh
deionized water, the rack was placed imo a fresh
container of silver stain, reincubated for 40 mun at 30°C
rinsed as before and subjected to & thind silver staining.
After final rnsing, macks contdining specimens were
immersed into a 5% sodium  thicsulfare  solutdon  for
10 min, rinsed in deionized water and prepared for funther
prcessing.

The silver staining merthod of Moreno et al. (160 was
performed as follows: A silver nitrate staining mixture

1 cells

Figure 4. A comparison of Borelia
gilver smined by the Becker and Sopard method {a+b) or

by the cne-step Morene method (c+d).  Panels o and ¢
are secondary electron images. Paoels b oand d aw
backscanered clectron images. Darkly staining areas in
BEI appear w0 corespond o membrane biebs seen on
intact organisms by SEI, Bar = L0 pm.

consisting of equal pars of 2% gelatin in 1% formic acid
and a S50% silver nitrate solution was preparcd
immediately before use.  Deionized water was drawn
away from the cover slip with a Pastear pipene and
replaced with the silver staining solution for 5 min. The
smining solution was removed and the specimen ninscd
3 times with deionized water before & 3%  sodium
thiosalfate solution wes  addsd. Afier |0 min, this
golution wag removed and the sample rinsed three times
in deiomized water. Subsequently all cover slips were
transferred to 2 special halder, put through 3 graded series
of ethanols and critical point dred directly from CO...
Specimens were atached w carbon SEM  stubs wi%1
double sided tape, coated with a thin film of carbon in o
vacuum evaporator and examined.

Parlodion-coated  grids wene preparsd a5 previously
described  (13). Intact cells or purified blebs were
adsorbed 1o coared prids, washed briefly in (.25 M
ammonium scetate and stained for 30 sec with ammonium
molybdate (3%, pH 6.5). The Kleinschmidi technique for
DNA microscopy was used as previously described (13)
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Figum 5. Surfaces of Anopore flter membranes
following filmation of culiure medium () and PBS
washed cells (b). Bar = 1.0 pm.

Figue 6 Silver swined purified blebs as sean by
secondary (a) and backscaiter (b) clectron imaging. Bar =
L. O um.

Eigure 7. Purified blebs were fncubated for 10 min in
| pgiml of pancreatic DNAsse | prior to mounting for
elecron  micmoscopy  §n the  presence of urea  and
formamide ‘as previonsly described (133,  Nuckic scids
srends are observed emerging from osmotically lysed
membrane  hlebs. Grids were  subsequently  motary
shadowed with platinum-palladivm. Bar = 1.0 pm
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Purified blebs were  incubated with
pancreatic DNAase [ (25 wonitsgjig) (Worthington
Biochemicals, Preehold, M.J.) for 10 min ar 25°C, DNA
was then purified from identical samples by lysiz with
sodium  dodecylsulfate, digestion with proteinase K. and
ﬁr;;cﬁm by phenol-chloroform as previously described

10 pgfml  of

Results

Early pazsage strains of Bomeliz burgdorferi when
viewed by negative staining show membrane wvesicles
along the length of the organism (5) and free in the
mediom (Fig. 1.  While the size of these membrane
Struclures varies considerably, their numbers nomain high
éven into late stages of prowth. Thepmmufdm
structures coulkd be demonstrated by scanming electron
microscopy of gold coared samples as well (Fig 2).
Unanached membrane blebs are also visible in these
preparations.  Silver swmining nsing the method of Becker
and Sogard (6 Fig. 3) showed not only a mottled staining
pattern along the length of the spirochete, but 2 song
backscattered signal at the sites of membrane hlchs bath
attached to and free from cells  Not all desectable
membrane blebs, howewer, gaove a backscatiersd electron

al.

Given the long incubation times for silver
staining by the Becker and Sogard method (6). we
waondered if betier preservation of fragile structures might
not be obtined by use of a shomer, more gentde
procedure.  We, therefore, adapred a method proposed by
Morene et al. (16) for the silver smining of thin sections
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Figum 8§ Punfied blebs were rested with an excess of
pincreatic DNAase 1 prior to conventional DEINA extraction
pm:adm involving proteinase K, phenol exraction and

precipitation, Both  linear (L) and
mﬂmd}mm gircular (C) molecules were observed,
Mplecules were mounied by the Kleinschmide agueous
wechnique and motary shadowed with platinum-palladiom.
Bar = 1.0y pm,

of plam and snimal tssue and compared the results
obtalned with those of the previous method (Fig. 4).
While both methods show strong backscatiered signal in
the regions identifiable 8z membrane bicbs, more defined
signal with less background was produced by the simpler,
one-step method, It 15 not clear whether these results are
due w0 alered specificity of staining or tw different sample
sabilities.

Membrane blebs could be cleanly separated from
whole cells by flration. Careful analyzls by both
sconning (Fig. 5) and wransmission electron microscopy of
meémbrane filtering surfaces, inner membrane areas, filier
membrane botoms and filerates revealed no leakage of
intact organisms into the fuid filrates provided the
membrane - remained iniact.  Given the nature of the
complex, nch medivom wsed in the cuolivee of B
burgdorferi, a single ringe in PRS appeared, as might be
expected, o focilimie the filwation process, While
cellulose nitrate filiers work cgually well for purifying
blebs, therr & surfaces make scanning for intace
organisms and hlebs more difficult

Filrates were analyzed wusing the one-step silver
staining method, an example of which is presented in
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Fig. 6. The impression, when examined by transmisshon
electron microscopy after negative saining, that some
blebs appearsd “"full" and resistant 0 stain  panatration
while others looked "empty” and collapsed was supported
by backeeatered electon inmpging  dai. In these
experiments not every detectable membrang vesicle gave a
backscamered  signal, Estimates  (noquired by
superimpoding images conmining the secondary electron
and hackscattered electron stgnals) of silver stained 1o
non-staining blebs mnged from 25-50M% for 5 of
purificd blebs to a higher mumber (70-80%) when blehs
were afiached to dintact cells.  Although difficult o
quantitate, both “empry® and  “full® blebs could be
observed (Fig. 7) when purified {and exhaustively DNAase
treated) biebs wene directly Iysed on the surface of a grid
using & modification of the Kleinschmidt spreading
procedure (13}, DNA srands could be detected which
appeared t0 emerge from residual, bleb-like structures.
The granular background (Figs. 7. 8) is the result of
eviochrome C upsed in preparing the mondlayer &nd is
tpical of this method of moundng for microscopy.
Detergent Iysed, deprotcinized bleb fractions mounted by
the conventional Klemschmidt agueous technigue showed
both linear and supercoiled DNA  molecoles (Fig. £)
consisient with forms sccn when the DNA from iniact
cells 18 similarly amalyzed. The presence of covalently
closed, supercoiled molecules showing no  evidence  af
nuclease damage is evidence for the lewel of protwciion
afforded these DNA molecules by blebs during exhaustive
nuclease digestion (control experiments show complete
degradation of exogenously added DMA) It is possible,
therefore, that DNA molecules could survive o Funclion
in a bleb-mediaed, genctic cxchange system.  Experiments
are undierway 10 explore this possibility mone dinsctly,

Conclusions

The application of a simple one-step silver smining
technigue 0 the ulmastructural analysis of DBomelia
i has permitted a potentislly important
observation about @ human pathogen and has provided a
valuable wchnigoe to stody it sipnificance.  Although the
function of satrally elaborated membrane blebs has aot
been defined in \his organism, the observation that intact
DNA ig tightly packaged within some of these siructures
suggest that these vesicles may play a role in the
profection and transfer of genetic markers. While these
cxperiments have added litle w the debate about the
specificity of  silver smaining procedures  bevond  the
observation thar the stain binds 10 components of the
DNA-proiein = complex  (probably  acidic  scaffalding
proteing) contained in membrane hlebs, it is our hape tha

experiments in progress in our luburm-_l.r will provide
wed nts derived from B. 1 which mighs

be useful for defining silver staining specificity as well.
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Diiaccasion. sith B

L 5 Hanker: Do you think that Eelly's medivm
conld be useful for culturing, and the Moreno stain for
gtaining spirochelcs associated with peniodontitis? — Very
litle has been done for culwring or saining these
pattsopens.

Authors:  Members of the family Spirochaetacese
differ widely in their growth requirements. Some are
obligately anacrobic while others are microasrophilic.
Requirements for carbon and energy sources vary as well
Some, like Treponema pallidum, the causative agent of
syphilis, have newer been swecessfully coltivated in pure
culture on amificial medium. This variation makes it
difficult to predict how & “new” organism will respond o
atternpted  laboratory cultivation.  Given, however, the
cost, the complexity, the lability oand the peneral
dissarisfaction with modified Kelly medium (generation
times for Borelia burgdorferd, are on the order of 12-20
hrs) simpler formuolatons developed for less fastidiows
Spirochastacens might be tested first.  Staining with the
Morcno procedurs would, however, be very intenesting to

T. D._Allen: The significance of membranoes "bags”
of DMA shed from the surfece of an orgenism s
intriguing. As these amimals are cultured readily would it
be possible w either radio label or incorparate Brdll into
one population, isolae the membrane blebs and add them
w o second population w0 check for 3 mechanism of
genelic fransmission?

Authors:  The experiments you describe are in
progress in our laboratory at the present time.  The
cxperiments descmbed in Fig. 5 owere set up with that
approach in mind. We have shown it 15 possible to filter
purify membrane blebs (with encased DNA) away from
imagt organismns directly from culiure mediom (Fig. 5a).
Since these strucres have not been exposed o
psmotically damaging condifions in  the ocourse of
purification we have used these direcely in genetic
exchange assays,

In addition 1o the radicisctope labelling experiment
yau suggest, we are presently testing the  “hiclogical
equivalent” of that experiment as well,  Using low
passage strains that have shown a complex DMNA profile
and infectiousness in laboralory animals (1B} as bleb
donor and high passage, non-infectious laboratory  smins
showing a simpler DNA profile as whole cell accepior,
wie have set out o ask whether or not functional genetic
rransmission rakes place. Since seleciable genetic markers
(such as antibiotc resistance) are not available in this
organism, mare conventional methods of molecolar genetic
analysis are not yet passible.
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