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ABSTRACT

ENSIGN, JERALD C. (University of Illinois,
Urbana), AND R. S. WOLFE. Nutritional control of
morphogenesis in Arthrobacter crystallopoietes. J.
Bacteriol. 87:924-932. 1964.-Arthrobacter crystallo-
poietes exhibits the cyclic, morphological varia-
tion which is a characteristic of this genus. A
simple chemically defined medium was developed
in which this organism is restricted to growth and
division entirely in the coccoid form. Addition
singly to this medium of L-arginine, L-phenylala-
nine, L-asparagine, L-lysine, succinate, malate,
fumarate, lactate, or butyrate results in the
formation of the rod-shaped stage. A large number
of other compounds either increase, have no effect
on, or inhibit growth without inducing morpho-
logical change in the organisms.

Cellular differentiation as exhibited by mem-
bers of the genus Arthrobacter has been described
by a number of investigators, and was especially
well illustrated by Kuhn and Starr (1960) for A.
atrocyaneus and by Veldkamp, van den Berg,
and Zevenhuizen (1963) for A. globiformis.
Organisms in the stationary phase of growth
are characteristically spherical, and appear
similar to a culture of micrococci. Upon inocula-
tion of coccoid organisms into fresh medium, the
cells gradually elongate into pleomorphic rods.
Cell division occurs during the rod stage and
continues until the rods fragment into smaller
entities which gradually shorten into the typical
coccoid cells. The entire cycle is completed in 1
to 3 days, depending on the organism and medium
employed.
The ease of cultivation of many of the Arthro-

bacter species and the marked morphological
variations accompanying the growth cycle make
these organisms particularly suited to a study
of the physiological basis of the regulatory
mechanisms involved in cellular morphogenesis.
We present in this paper the results of our studies
concerning the nutritional control of cellular
differentiation in A. crystallopoietes.

MATERIALS AND METHODS

A. crystallopoietes, isolated and described by
Ensign (1963) and Ensign and Rittenberg (1963),
was used throughout this investigation.
For the most part, the organisms were cul-

tivated in a defined medium (medium A) contain-
ing the following constituents (w/v): 0.1%
(NH4 )2SO4, 0.05% MgSO4.7H20, 0.-5% glucose,
1.0% (v/v) of a trace salts solution (Wolin,
Wolin, and Wolfe, 1963), and 0.025 M potassium
phosphate buffer (pH 7.0). Glucose was sterilized
by filtration as a 20% solution. Magnesium sul-
fate and trace salts were sterilized separately.
Amino acids used to supplement the glucose-
salts medium in certain experiments were filter-
sterilized.
Each experiment was carried out in 50 ml of

medium in a 300-ml Nephelo flask (Bellco Glass
Inc., Vineland, N.J.). The flasks were shaken at
30 C. The inoculum for each experiment was
prepared from a 48-hr glucose-salts culture
(medium A). The cells were centrifuged asepti-
cally, and resuspended in a volume of distilled
water such that 1 ml, when inoculated into an
experimental flask, resulted in an initial popula-
tion of approximately 107 cells per ml. Cells
prepared in this manner were invariably in the
spherical phase of growth.

Turbidity was measured on a Klett-Summerson
colorimeter at 660 m,, and the readings were
converted into optical density units. Cell popula-
tions were measured by the direct-count tech-
nique by use of a Petroff-Hausser counting
chamber. The tendency of the organism to remain
in small clusters of two to five cells, which were
not separated by vigorous shaking, made the use
of plate counts impractical.
The growth and multiplication of individual

cells were recorded photographically in slide
cultures. A thin layer of the appropriate medium
solidified with 1.0% Ionagar (Oxoid) was pre-
pared by pipetting 5 ml of the melted medium
into a petri plate. The bottom of the petri plate
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was warme(l with a bunsen burner to allow the
medium to cover the entire surface before harden-
ing. A few drops of a washed and diluted suspen-
sion of cells were )laced upon the solidified
medium, and the plate was lplaced at a 450 angle,
allowing the inoculumi- to run (lown the surface.
A block of agar approximately 1 cmn2 was cut
with a sterile scalpel and placed upon a sterile
cover slil) (25 by 60 mm) so that the organisms
were sandwichedl between the cover slip and the
agar block. The cover slip was then l)laced upon a
sterile slide, and the edlges were sealed with
melted Vaspar (a 1: 1 miixture of )araffin w-ax
and mineral oil). Pirior to sealing the chamber,
two small (Iropls of sterile water were l)laced
under each end of the cover sli) Nith a Pasteur
pipette. During incubation at 24 C, the slide
culture was observed tunder l)hase contrast by
use of a Zeiss photomicroscope. Photographs
were recorde(d on Adox 1(3-14 film.
Amino aci(ls were pu)urchased from Nutritional

Biochemicals Corp., Cleveland, Ohio, as the L
or DL isomers, with the exception of DL-aCE-
(liaminopimelic acid which was purchased from
Mann Research Laboratories, Inc., New York,
N.Y.

RE'SULTS

T'he growth of A. crystallopoietes in a variety
of complex media anId( in a synthetic medium is
illustrated in Fig. 1. In each of the complex
media, the normal sl)here-to-rod-to-slhere cycle
was evident. During the rod stage, the organisms
growing on yeast extract were noticeably more
pleomorphic, often appearing branched, and
Nvere larger than those observed with other media.
The morphological changes accompanying

growth upon peptone agar are illustrated by the
photographs of a microcolony de(-eloping from
a single cell (Fig. 2). The spherical organism
enlarges and gradually develops into a rod, the
time for this transition being approximately 5
hr. Cell division takes l)lace (luring the rod stage.
At first the daughter cells enlarge between
divisions, but toward the end of the logarithmic
phase they become progressively smaller as the
large rods fragment into si-maller rods. Finally,
the rods gra(lually- become rounde(l into coccoid
cells characteristic of the stationary phase of
growth.

Also shown in Fig. I is the growth response in
a s;trictly synthetic miie(liumil composed of glucose-
salts (me(lium XA). Although the inoculum for all
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FIG. 1. Growth of Arthrobacter crystallopoietes in
several conmplex mtedia: (A) glutcose - salts (see
MIaterials and Methods), (B) 0.5% yeast extract,
(C) 0.5%,o Casamitio Acids (Difco), (D) 0.5%Xc pep-
tone (Difco).

flasks waas taken from this same me(diumiii, there
w-as a much longer lag l)eriod and slower rate
of growth in the synthetic mediunm as com-pared
with the comlplex medium. The population level
reached was coml)arable to or greater than that
achieved in the comlplex media. M-ore surprising
was the observation that at no time (lurinig growth
upon the synthetic medium did the organisms
develol) into the rod stage. Instead, they grew
andldivided as sl)heres. This is illustrated in the
slide-culture p)hotographs of organismiis growing
on an agar block of the glucose-salts ime(lium A
(Fig. 3). The organisms multiplied entirely as
spheres
The failure of the organisms growing on the

synthetic medium to undergo the typical dlevelop-
mental cycle stimulated an attempt to define
the nutritional condlitions requiredl for morpho-
genesis. The ad(ldition to the synthetic nmediumin of
a relatively complete mixture of vitamins (Wolin
et al., 1963) neither stimulated the growth rate
nor induced the rod stage. Alterations in the
composition of the salts medium y-ielde(d the
information that high phosp)hate concentrations

092,-A'(IJ. 87, 196,4
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(0.05 to 0.1 aI) inhibited growth slightly as com-
pare(l wNith lower' concentrations (0.01 to 0.025

m) and th.at o)timal growth resulted -ith the
ald(lition of 0.0251' MgS\Of(04 These alteraltions

did not, however, affect the growth of the or-

ganisms; as spheres.
Since the typical life cycle of A-rthrobacter is

exhibited in l)rotein digests or hydrolysates, the

0 2 5

..

.r

i@l' ''.-.
:i H

tm
f :: ;. .w

>:.

,,{ .r _,

C |

92(; J BA.CTERIOL.

A" .: ..

A

I ....
.1

W"s N%.

I 101,
1 12



VoiJ. 87, 1964 CONTROL OF A. (C YSTALLO)POIETESIS

addition of amino acids to the svnthetic medliumn
was a logical al)l)roach to follow. Thus, the addcli-
tion of 1.0%' of an amino acid mixture (No. 602;
Microbiological Associates Inc., Bethesdla, -Md.)
to the glucose salts mle(liumil resulted in a greatly
increase(l growth rate an(l dlevelol)ment of the
rod stage. T'he ressults obtained fromn the acldition
of 500 p.tmoles of each nitrogen compound tested
to a selparate l)ortion the glucose-salts medium A
are l)resente(l in Table 1 and fall into four cate-
gories. One groul) 1). inhibited growth either
completely or almost completely. The largest
groul), C, hadino effect on the growth rate or
division as spheres. A third groul), B, yielded a
significant increase in the growth rate over the
control without resulting in an indluction of the
rod stage. The fourth groul), A, comlposedl of
L-phenylalanine, L-asp aragine, L-lysine, and

L-arginine markedly increased the growth rate
with the formation of the typical growth cy-cle.
The effect upon growth by one of the cycle-

inducing coml)ounds, asparagine, is illustrated
in Fig. 4. For this experinient, the glucose-salts
medium A was supplemented with 0.2'- L-

asparagine. Growth ul)on the sarie concentration
of asparagine as sole carbon source and upon
unsupplemented glucose medlium is shown also.
A marked decrease in the lag leriodl resulted in
the presence of asparagine. 'T'he la.) observed by
the turbidimetric ineasurements is somewhat
(leceiving, in that turbidity increases during the
first 6 hr without a concomitant increase in cell
l)opulation. During this period, the cells increase
greatly in size while developing into rotls. 'T'he
organisms div-ide as rods for several generations
until, as evidenced by the cessation of growth in
the mnediunm containing only asparagine, the
substrate is exhausted. At this time the cells
ensl)here, resulting in a transient decrease in
turbidity. In the flask containing only asparagine
as carbon source, the cell count remnains constant,
indlicating that this turbidity(drol) is a result of
the alteration of cell morphology from rods to

spheres. In the asparagine-glucose medium, the
cell count continuedl to increase without lag but
changed( abruptly to the rate characteristic of
growth on glucose alone. The inflection in the
turbiditv curve of the asparagine-glucose flask
at the point when asparagine is(del)letedl, 15 hr,
coincides with the alteration in cell morphology
from rods to spheres. The organisms then con-

TABLE 1. Effect on1 qirourth r(tc cnd neorpl oqcnelsi.s
of addition of sitO(/tc nitr'ioql colpoOinds* to (a

(1lucose-satlts med(hlio)n

Groul) Lffectt Comp)ound

A Induce morphio-
genesis, stilmi-
uilate gi-owthl
rate

B No imlor'phogenIe-
sis, stimiiulate
growth rate

CI

1)

No imorphogenie-
sis, no stillImu-
lation of
growtlh rate

No niorphogene-
sis, inhibition
of gr'owtlh Irate

I.-I.vsine
i,-Asl)ariIagiiie
l-Arginine
m.-Phlenlylal anin
L-Alanine
1)-Ahlanine
Glvscine
I.- lI oline
i1-Glutaillic .lcid
L-Serine
i.-Trypt op.-an
L-Orni t hille
L-ilet hionine
i-Hydroxyprolille
L-(lut amine
D)L-aE-D iiinnilamnopinielic
i-Le-icine
Li-Hist idiie
i,-Asp)art ic aceidl
L-CN-stine
i -Threoninle (mIalrked)
-\Vline (slight)
Isoleuicimle (slighit)

,(-itrulline (sliglht)
i,-\Noi vallne Imllar -e(l)

* The final concentirattion of each compiinnrld was
10 ,/mnoles/ml.

t Growth rate is coml)par-ed withi tLat ohtained
in glucose-salts Imledimiiii witholot amino, a(id
adlded.

tinute to (lividle as sl)heres unitil the imaximal
stationary pihase is reachedl.
The morl)hological changes occurring duttring

growth in a slide cuilture ulpon asl)aragine-glucose
agar (same composition as used in Fig. 4 but
solidlifiedl with agar) are shown in Fig. 5. 'T'he
sp)herical organism develops into a rodl followed
by cell (livision, the process being sinillar to that
obtained with l)el)tone (Fig. 2). After 1S hr, the
organisms become progressively shortem, finally
reverting to the spherical foIm andI contiiutimnog to
dividle as such until the maximiial statitonary
phase is reached.
The growth response to the cycle-inducing

amino acids,, phenylalanine, argininle, mld(,r,<ine.
are essentially identical to the results piresente(d
for asparagine. W1-hen the concentration of th(

9)27
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coun17ts are on the right.

.N'Cle-inducing coml)ounds wvas varied fromn 0.2 to
10.0 /ImoleS/mnl in the glucose me(lium, it was
ol)served that the rod stage develol)ed at con-
centratioins of 1.0 jmole/miil and higher but not

att 0.5 oI 0.2 Amole/ml. At all concentrations,
each of these coml)oundls produced a shorter lag
l)erio(l anid more rapid initial growth rate than
wvas observed for the unsupplemuented medlium A.
A variety of organic comp)ounds were tested

indliirilually in the glucose-salts medium A for
their abilitv to induce morphogenesis (Table 2).
R'esults obtained for a number of sugars as sole
carbon source are also l)resernte(l (Table 2). All
of the tricarboxylic aci(d cycle intermediates
tested, wsith the excePtion of citrate, markedly
increased the growth rate as compl)aredl w-ith the
glucose control, and resulte(d in tlhe,development
of the typ)ical rod stage. Addition of citrate to
the glucose me(lium resulted in the formation of
large cllumilps of atypical globular cells. In addition
to the tricarboxvlic acidc cycle coml)ounds, lactate
and(I butv-rate caused increased grow-th anid typical
11opl)hogenesis. In v-iew of these cycle-inducing
coml)ounds, it is interestinig that p)yruvate,
acetate, l)rol)ionate, and --hydroxybutyrate
stitulated growth but, didl not restult in the forma-

tion of the ro(d stage. In the case of acetate,
l)rol)ionate, an(l pyruvate, the cells increased to
approximately two times the normal size and
became (lefinitely oval in shape. Increasing the
concentration of these comlpounds to 0.5%Ca in
the glucose mediumii and using them as sole
carbon s-wource allowN-ed luxuriant growth with
no change in Imorphology other than that de-
scribed. lThe organisms are able to grow at the
expense of a numihber of mono- and disaccharides;
in each case, the spherical form is maintained.
The rate of growth wN-ith each was essentially
the same as with glucose alone. Growth upon
gluconate at a1 rate similar to that on glucose
occutrred after a lag period of 30 hr.
The lattern of growth andc morphogenesis with

these cycle-inducing compounds was essentially
identical to that obtained with the similarly
active amino acidls. I'hiis is illustrated for suc-
cinate and butyrate as sole carbon sources in
slide-culture photographs (Fig. 6 and 7) and for
butyrate in growth-curv e (lata (Fig. 8). The
organisms developed into rods with an increase
in turbidity but not cell count, divided as rods,
andI then gradually- ensphered with no change in
cell count but with a drop in turbidity.

9)28 J . BACTERI (L1.
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TAIBE 2. fe(fet oj qi'owlth rate (rja/ morlIoUCeOi.s
(i/' v1a 1UiS (c(a bonccImpowUdl1 a(((,(*a

t) y1cUOs5-.SaltS iU('(/i1iUI

Effect

InIduice Ifloripho-
genesis, stiim-
uilate gr'owth1

ratte

No mIllorphogene-
sins, Stimulate
gIowthl rate

No nIorphogene-

sis, n10 stimln m1-
lationl of

growthi riate

No imiooplhogenie-
SOS, 110 growth

Comp)ounld

IlAlIt v r: It e
Sucnatec

MIalat e

uIIIn"arate
Ilact at e
A(et ate
Pr ol)ioilnt e

\alerat e

d - Iv((Iroxyb utyrat e

v r I Ivat ee
Sodiumm foIrmllate

Sodiumia iisob)utyrate
So(lidinmn isovalerate

hyl alcohol

- Propvl alcohol
n/I-Butv l alcohol
INcerol

Sod(liumnn citrate

MammInose

It bose
P)ot assi umn gluConate
,,Il crose

Fructose
( " a lact ose
La Stose
( 1lu11cosami;e

* Finial coneneitIrationI of (eh11 compound, 0.2' C

t Groups A an(l B werle so(iiiimmi salts.

Griowth r-ate is comp1)are(l witt1 that. obtained
inl glucose-salts mile(limllim.

0

II

D ISCUSSION

'T'he ability to grow and (livide as spheres
exhibited by 1. crystallopoietes has not been
rel)orte(l for other members of this genus. AIost
stu(lies of A rthlrobacter have been condueted in
inedia containing protein digests, yeast extract,
or soil extract. Thus, if the conditions found in
this stu(ld for (occoid division (i.e., a simple
growN-th imediuim) are a characteristic of the genus,
the,se comp)lex medlia svoul(I maask this event.
Stevenson (1962) stu(lied the growth of A.
globiformiis, an(1 reiportedl that the organisms
growing in a comp)lex iie(lium increased eight to
ten times an(I in simplle meditum two times in
size (luring the p)re(livision lag lerio(l. The photo-
graphs of stairle(l cells taken by Stevenson (1962)
(luring this lag period in(licate that the cells in
the simp)le iiedliuim dlevelop into very short ro(ds
prior to the first (livision. It is not clear, however,
whether (luring sul)se(luent divisions the or-
ganisms (livide(l as the short rods or aUs spheres.
A s-iimilar observation with an al)l)arentlv different
straini of this species was rel)ortedl recently by
V'el(ldkamp) et al. (196:3). ''hese authors stil)ulated
that in a glucose-salts-biotin medliumii the organ-
ismis increase(l to two times the size of the coccoidl
cells (lurinig (lixvision as short rods. A'e are at
l)pesent in.akinig a survey of other lrthrobacter
sp)e(l,s, an(l preliminary resuilts indicate that
une(ler p)roper condlitions several of the other
sl)e(ies also are able to (lividle as spheres.

Speculation as to the mechanismn of action of
the imon l)hoge,nes,sis-ini(lu( ing col)opun(ls (L-
arginine, L-as )arine, L-l)henvlalanine, L-lyVSilne,
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i11IcG. 8. Growth o,f A/th robacter crysta/llopooic(ts5il t/ll/cosc-s0lts mc(11,/,1/ 1, it)tgrate-salts mle/(lnli(1,a(1
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sUeC(cillnate, mallate, furnarate, laetate, allId Lu-

tyrate) could be attemptedl if these wNere closely
relate(l. However, it is (lifficult to envxision a

unitary inec(hanismn for the heterIogeneouIs chemni-

cals found(I to be active. \Ioreover, the problem is

further complictated the failure (of compl)ulnl(ls
closelx relate(l to the indlilcers to affect tlh( growth
cycle.

InI (Ievelol ilpfl__ oa0)aesphel d to a r()(l-shal med
or-gaiisini, a major reactiOil o( llrring Wa/mild 1be
an increase(l synthesis of (elI wall. Ipssibly (of
dliffteienit cheillical (co01 osition. Iln twso recellt
papers, (Gillespie (1963a, b) relprted Ino qualita-
tive difterell/c in the (1omp1osition of (o((c /i(l andl
)leomIOri11hc (iod)-stage cell wvalls froIml ,1

globiforiis. ualltitcative variationls betweenl the

N'" ' 87, 1964ti 93:,I
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t\o stages ill the wall contelit of polystCcharidle
aI(l Iamino sugars were reported(l, however. The
al)solute delpel(lelnce of A. criystallopoietes up)ofn
specific conIllpunlds fol moll(hogellesis suggests
the po)()ssibility that thesec organiisms atre dleficient
ill the svnlthesis of some. precuirsor(s) of the rod-
stagec(ll wall. Ly-sinie fits well inito such Ia hv-
pothesis in that this amino ,acid w1as found(l in

the walls of five species of Alrthbrobacter by (Cumli-
miiins and Harris (1959). It is (lifficult, however,
to relate the other cycle indlucers to kinown- cell-
wall (colmpionents or )pr(lcrsols thereof. It mllight
he p)articularlv significanit iim relationi to this
hypiothesis that l)recursors to manyv of the ini(dtuc-
inlg coll)(poullnds, i.e., (liamillop)imeli( acid foIr
lvsill(n, asp)rtic aci(l for aspt)aragine, 1mdl citrullille
aiio1l ornithine f'or argiiune, are n(ot themselves
c'Cle indlucers. A sttu(ld of the metaholic faIte of
the miior l)hogeni(esiP,-ini(ltl(uillng ( oml0loulnds should
piovi(le valuahle informnatiomi concerning their
mode of action. Such ani itnvestigation is Il(ler-

Thliis study was supp)orte(l ill p)art hv gilalts
fromi the U.S. lPublic Headlth Servi(e aIl(l the
National Science Foui(dlatiOl.

T'he senior authioor is a U.S. Ptublic Health
Service Post(loctorall F(low.

ADDE1NDUM IN PROOF

MIulder and Antheunmisse (1 963) recently nioted
that a few cell (livisionis of .1. globiformiiis mav
oc alll .s thle coccus folrll ill an unlefie(l meliumni

consisting of 0.5%' a,gar, soil extract, aIi(l 0.05%'1,
yeast extract.
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