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A simple method has been developed for 
cultivation of the colonial hydroid Cordy­
lophora (Fulton, ’60). The method was 
perfected by studying the influence of en­
vironmental factors on growth ra te , an 
approach sim ilar to th a t used by Loomis 
(’54) for the solitary hydroid Hydra. The 
major results of the study are reported 
here.

ORGANISM A N D  C U L TU R E M ETH O D

Cordylophora. The w ork has been done 
with the descendants of a single hydranth  
isolated in  August 1957 from  a colony 
growing in  Nye Pond, North Falm outh, 
M assachusetts (Clone A ).3 This is a  m ale 
clone, but it  has rem ained asexual in  the 
laboratory. A num ber of other clones have 
also been isolated; all grew under the con­
ditions described below. Clone A agrees 
in every particular w ith the descriptions 
of C. lacustris (Allm an, 1853; Schulze, 
1871; Hand and Gwilliam, ’51 ), and 
Cordylophora refers to th a t species.

Cordylophora is unusually  vigorous un ­
der laboratory conditions, w hich is no t sur­
prising since it lives in  fresh  or brackish 
water and m ust tolerate greater fluctua­
tions in its habitat than  its m arine re la­
tives. Allman (1872), H arg itt (1897), 
and others reported that colonies survived 
well in  the laboratory. Two previous stud­
ies of the laboratory growth of Cordylo­
phora (Roch, ’24; Kinne, ’56, ’58a, b )  are 
discussed below.

Culture method. Cordylophora is ses­
sile, aquatic, and carnivorous; these three 
properties delimit the m inim al conditions 
for successful cultivation. Colonies were 
grown for these experim ents as previously 
described (Fulton, ’60) and  illustrated  in

figure 1. Secondary colonies of clone A 
were cultured on 1 X 3 inch  microscope 
slides slanted in  100 m l beakers filled with 
CCS5. The cultures were fed to satura­
tion once each day w ith freshly hatched 
Artemia  larvae (cf. Loomis and  Lenhoff, 
’56), and the culture solution changed one 
hour thereafter and again six to eight 
hours later. Between feedings the cultures 
were m aintained in  the dark  a t a constant 
tem perature of 22°C.

CCS5 was norm ally prepared in  dem in­
eralized water, but could be prepared in 
distilled w ater if 1.5 X IO-4 m  disodium 
ethylenediamine tetraacetate (versenate) 
was added to sequester heavy m etal ions. 
Cordylophora - versenated - distilled w ater 
(CVD) was used whenever precise defini­
tion of the aqueous environm ent was u n ­
necessary.4

Evaluating growth. Growth is m eas­
ured in  terms of a growth ra te  (k ) ,  as

1 This paper is  based on a portion of a thesis sub­
mitted to The Rockefeller Institute in  partial fulfill­
ment o f the requirements for the degree of Doctor 
of Philosophy. Completion of the work at Brandeis 
University was supported by a grant from the National 
Science Foundation.

2 Present address: Department of Biology, Brandeis 
University, W altham 54, M assachusetts.

3 1 am indebted to the Supply Department o f the 
Marine Biological Laboratory, Woods H ole, M assachu­
setts, and especially to Mr. M ilton Grey, for repeatedly 
taking me to the sites where Cordylophora  grows.

4 The critical variable in  this m ethod appears to be 
the culture solution. Consistent results have been 
obtained in  m y laboratory i f  dem ineralized water for 
the preparaion of CCS5 is  m ade w ith  a  Barnstead 
Bantam demineralizer, and on the basis of its con­
ductivity has less than 0.1 ppm salts (a s  N aC l). The 
first few  liters o f effluent w hich  leave the colum n are 
frequently toxic to Cordylophora, and therefore are 
discarded each tim e the dem ineralizer is used. In 
some localities, Cordylophora  m ay be cultivated in  
versenated tap water (C V T ), prepared in  the same 
manner as CVD (Fulton, ’6 0 ). Tap w ater m ust be 
used with caution, however, since in  W altham  it re­
m ains toxic to Cordylophora  even after the addition 
of versenate. In W altham  dem ineralized or distilled  
water has replaced tap water in  a ll operations, includ­
ing the hatching of A rtem ia  larvae.
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Fig. 1 A sc h e m a tic  illu stra tio n  of the essen tia l fe a tu r e s  o f  th e  cu lture m ethod . 

CCS5, KHCOj at 0 .0 0 1  m  w a s freq u en tly  su b stitu ted  fo r  th e  KCI an d  N aH C Û 3.
I n  preparing

described below. Under decidedly unfavor­
able conditions, all of the hydranths of a 
colony are either resorbed or fall off, yield­
ing a hydranth  num ber of zero. For con­
venience, such negative growth (decrease 
in  the num ber of hydranths) is recorded 
as k =0.00. W here growth is positive, but 
at a ra te too low to m easure, it is recorded 
as k <  0.1. The day that cultures are 
transferred to experim ental conditions is 
term ed day 0.

PA T T E R N  O F COLONY GROWTH

Cordylophora colonies grow by bud­
ding, a process w hich increases the num ­
ber of countable units ra th er than the size 
of a single unit. The units are hydranths, 
arranged on steins and stolons in a simple 
and regular pattern  (fig. 2 ). The hy­
dranths are of a single type, and appear 
to be perennial, unlike the hydranths of 
Campanularia, w hich regress about a week 
after they form  (Crowell, ’53). Kinne 
( ’56) found th a t individual Cordylophora 
hydranths live for at least 140 days, and 
I have never observed regression of hy­
dranths in  healthy colonies.

Secondary colonies are started by tying 
a single upright (stem  w ith attached hy­

dran ths; Crowell, ’57) to a  microscope 
slide. The explanted upright develops a 
stolon a t its proximal end; th is  stolon at­
taches to the slide and begins to grow 
along the substratum . The stolon pro­
duces new  stolons at irregular intervals, 
and uprights a t regular in tervals (fig. 2). 
The uprights develop hydranths at-their 
apices, lengthen, and develop side 
branches which bear additional hydranths. 
At the sam e time the distal portion of the 
explanted upright continues to elongate 
and branch; this distal growth shows es­
sentially the same pattern as an upright 
in  an  older colony. Figure 3 illustrates 
colonies of various ages. A detailed, quan­
titative description of colony development 
constitutes a separate study (Fulton, ’62).

Although the present experim ents on 
growth concern young colonies, usually 
w ith no m ore th an  70 hydranths, it is pos­
sible to grow colonies to considerably 
greater densities (fig. 3C). Old colonies 
can  reach  wet weights of as m uch as a 
gram , w hich has been found equivalent to 
about 2,000 hydranths. W ith fastidious 
attention, such colonies rem ain  healthy, 
though indirect evidence indicates that 
they grow very slowly.

F ig . 2  A young C ordy le 
in g  buds. The thread is  ir 
developed  from  the exp ia ’ 
fo u r  sto lons. There are t\  
tw o young stolons.

F ig . 3 Three G ordyi 
slid es slanted in  100  rn 
w a s started from  a sin  
Colony B is 25 and coJ
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F ig . 2  A y o u n g  C o rd y lo p h o ra  co lo n y  g row in g  on  a slid e  in  CCS5. T h ere are 2 3  h yd ra n th s, in c lu d ­
in g  bu d s. T h e  thread  is  in d ica ted  by an  arrow. T h e portion  o f  the  c o lo n y  ab ove th e  thread , w h ich  
developed  from  the ex p la n te d  u p righ t, is  u n a tta ch ed , w h ile  th e  p ortion  b e lo w  i s  a ttach ed  and h as  
fo u r  sto lo n s. T h ere  are tw o m a in  sto lo n s , w ith  o n e  h a v in g  sev en  and th e  o th er  fo u r  up righ ts, and

tw o y o u n g  sto lo n s.

F ig . 3  T h re e  C o rd yloph ora  co lo n ies g row in g  under stan d ard  co n d itio n s on  1 X 3  in c h  m icroscope  
s lid es s la n ted  in  100 m l beakers. C olony A , w h ic h  still h a s  th e  thread  a tta c h e d  w ith  a  drop o f  w a x , 
w a s started  from  a s in g le  h y d ra n th  13  d ays b efore  the  p h otograp h  w a s  ta k e n , a n d  h a s  2 1  hydranths.

C olony B i s  2 5  and c o lo n y  C 4 0  d ays old .
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EX PO N EN T IA L GROWTH A N D  
GROW TH RATE

Increase in  hydranth num ber with time 
in  Cordylophora colonies provides a con­
venient, quantative m easure of growth 
(Fulton, ’60). W ith colonies growing u n ­
der standard conditions, hydranth num ­
ber increases exponentially (fig. 4 ). Hydra 
also grows exponentially (Loomis, ’53), 
but Cordylophora achieves exponential 
growth by a more circuitous route than  
does its solitary relative (Fulton, ’62).

The growth ra te  of a Cordylophora col­
ony is determ ined using standard  equa­
tions for exponential growth. I f  n  repre­
sents the num ber of hydranths and t  the 
time, the relative growth ra te , k, rem ains

constant as a function of hydranth num ­
ber: d n /d t =  kn. This m ay be integrated 
to yield: In  ( n /n 0) =  let, where n 0 equals 
the num ber of hydranths at t — 0. If  the 
time for the num ber of hydranths to 
double, T, is m easured, this equation can 
be simplified (Loomis, ’54) : le =  In 2 /T  =  
0.693/T.

In practice, the num ber of hydranths in  
a colony is counted on a  series of succes­
sive days. These data  are plotted on semi- 
logarithm ic paper, and the points inter­
polated to give a straight fine, from  which 
the doubling tim e T  is determ ined to the 
nearest ten th  of a  day, and the growth 
rate calculated.

X}
-C

a>-a
E

ë

Symbol
Doubling

time
(days)

Growth
rate
(K)

O 2.0 0.35
□ 3.0 0.23
A  4.1 0.17

7 8

F ig. 4  E x p o n en tia l in crea se  in  h y d ran th  num ber. T h ree grow th  cu rves se lected  to il lu s ­
trate ex trem es o f  v aria tion  in  grow th  rate un d er standard  con d itio n s .
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T he table is  a collet 
grow th rates w ere dete

Group
no.

No. of 
culture

1 3
2 3
3 2
4 3
5 3
6 8

7 4
8 8

9 3
10 2
11 5
12 5
13 5
14 2
15 2
16 3
17 2
18 3
19 4
20 3
21 2
22 3

M ean va lu es
“W ithin  group” 3
A ll cultures

as a group 78
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Even under standard  conditions, growth 
rates can vary as m uch as twofold (fig. 4). 
The regularly observed growth rates (k  —
0.2) represent a doubling tim e of about 
three days. Growth ra tes of 0.30 or higher 
have been observed in  less th an  1 % of the 
several hundred  colonies whose growth 
rates have been determ ined, and such 
growth rates have been elim inated in  cur­
rent work (see below ). W ith the excep­
tion of these h igh  growth ra tes, the m àjor 
deviations in  grow th ra te  cam e between 
rather than  w ith in  experim ents, unless 
significant varia tions in  conditions were 
introduced w ith in  an  experim ent. To il­
lustrate this, d a ta  from  22 experim ents in  
which the growth ra tes of two or more 
replicate colonies w ere followed have been 
evaluated (tab le  1). The standard  devia­
tion from the m ean  growth ra te  (k  =  0.21) 
of the 79 cultures is  0.038. If  each of the 
22 groups is calculated  separately, the

m ean growth ra te  varies from  0.11 to
0.29, and the range from  0.00 to 0.10. 
The “w ithin group” standard  deviation, 
calculated from  the ranges, has a m ean of 
about 0.02, or about ha lf the variability of 
the growth rates taken  as a whole.

The range of growth ra tes w ith in  an  ex­
perim ent (table 1 ) provides an  estim ate 
of the variability encountered in  replicate 
cultures. In  ha lf of the 22 experim ents, 
the range was 0.02 or less; in  21 of the 22 
experim ents, the range was less th an  0.08; 
and in  one of the experim ents the range 
was 0.10. Thus it  m ay be estim ated that 
95% of the tim e a difference in  growth 
rate of 0.08 or m ore betw een two cultures 
is significant.5

5 A sim ilar result fo llow s i f  one assumes that the 
distribution of growth rates is  norm al and calculates 
the standard deviation and standard error o f the 
mean. This is  to be expected since range is an  effective 
estimator of distribution w ith  sm all sam ples (Sne- 
decor, '56).

y  TABLE 1
G ro w th  ra te s  o f  re p lic a te  c u ltu re s  

/  T h e tab le  i s  a  c o lle c t io n  o f  d a ta  from  a ll exp er im en ts p rior to  J a n u a ry  1960 in  w h ic h
grow th ra tes w e r e  d eterm in ed  for  tw o or m o re  cu ltures g ro w in g  u n d er  stan d ard  co n d itio n s .

Group
no.

N o. of 
cultures

Observed growth rates 
of replicate cultures

Mean
growth

rate
( k )

Range

1 3 0 .1 1 ,0 .1 1 ,0 .1 1 0.11 0 .0 0
2 3 0 .1 5 ,0 .1 6 , 0 .17 0 .1 6 0 .0 2
3 2 0 .1 8 ,0 .1 9 0 .1 9 0 .01
4 3 0 .1 8 ,0 .1 9 ,0 .2 0 0.19 0 .0 2
5 3 0 .19 , 0 .1 9 , 0 .20 0 .1 9 0 .01
6 8 0 .1 7 ,0 .1 7 ,0 .1 7 ,0 .1 8 ,0 .1 8 ,

0 .1 9 , 0 .2 2 , 0 .23 0.19 0 .0 6
7 4 0 .1 6 ,0 .1 8 ,0 .1 9 ,0 .2 6 0 .2 0 0 .10
8 8 0 .1 5 , 0 .1 9 , 0 .2 0 , 0 .2 1 , 0 .2 1 ,

0 .22 , 0 .2 2 , 0 .2 2 0 .2 0 0 .0 7
9 3 0 .20 , 0 .2 2 , 0 .2 2 0 .21 0 .0 2

10 2 0 .2 0 , 0 .22 0 .21 0 .0 2
11 5 0 .2 0 , 0 .2 0 , 0 .2 0 , 0 .21 , 0 .22 0 .21 0 .02
12 5 0 .1 7 , 0 .1 8 ,0 .1 9 , 0 .2 4 , 0 .25 0 .21 0 .08
13 5 0 .1 8 , 0 .2 1 , 0 .2 2 , 0 .2 3 , 0 .23 0 .21 0 .0 5
14 2 0 .2 1 , 0 .24 0 .23 0 .0 3
15 2 0 .2 2 , 0 .24 0 .23 0 .02
16 3 0 .2 2 , 0 .2 3 , 0 .24 0 .2 3 0 .02
17 2 0 .2 2 , 0 .25 0 .24 0 .0 3
18 3 0 .2 2 , 0 .2 2 , 0 .29 0 .2 4 0 .07
19 4 0 .2 3 , 0 .2 4 , 0 .2 6 , 0 .27 0 .2 5 0 .04
20 3 0 .2 5 , 0 .2 5 , 0 .2 7 0 .2 6 0 .0 2
21 2 0 .25 , 0 .27 0 .2 6 0 .0 2
22 3 0 .2 7 , 0 .2 9 , 0 .30 0 .29 0.03

M e a n  v a lu e s
“W ith in  grou p ” 3 .5  0 .2 1  0 .0 3 5

se lec te d  to illu s-  A ll cu ltu r es
as a group 78  0 .2 1  0 .19
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EN V IR O N M EN TA L FACTORS 
IN FL U E N C IN G  GROW TH

I. Intrinsic factors
Of m any variables w hich m ight be ex­

pected to influence the growth ra te  of 
Cordylophora colonies, the extrinsic or en­
vironm ental variables related to the cul­
tu ring  procedure have been exam ined 
m ost thoroughly. These variables prove 
especially susceptible to variation and  con­
trol for experim ental purposes. However, 
the colonies themselves, as well as associ­
ated organisms, may also be expected to 
influence growth rate. Although the ef­
fects of such intrinsic factors have not 
been explicitly studied, a t least four ways 
are known in  which such factors could 
affect growth rate.

1. The growth rates of several clones 
have been compared w ith th a t of clone A 
under standard  conditions. Of six other 
clones compared in  repeated experim ents, 
three grew a t about the sam e ra te  as clone 
A colonies, but three definitely grew more 
slowly.

2. A variety of m icroorganism s have 
been found associated w ith clone A, and 
these m ay influence growth rate. By trea t­
m ent of Cordylophora w ith antibiotics u n ­
der special conditions, it h as  been pos­
sible to obtain colonies unable to grow 
under standard  conditions, suggesting the 
norm al presence of symbiotic organism s 
providing growth factors or removing toxic 
by-products.

3. The im m ediate previous history of a 
s tra in  can  influence the growth ra te  ob­
served in  short-term experim ents. The 
ra re  cases of growth a t exceptional rates 
(k  >  0.30) observed in  early experim ents 
have recently been shown to result from  a 
preceding period w ithout growth; such 
exceptional cases have been completely 
elim inated by strict standardization of 
conditions.

4. The particular pattern  of individual 
colonies (e.g., the num ber of stolons) can  
influence growth rate , as described in  
Fulton ( ’62).

All of these intrinsic factors — strain  
of Cordylophora, associated organism s, p re­
vious history of strain, and colony p a t­
te rn  — m ay thus be expected to influence 
growth rate. Each w arran ts fu rther in ­

vestigation, completion of w hich  may per­
m it fu rther control over the reproducibility 
of growth rate. At presen t such  factors, 
especially random  variations in  colony pat­
tern, probably account fo r som e of the 
variability of growth ra tes w ith in  and be­
tween experiments. W ithin  the fram e­
work of the results on ex trinsic  factors re­
ported here, however, there h a s  been no 
indication that the variables o f the organ­
ism  would invalidate the  re su lts  of the 
experim ents in  any m anner.

II. Methodological variables
For convenience, extrinsic factors fixed 

by the basic m ethod of cu lture , such as 
substratum , are treated separately  from 
the more general environm ental factors, 
such as ionic composition of the aqueous 
environment.

Culture container and substratum . The 
cifiture cham ber m ust accom m odate a 
sessile organism, perm anently  attached to 
its substratum . Colonies grow n on the bot­
tom of dishes rapidly become covered with 
debris, particularly undigested  food and 
bacteria. In slanted cultures, undigested 
food falls to the bottom  of the  beaker from 
whence it  is discarded w ith  medium 
change, and though the slides in  old 
beaker cultures become covered with a 
th in  film of bacteria, the film  never be­
comes as pronounced as in  cu ltures grown 
horizontally.

Horizontal cultures are o ften  useful, 
however, as in  the control o f gaseous en­
vironm ent described below. For a few 
days, colonies under such conditions are 
able to grow almost as rapidly as in  beaker 
cultures, but the growth ra te  falls off 
rapidly (table 2 ). If continued, horizontal 
cultures soon become necrotic, whereas 
beaker-slide cultures can  be grown almost 
indefinitely.

Exchange of gases betw een the beaker 
cultures and the atm osphere does not seem 
to be an  im portant aspect of the method, 
since in  three experim ents cultures have 
grown at sim ilar ra tes in  open beakers and 
in  beakers sealed w ith parafilm .

The substratum  on w hich the cultures 
are grown is also n o t critical. Cultures 
are routinely grown on  glass microscope 
slides which have n o t been pre-treated in 
any way, but they grow at sim ilar rates

S lide cu ltures grown  
petri d ish es containin: 
w ith  a  secon d  cu lture  
to day 9; on day 13 th<
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TABLE 2
C o m p a riso n  o f  g r o w th  in  b e a k er  v s . p e tr i  d ish  

S lid e  cu ltu res grow n in  beak ers w ere  tran sferred  to  eith er  100 m l beakers or 2 0  X 100  m m  
petri d ish es co n ta in in g  80  m l CCS5. T h e cu ltu r es  w ere fed  d aily  and  m a in ta in e d  at 2 2 °C , 
w ith  a  secon d  cu lture so lu tion  ch a n g e . G row th  ra te  w a s determ ined  from  th e grow th  cu rve  
to d ay 9; on  day 13 th e  co lo n ie s  w ere  d isse c te d  to  o b ta in  accurate co u n ts o f  h y d ra n th  n u m b er.

No. o f hydranths on day: Growth
container l 2 3 4 5 6 7 8 9 13 (k )

P etr i d ish 10 13 14 18 23 27 32 36 47 66 0 .19
13 16 19 23 25 31 39 44 47 77 0 .1 7

B eaker 12 16 22 2 6 29 38 49 54 68 118 0 .2 3
12 17 22 26 30 39 57 68 82 146 0 .2 5

on slides which have been pre-washed, 
etched in  hydrofluoric acid or strong alkali, 
or on pieces of Lucite plastic.

Culture solution. CCS5 and CVD have 
been used interchangeably in  the m ain ­
tenance of stock cultures and in  growing 
up  young colonies; the growth ra te  is not 
significantly influenced by the w ater used 
or the addition of versenate. If  CCS5 is 
prepared in  distilled w ater w ithout the 
addition of versenate, the colonies fa il to 
grow and become necrotic. Though the 
cause of this has not been traced, i t  is 
probably copper, as is the case w ith hydra 
(Chalkley and Park, ’47; Loomis and  Len- 
hoff, ’56). If cupric chloride is added to 
CCS5 to a concentration of IO-8 m , prey 
capture is m uch reduced and breaks de­
velop in  the coenosarc tissue. The addi­
tion of disodium versenate completely 
overcomes the toxicity of the cupric ion.

Although demineralized w ater is essen­
tially free of ionic m aterials, it contains 
non-ionic substances and leachings from  
the resins, either of which m ight influ­
ence growth rate. The growth of Cordy­
lophora has been found to be the sam e, 
however, w hether the CCS5 is prepared 
w ith dem ineralized or Pyrex re-distilled 
water.

N utrition. Cordylophora is a carnivore, 
( and m ust be fed living food. I t  would be 

difficult to find a more suitable source 
th a n  w ashed larvae or nauplii of the brine 
shrim p Artem ia, introduced as food for 
coelenterates by Crowell ( '5 3 ) , H auen- 
schild and Kanellis ( ’5 2 ), and Loomis 
( ’53). Large quantities of dried Artem ia  
eggs m ay be purchased, and these eggs 
may be readily hatched to produce v irtu ­
ally unlim ited quantities of uniform  food.

Various other organism s have been tested; 
all were less suitable for handling  as a 
food source and none gave growth a t a 
better ra te than  w ashed A rtem ia  larvae. 
For example, the w hite worm Enchytraeus, 
recommended as a nu trien t fo r Cordylo­
phora by Kinne ('56, '58a, personal com­
m unication) has to be cut up  into packets 
of the right size and  h and  fed  individ­
ually to each hydranth. In  one experi­
m ent, Cordylophora fed Enchytraeus daily 
grew w ith a k of 0.15 while cultures fed 
Artem ia  grew with a k of 0.22.

Two variables are introduced by the use 
of Artem ia  hatched under controlled con­
ditions : the genetic variable introduced by 
varying batches of dried eggs, and the 
variable resulting from  the growth of bac­
teria during the hatch ing  of the  nauplii. 
Three different lots of Artem ia  eggs (prob­
ably representing different species, Demp­
ster, ’53) were com pared in  repeated ex­
perim ents and found to give sim ilar growth 
rates.6 Artem ia  eggs were sterilized by the 
method of Provasoli and Shiraishi ( ’59), 
and hatched in  autoclaved A solution; the 
Cordylophora cultures fed sterile nauplii 
grew at rates sim ilar to those of control 
cultures (e.g., growth ra te s  o f 0.22 vs. 
0 .19).

Culture solution change. The result of 
changing the culture solution only once 
daily is sim ilar to th a t obtained if the 
colonies are grown on the bottom  of a dish. 
In  a short-term experim ent, growth rate 
is only slightly slower th an  if  the medium 
is changed twice daily, b u t the cultures 
rapidly become dirty and the growth rate

6 One of the many batches of A rtem ia  eggs that 
have been used led to very poor growth of Cordyloph­
ora, but permitted growth of H ydra littora lis  at a  
norm al rate. The cause of difficulty w as not traced.
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falls off sharply. If the second medium 
change is om itted in  dense cultures, they 
become necrotic and regress.

Since the beaker-slide cultures grow 
w ithout agitation, it..seemed possible that 
localized gradients m ight accum ulate in 
the m icroenvironm ent around the colonies, 
and that such gradients m ight stimulate 
or inhibit growth (cf. Osgood and Krip- 
paehne, ’5 5 ). However, colonies agitated

15 tim es a m inute on an  improvised shaker 
grew a t the sam e ra te  as standing cultures.

III. Ionic requirements 
Prelim inary studies indicated that N a +, 

K+, C a+ + , M g++, and Cl" were required 
for growth of Cordylophora, and suggested 
th a t CCS5 was a suitable com bination of 
these ions. The resu lts of a  single set of 
experim ents are shown in  figure 5.

G row th
rate
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Fig. 5  In flu en ce  o f  th e  io n ic  co n stitu en ts o f  CCS5 on  th e  grow th  ra te  o f  C ordyloph ora  
T h e h isto g ra m s in d ic a te  th e  grow th rates observed w ith  v a ry in g  co n cen tra tio n s  o f ea ch  re  
quired  io n . T h e  b a sic  so lu t io n  co n ta in ed  N aC l, 0 .0 5  M ; K H C 03, 0 .001  m  (o r  KCI and NaHCOs 
e a c h  0 .0 0 1  m ) ;  CaCL, 0 .0 0 5  M ; an d  M gClj 0 .0 0 5  M . T o ev a lu a te  th e  c a t io n  requ irem ents  
N aC l, KCI, C aC lî, or MgCla w ere  in d iv id u a lly  varied . T h e  ch lorid e  req u irem en t w a s deter­
m in e d  a s  d escrib ed  in  ta b le  3 , E xp er im en t II. In  th e  g rap h , a  “D ” in d ic a te s  th a t the  h y ­
d ran th s reg ressed ; the  st ip p led  b lock s in d ica te  the  a p p rox im ate  io n ic  co m p o sitio n  o f  CCS5
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N a+ requ irem en t. Sodium ions are an 
absolute requirem ent for the growth of 
Cordylophora. In  the  absence of sodium 
ions, the ability of hydranths to capture 
A rtem ia  (i.e., release nem atocysts) is 
abolished, the tentacles swell, and hy­
dranths are gradually resorbed. High con­
centrations of sodium  ions do not im medi­
ately inhibit prey capture, but result in  a 
gradual contraction followed by dissocia­
tion of the hydran th  tissue.

The requirem ent for sodium ions is 
probably not an  osmotic requirem ent, since 
the colonies survive and grow in  1 /1 0 -1 /  
50 the optim al concentration, and since 
Cordylophora colonies are known to grow 
in  fresh w ater.

In low ering the sodium concentration 
the concentration of chloride ions is sim­
ultaneously reduced, but th a t this is not 
responsible fo r the effects observed is 
shown below.

K+ requirem ent. If potassium  ions are 
omitted from  the m edium , the hydranths 
also undergo gradual resorption. How­
ever, the process is slower, so th a t even 
after a day or so in  the absence of potas­
sium the hydran ths appear reasonably 
healthy and are able to capture prey and 
eat. Even I O -4  m  KCI is insufficient to al­
low continued m ain tenance of hydranths. 
Regression of hydran ths in  response to 
potassium  deficiency is not completely 
random ; in  several cases the last hydranth  
to be resorbed h as been the term inal hy­
dran th  on the  original upright of the 
colony.

Excess potassium  ion (0.1 m )  results 
in  rap id  resorption of hydranths.

Ca++ requirem ent. In  the absence of 
sufficient calcium  ions, the tissue gradually 
dissociates. Low calcium  ( I O -4  m )  per­
m its survival, b u t not growth. An excess 
of calcium  resu lts in  resorption of hy- 

4 dranths.
It is probable th a t in  Cordylophora one 

of the functions of calcium  is to bind the 
cells together, as h as  been suggested for 
other system s (cf. Steinberg, ’58). In  most 
unicellu lar organism s the C a++ require­
m ent is low (c f. Eagle, ’5 6 ), w hereas the 
cells of m etazoan  tissues tend to dissociate 
in  the absence of calcium. Calcium is the 
only required ion the absence of which

results in  dissociation ra th e r than  re ­
sorption of hydranths.

M g++ requirem ent. The results from 
one experim ent in  w hich the concentration 
of m agnesium  ion w as varied are presented 
in  figure 5. In  the absence of added m ag­
nesium  growth continued, but at about 
ha lf the ra te  of cultures to which m agne­
sium  was added. In  another experiment, 
in  which colonies were grown from  one to 
about 70 hydran ths, the control culture 
grew w ith a k  =  0.20 while the culture in 
m agnesium -free CCS5 grew for 24 days 
w ith a k = 0 .1 2 .  Sim ilar results have 
been obtained in  six experiments. It is 
not clear w hether the requirem ent for 
m agnesium  is only partia l under these 
conditions or cannot be dem onstrated as 
absolute because of traces of Mg++ in  the 
other salts (cf. Eagle, ’56) or from  Arte­
m ia  nauplii.

Excess m agnesium  causes dissociation 
of the hydran th  tissue.

Cl~ requirem ent. Determ ination of a 
chloride requirem ent for growth is difficult 
since the cations are norm ally supplied in 
the chloride form  and other anions tend 
to be inim ical to growth (cf. Eagle, ’56). 
I t  was possible, however, to compound 
suitable m edia for Cordylophora, and to 
dem onstrate an  absolute requirem ent for 
chloride (tab le  3 ) . In  the first experiment 
illustrated, the  culture solution was more 
dilute th an  CCS5, but adequate for growth. 
All relevant com binations of the ingredi­
ent anions were tested, and it is clear that 
except in  the absence of chloride ions 
growth occurred. The second experiment, 
using a  m edium  having the cationic com­
position of CCS5, gave the sam e result.

Although som ewhat contracted, thé hy­
dranths rem ain  essentially norm al in  ap­
pearance in  the absence of chloride and 
are able to capture and  eat Artem ia  larvae.

Conclusion. U nder the conditions de­
scribed, in  the absence of N a +, K+, or 
C a++, the hydranths cannot survive, 
w hereas in  the  absence of Cl" the hy­
dranths survive and feed but no growth 
ensues. In  the absence of Mg++, growth 
continues a t a reduced rate . It m ay be 
noted th a t CCS5, w hich was developed by 
trial and  error, contains an  essentially 
optimal am ount of each required ion (fig. 
5 ).
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TABLE 3
C h loride  re q u ir e m e n t fo r g ro w th  of C ordyloph ora  

E xp er im en t I
A ll so lu tion s con ta ined  N a +  ( a s  N a C l or N a 2S 0 4) ,  0 .01  m  (ex cep t la s t  cu ltu re  w h ic h  co n ­

ta in e d  0 .0 2 m );  K + ( a s  KHCO3) ,  0 .0 0 1  m ; C a++ (a s  CaCl2 or C a (N 0 3) 2) ,  0 .0 0 1  m ; and  
M g++ (a s  M gS 04) , 0 .001  m .

Chloride
eone.
(M )

N a+ as Ca+ + as No. hydranths on day: Growth
rate
(k )c i - s o 4= c i - NO3- 1 2 3 4 5 6 7

0 .012 + + 12 13 15 17 19 24 25 0.13
0 .002 + + 13 16 17 19 21 24 2 7 0.13
0.010 + + 10 11 11 12 15 18 20 0 .12
0.000 + + 8 8 9 9 9 9 9 0 .00
0.001 + + + 9 10 12 13 14 16 18 0 .12
0 .010 + + + 13 14 17 19 22 24 30 0.15

E xp er im en t II
A ll so lu tion s con ta in ed  N a + ( a s  N a C l o r  N a 2S 0 4) , 0 .05  M ; K + (a s  KHCO3) ,  0 .0 0 1  M ; 

C a ++ (a s  C a (N O a ),) , 0 .0 0 5  m ; and  M g++ (a s  M g S 0 4) , 0 .005  m .

Chloride
eone.
(M)

N a + as No. hydranths on day: Growth
rate
(k )c i - s o 4= 1 2 3 4 5 6 7

0.000 + 18 19 16 16 16 16 16 0.00
0.001 + + 13 14 17 16 17 17 17 <  0.10
0.010 + + 12 14 16 16 18 18 22 <  0.10
0.050 + 13 18 21 26 34 37 45 0 .25

Rock’s m edium . The work of Roch 
( ’2 4 ) includes the only previous study of 
the ionic requirem ents of Cordylophora. 
Roch found that if N a+, K+, or Cl" were 
om itted from  a dilute artificial sea w ater, 
the colonies perished. M g++ ions were 
found dispensable, and “calcium  salts pre­
sent a certain  im pediment for the develop­
m ent of Cordylophora” (p. 371). Since 
Roch’s methods of observation were quali­
tative (see Discussion), it  is not surpris­
ing  that no influence of m agnesium  ions 
w as detected, bu t his observation th a t cal­
cium  ions, i f  anything, were harm fu l dis­
agrees w ith the observations reported  here, 
as well as w ith the general observation

that calcium is required fo r th e  m ainten­
ance of m etazoan tissue integrity .

The effect of calcium on the  growth of 
colonies in  Roch’s m edium  h as  been re­
examined. In  the complete absence of cal­
cium, or in  IO-5 m  calcium , the  hydranths 
rapidly dissociated, as they do in  calcium- 
deficient CCS5 (table 4 ) . T he  composi­
tion of Roch’s medium does no t mitigate 
the calcium requirem ent; in  Roch’s experi­
m ents enough calcium probably was pres­
ent as an  impurity in  his calcium -free me­
dium  to perm it survival.

Slow growth usually occurred in  Roch’s 
medium whenever the concentration of 
calcium  ions was adequate; the addition

TABLE 4
G ro w th  o f  C o rd y lo p h o ra  in  R o ch ’s m ed iu m  

A ll so lu tio n s co n ta in ed  N aC l, 0 .0 3 5  m ; M gC l2, 0 .0 0 2 7  m ; M g S 0 4, 0 .0009  m ; K2S 0 4, 0 .0 0 0 3  M ; 
and  KBr, 0 .00003  m. T h is  so lu tio n  i s  th e  sa m e as R och’s Ca-free m ed iu m  ( ’2 4 , ta b le s  4 - 5 ) ,  
ex cep t th a t equ im olar KBr is  su b s titu te d  fo r  M gBr2. W h en  R och added c a lc iu m , h e  added  
C a S 0 4, 0 .0008  M , and C a C 0 3, 0 .0 0 0 0 7  M .

CaClü
M

NaHCOa
M 1

No. hydranths on day: 

2 3 4 5 6

Growth
rate
(k )

10-* _ 1 0 0 .00
5  X 1 0 -3 -- 23 25 25 30 35 38 < 0 .1
5  X IO"3 >-> O 1 10 12 20 29 32 43 0.26
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ulture w h ich  con- 
2) ,  0.001  M; and

7
Growth

rate
(k )

25 0.13
27 0.13
20 0.12

9 0 .00
18 0 .12
30 0 .15

H C O 3 ) ,  0 .0 0 1  M ;

- Growth
rate
(k )

0.00
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<  0 .10

0.25
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K2S 0 4) 0 .0003  M; 
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Growth
rate
(k )

0.00
< 0.1

0.26

of a buffer perm itted growth in  Roch’s m e­
dium  a t rates comparable to those ob­
served in  CCS5 (table 4 ). Probably the 
absence of a buffer in  Roch’s m edium  ac­
counts for the apparent toxicity of C a+ + 
he observed. His m edium , containing N a +, 
K+, M g+ + , and Cl" in  am ounts th a t should 
be adequate on the basis of studies w ith 
CCS5 (cf. table 4 and fig. 5 ) , perm its 
growth at a rate sim ilar to th a t observed 
with CCS5 if  Ca++ and a buffer are added.

Trace requirem ents. A variety of ex­
perim ents have failed to indicate any 
stim ulation of growth by ions other th an  
the five already discussed. Bicarbonate 
ions, routinely incorporated into CCS5 as 
a buffer, m ay be replaced w ithout effect 
(cf. below, table 6 ). Other cations and 
anions, added to CCS5 at subtoxic con­
centrations, have not influenced growth 
rate. N atural sea water, a rich source of 
trace ions, gives the same growth ra te  as 
artificial sea w ater (Harvey, ’56) at the 
sam e concentration. The addition of ver­
senate to CCS5 does not reduce growth 
rate , although it  undoubtedly sequesters 
traces of any heavy m etals present.

Nevertheless, Cordylophora alm ost cer­
tainly requires traces of m ost of these 
ions, since all organism s for which the 
environm ent has been sufficiently purified 
have been found to require a considerable 
num ber of trace elem ents (E dsall and 
W ym an, ’58). The situation is sim ilar to 
th a t observed by Eagle ( ’5 6 ), where no 
trace requirem ents could be dem onstrated 
fo r m am m alian  cells in  culture in  m edia 
contain ing 1 to 5% dialyzed serum. 
Artem ia  nauplii m ust supply Cordylophora 
w ith an  adequate source of trace ions, as 
well as other required, although completely 
unknow n, nutrients.

IV. Ionic interactions
Since the experim ents reported have in ­

dicated requirem ents for five ions, there 
could be as m any as ten  in teractions of 
pairs of ionic species. Two of the more 
likely of these have been examined.

N a + vs. K+. W ith CCS5 as base, 
growth ceases completely w hen the con­
centration of NaCl reaches 0.2 m  (fig. 5 ). 
Yet it  has been known for m any  years, 
both from  observations in  n a tu re  and  in  
the laboratory (cf. Roch, ’24; Kinne, ’5 6 ), 
th a t Cordylophora will tolerate a wide 
range of salinities. This has been con­
firmed for clone A by evaluating growth 
of colonies in  serial dilutions of artificial 
sea w ater (H arvey, ’56) in  dem ineralized 
w ater; all dilutions were adjusted  to 
0.001 m  NaHCOs. Colonies died in  0.0% 
sea water, and grew very slowly in  2.5% 
sea water, bu t in  5, 10, 20, 40 or 80% sea 
w ater they grew about equally well, w ith  a 
m ean  growth ra te of 0.20 and a range from  
0.17 to 0.23 in  one experim ent. The NaCl 
concentration of 80% sea w ater is 0.34 m .

To determ ine which constituents of 
CCS5 become lim iting as NaCl is increased, 
a m edium  was prepared having the com­
position of CCS5 except fo r a 5-fold in ­
crease in  NaCl from  0.05 to 0.25 m . Each 
other constituent of the m edium  was then 
varied; only K+ could reverse the effect of 
high N a+ (tab le 5 ). If the concentration 
of N a+ was increased 5-fold, the con­
centration of K+ also had  to be increased 
5- to 10-fold to perm it growth, indicating 
a definite in teraction  betw een N a + and 
K+ (cf. MacLeod and Snell, ’4 8 ).

Ca++ vs. M g+ + . Interactions between 
calcium  and m agnesium  ions are en­
countered frequently, and since growth

TABLE 5

P o ta ss iu m  re q u ir e m e n t in  th e  p re se n c e  o f  h ig h  so d iu m  

A ll so lu tio n s con ta in ed  N aC l, 0 .25  M; C aC h, 0 .0 0 5  M; M gC h, 0 .0 0 5  M; N a H C 0 3, 0 .001  M.

KCI
M

N o. hydranths on day: Growth
rate
(k )1 2 3 4 5 6 7

0 .0001 0 0 .00
0 .0 0 1 1 7 7 7 2 0 0 0 0 .00
0 .005 24 27 36 41 45 47 50 0 .17
0.01 19 25 30 38 40 45 53 0 .20
0 .02 17 20 22 24 25 26 26 < 0 .1

1 Concentration of KCl in  CCS5.

1
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will continue in  a m edium  without added 
m agnesium  (fig. 5 ), it  was of interest to 
see w hat effect a magnesium-free medium 
would have on the calcium  requirement. 
The results of such experim ents showed 
that C a++ is required in  the same amounts 
in  the absence as in  the presence of Mg+ + , 
thus failing to indicate any interaction be­
tween the two divalent cations.

These studies of ionic interactions could 
profitably be extended, not only to specify 
the in teractions which occur but also to 
use this inform ation  to develop rules by 
w hich suitable m edia varying in  their 
salinity could be compounded. The study 
h as  already yielded three such m edia: 
CCS5, which contains 0.05 m  NaCl; a me­
dium  containing 0.01 m  NaCl (table 3, 
Expt. I) ; and one containing 0.25 m  NaCl 
(tab le 5 ). All three solutions permit 
growth at a sim ilar rate.

V. Hydrogen ion concentration
For study of the influence of pH on 

growth, phosphate was used to buffer 
CCS5 below pH  7 and Tris for pH 7 and 
above. N either buffer exerted any signifi­
can t influence on growth ra te  (table 6). 
The growth of Cordylophora colonies is 
quite indifferent to the pH of CCS5, the 
growth ra te  being very sim ilar between 
pH 6.3 and 8.6 (table 6 ). At pH 5.1 the 
colonies survived but failed to grow.

VI. Physical factors influencing growth
Temperature. Kinne ( ’56) found that 

Cordylophora colonies rem ain healthy

from  about 8 to 24 °C, and th a t the range 
tolerated is influenced by salinity (%  sea 
w ate r). In  CCS5, the hydranths are re­
sorbed a t tem peratures below 8°C, but 
the coenosarc rem ains viable for extended 
periods and can regenerate hydranths on 
re tu rn  to a favorable tem perature. From 
10 to 14 °C, the colonies rem ain  healthy 
but grow very slowly (table 7).

The m ost useful range fo r growth is 18 
to 2 6 °C; a  num ber of experim ents have 
revealed no striking difference in  the 
growth ra tes otbained w ithin this range of 
tem peratures. In  one experim ent, for ex-- 
ample, in  which successive 2°C intervals 
were com pared from  18 to 26°C, growth 
rates ranged, w ithout order, from  0.27 to 
0.30. I t  is possible that slight differences 
in  growth ra te  between 18 an d  26°C have 
been m asked by the variability of k.

Clone A can  grow slowly at 30° C in  
beaker-slide cultures if the m edium  is 
changed twice daily, b u t at h igher tem per­
atures the hydranths regress- (tab le 7).

Light. Allm an (1872) considered Cor­
dylophora  to be a “light-shunning anim al,” 
and others, including Roch ( ’24) have 
shared th is view, but nowhere have any 
data  been presented to support the con­
clusion.

Several experim ents w ith fairly intense 
light have failed to dem onstrate any influ­
ence, positive or negative, on growth. For 
example, a  pa ir of colonies were grown at 
room tem perature (2 2 -2 5 °C ) about 4 
inches from  a  30 w att daylight fluorescent 
bulb, le ft on continuously. One culture,

T he resu lts o f  tw c  
CCS5, and  tem peran

TABLE 6

In flu en ce  o f  pH  on  g ro w th  o f  C o rd y lo p h o ra  
A ll so lu tio n s  co n ta in e d  N aC l, 0 .05 M ; KCI, 0 .001  m ; C aC fl, 0 .0 0 2  M ; M gCfl, 0 .0 0 5  M . 

B uffers em p lo y ed  w ere: ( 1 )  0 .005  m  N a H 2P 0 4> b rou gh t to th e  d esired  pH  w ith  N aO H , and  
( 2 )  0 .0 0 5  m  tr is (h y d r o x y m e th y l)  a m in o m eth a n e , b ro u g h t to  th e  desired  p H  w ith  HC1. 
R eadings o f  p H  w ere  tak en  regu larly  both before and  a fter  exp osu re  o f  the  so lu tio n s to the  
co lon ies, a n d  m a x im u m  var ia tio n s in  pH  are recorded  b e lo w .

Buffer pH
No. hydranths on day: Growth

rate
(k )1 2 3 4 5

PO4 5 .1 0  +  0 .03 16 16 16 16 16 0 .0 0
PO* 5 .8 0  +  0 .05 25 30 37 41 47 0.16
PO* 6 .3 0  +  0 .05 18 22 29 36 43 0 .2 2
PO* 6 .9 0  +  0 .00 16 2 0 25 32 43 0.24
Tris 7 .3 2 - 0 .1 0 15 17 28 35 47 0 .2 7
Tris 8 . 0 0 - 0 . 0 7 16 20 26 32 38 0.24
Tris 8 . 8 0 - 0 . 2 2 18 2 0 2 7 31 44 0.24
Tris 9 . 4 5 - 0 . 5 5 10 12 13 16 19 0.15

T e m p e r a tu r e
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34
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been accomplished I
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Growth
rate
(k )

0.00
0.16
0.22
0 .24
0 .2 7
0.24
0 .24
0.15

TABLE 7
In flu en ce  o f  te m p e ra tu re  o n  g ro w th  o f  C o rd yloph ora  

T h e resu lts  o f  tw o  ex p er im en ts  are com b in ed  in  th is  tab le . T h e  cu ltu r es  w ere  grow n in  
CCS5, and  tem p eratu res m a in ta in e d  to ± 0 .5 ° C .

No. hydranths on day; Growth

1 2 3 4 5 6 7 (k )

°C
10 11 13 13 14 14 14 14 < 0 .1
14 20 23 23 24 24 26 < 0 .1
22 12 16 22 29 34 41 52 0 .26
30 8 11 12 ' 14 14 15 16 0.11
34 0 0 .00

kept in  a covered 2 liter glass beaker, was 
continually in  the light; the other, in  a 
stainless steel beaker of the sam e size, was 
in  complete darkness except during feed­
ing and m edium  change. The lighted cul­
ture grew w ith a k of 0.22, the other w ith 
a k of 0.19.

Oxygen tension. Study of the influ­
ence of oxygen tension on growth has 
been accomplished by adapting a  method 
of Loomis ( '5 9 ). Cordylophora colonies, 
growing on microscope slides, were placed 
in  petri dishes and covered w ith CCS5 to 
a depth of about 1 cm. These dishes were 
placed individually in  vacuum  desiccators 
having a volume of about 2,000 m l (Corn­
ing no. 3118); 50 m l of w ater or appropri­
ate solution w as placed in  the bottom of 
the desiccators to m ain ta in  hum idity  or 
remove traces of gases. The desiccators 
were evacuated w ith  a  w ater aspirator a t­
tached to a m ercury m anom eter, and re­
filled w ith appropriate gas m ixtures to 
atm ospheric pressure. A fter refilling, the 
desiccators were placed on a rocker table 
attached to a synchronous m otor which 
rocked the table once every 30 seconds, 
assuring constan t exchange between the 
culture and gaseous phase. Every 24

hours the dishes were removed for feed­
ing, counting, an d  solution change, and 
then returned to the desiccators where the 
appropriate gas m ixtures were re-estab­
lished.

In  the first experim ent, oxygen tension 
was varied simply by growing colonies in 
m ixtures of n itrogen  and oxygen (table 
8). Growth w as clearly reduced in  the 
absence of added oxygen, bu t was continu­
ous throughout the experim ent. One per 
cent oxygen perm itted growth at a slightly 
reduced rate, w hereas 4% oxygen (about 
40% saturation) gave m axim al growth.

This experim ent indicated  a low oxygen 
requirem ent; a second experim ent was 
perform ed to determ ine if  removal of all 
oxygen would reduce growth to zero. The 
oxygen absorbant selected, alkaline pyro- 
gallol, removes n o t only 0 2 bu t also CO* 
from  the atm osphere. The experim ental 
design included three desiccators, con­
taining ( a )  alkaline pyrogallol (Umbreit 
et al., ’5 7 ), (b ) alkali (40%  KOH), and 
(c )  w ater. After each feeding, the desic­
cators were evacuated and refilled with 
nitrogen, and sealed w ith silicone grease 
and bunsen valves (U m breit et al., ’57). 
The results are presented in  table 9. In

TABLE 8

In flu en ce  o f  o x y g e n  te n s io n  o n  g ro w th  o f  C o rd y lo p h o ra  
C u ltu res w ere  g row n  in  CCS5 u n d er th e  co n d itio n s d escribed  in  th e  text.

Per cent 
0 2 added

p 0 2 
(m m  H g) 1

No. hydranths on day:

2 3 4 5 6
Growth

rate
(k )

0 0.0 13 19 20 21 22 24 < 0 .1
1 7.6 19 21 24 25 30 35 0 .12
4 30 .4 16 18 21 26 29 33 0 .16

20* 152 15 20 22 25 29 35 0 .17

i Approximately the oxygen tension of air.
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TABLE 9
O x yg en  r e q u ire m e n t fo r  g ro w th  o f  C ordylophora  

C ultures w ere m a in ta in ed  in  CCS5 u n d er co n d itio n s  described in  the tex t. T h e  a tm o sp h ere  
w a s n itrogen .

Solution in 
desiccator

Gases
absorbed 0 1

No. hydranths on day: 
2  3 4 5 6 7

Growth
rate
(k )

P yxogallo l 0 2 -f- C 0 2 15 8 8 8 8 7 7 7 0 .00
A lk a li C 0 2 12 11 12 14 14 14 14 14 0 .00
W ater non e 10 12 13 15 15 16 17 17 < 0 .1

the complete absence of 0 2 (a n d  C 0 2), 
some of the hydranths were either re ­
sorbed or fell off, particularly the younger 
ones. There was also some disorganiza­
tion and regression of the coenosarc tis­
sue, especially behind stolon tips. Those 
hydran ths which survived seven days of 
anerobiosis wère highly contracted w hen 
first removed from  the desiccator, bu t as 
oxygen re-entered the culture solution, 
they expanded and became able to capture 
and ea t Artem ia  nauplii. There was no 
growth in  this culture. W ith traces of 
O2 present, but no C 02, the colony re ­
m ained healthy but showed alm ost no 
growth, w hereas with traces of both 0 2 
and C 02 present, the colonies grew very 
slowly as in  the previous experim ent.7

These two experiments indicate a dis­
tinct, but low, oxygen tension require­
m en t for growth as well as m aintenance 
of Cordylophora. A more sophisticated 
study would be necessary to determ ine the 
am ount of oxygen required.

VII. Nutrition
Because Artem ia  larvae have been se­

lected as a suitable food source, the only 
nu tritional variable is the am ount th a t 
colonies are fed. This m ay be varied by 
(1 )  the length of time cultures are left

w ith food, (2 )  the intervals between feed­
ing, or (3 ) the num ber of larvae fed  to 
each hydranth at each feeding (cf. Cro­
well, ’57). Since the last is difficult to con­
trol with Cordylophora, cultures were fed 
to repletion w ith Artem ia  larvae during 
each feeding period.

The length of time cultures are left w ith 
food has no m easurable influence on 
growth rate. Most hydran ths capture a 
repletion level of Artem ia  (abou t 20-30  
nauplii per hydran th ) w ith in  the first few 
m inutes after feeding. Colonies exposed 
to food for 15, 30, 60, or 120 m inutes 
all grew at similar rates.

Variation of the length of tim e between 
feedings produces a d ram atic  effect on 
growth rate (table 10). In  CCS5 at 22°C, 
one feeding per day yields a  growth ra te 
approaching m axim um , w hile w ith 0.5 
feedings per day growth is m uch reduced. 
Starvation regularly results in  a slight in ­
crease followed by a  gradual decrease in

7 In three experiments Cordylophora  has grown with 
a reduced k in  C02-free air vs. norm al air, but the 
effect has not been striking. Further increases of C 02 
above the level found in  air (0.03%  ) have not en­
hanced growth, and Loomis ( ’61) reported that C 02 
above 1.5% inhibited the growth o f  Cordylophora. 
The difference between no C 02 and traces o f C 02 
under partial anaerobiosis (tab le 9 )  is  similar to 
observations of Cohn and Horibata ( ’5 9 ) , who found  
that Escherichia coli would not grow anaerobically 
in  glucose unless C 02 was added.

TABLE 10
In flu en ce o f  in te r v a ls  b e tw e e n  fe e d in g s  o n  g ro w th  o f  C o rd yloph ora  

C ultures w ere  grow n in  CVD a t  22°C , a n d  fe d  to  sa tu ration  for  o n e  hou r a t 9 a .m . and  
9 p.m . as appropriate.

Interval
between
feedings

No. hydranths on day: Growth
rate
(k )1 2 3 4 5 6 7 8 9

hours
12 12 13 16 25 28 40 48 60 70 0 .23
24 17 19 22 27 31 36 42 50 64 0.18
48 15 17 17 18 19 22 24 26 28 < 0 .1

D u ration  o f  exp t. 13 15 15 16 14 13 11 11 11 0 .0 0
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period.
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!Xt. T h e atm osphere

7
Growth

rate
(k )

7 0 .00
14 0 .00
17 < 0 .1
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hydranth num ber to a steady state level 
which is m ain tained  fo r an  extended 
period.

D ISC U SSIO N

The m ajor advances of the culture 
method are (1 )  the growth of colonies on 
slanted slides ra th e r th an  on the bottom 
of dishes, (2 )  the developm ent of a de­
fined aqueous environm ent, and (3 )  the 
feeding of Artem ia  naup lii on a regular 
schedule. The m ethod is analagous, in  
simplicity and reproducibility, to th a t de­
veloped for Hydra by Loomis ( '5 4 ). The 
use of the exponential growth rate , k, has 
permitted quantitative evaluation of con­
ditions influencing growth.

The m ethod m ay be com pared w ith those 
used by the two workers who previously 
studied laboratory cu ltures of Cordylo­
phora. Roch ('24, p. 366) indicated only 
that the cultures were “supplied regularly 
with food anim als, and every 14 days the 
solutions renewed,” and  expresses his ob­
servations w ith such statem ents as “very 
good development.” In  the studies of Kinne 
('56, ’58a), the colonies were grown on 
the bottom of dishes in  sea w ater diluted 
with tap water. They were fed a t irregular 
intervals w ith Artem ia, Daphnia, other 
copepods, and several species of worms.

The w ater w as changed every few days. 
Kinne presents several growth curves, 
plotted linearly, w hich perm it estim ation 
of the growth ra te  he obtained. The 
most rapid growth was exhibited by one 
culture (K inne, '58a, fig. 9 ) w hich grew 
with a doubling tim e of five days, giving a 
k of 0.14. K inne’s conditions, on the basis 
of my observations, were suboptimal.

The only sim ilar organism  ( in  a  broad 
sense) to Cordylophora for w hich data  on 
the growth param eters are available is 
Hydra littoralis (Loomis, ’54). The two 
hydroids show essentially no differences in 
tolerances or optim a to a variety of en­
vironm ental variables — pH, tem perature, 
oxygen tension, or ra te  of feeding (table 
11). As would be expected (since Hydra 
is restricted to fresh  w ate r), Cordylophora 
can tolerate a tenfold or more greater sa­
linity th an  Hydra. The m ajor difference in  
growth requirem ents is in  the aqueous en­
vironment. H. littoralis requires signifi­
cant am ounts only of C a++, and traces of 
N a+ (Lenhoff and Bovaird, '60 ) for 
growth.8 The requirem ent for C a++ is

8 Ham, Fitzgerald and Eakin ('5 6 ) report that 
Pelm atohydra o ligactis  requires N a + and K + in addi­
tion to Ca++ for growth. These authors also found  
that H. littoralis  requires N a+ and K+ for regenera­
tion. Several workers have found recently that M g+ + 
substantially increases the growth rate of Chlorohydra 
virid issim a  ( in  M uscatine, ’61).

TABLE 11

0.23
0.18

< 0.1
0.00

C o m p a r iso n  o f  g ro w th  co n d itio n s  fo r H yd ra  l i t to ra lis  a n d  
(D a ta  for  H y d ra  from  L oom is, ’5 4 )

C o rd y lo p h o ra  la c u s tr is

Factor compared Hydra Cordylophora

O rgan ization so litary c o lo n ia l
G rowth cu rve ex p o n en tia l ex p o n en tia l
G rowth rate (m e a n  k ) 0 .3 7 0 .23
Ion ic  req u irem en ts for  grow th

a. a b so lu te C a+ + N a+  
K+ 

C a+ +
c i -

b. le s s  cr it ica l N a +l M g+ +
c. C a++  eo n e . req u ired  ( m )

*1o1—4 IO“ *

R an ge for  grow th
a . h y d ro g en  io n  eon e. (p H ) 5 .3  to 8 .7 6 .3  to 8 .6
b. N aC l eo n e . ( m ) tra ces1 to 0 .0 3 <  0 .001  to >  0 .25
c . tem p eratu re  ( ° C ) 13 to 30 15 to  30
d. oxy g en  te n s io n  (m g /1 ) > 2 > 2

T em p eratu re in te r v a l w h ere  grow th  rate
co n sta n t ( ° C ) 2 0  to  27 18 to  26

R ate o f  f e e d in g  req u ired  for good
grow th  ( A r te m ia ) 1 fe e d in g /d a y 1 fe e d in g /d a y

1 Lenhoff and Bovaird ( ’60).
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about tenfold higher in  Cordylophora than 
in  Hydra. It would appear th a t Hydra, is 
able to re ta in  enough of the K+, Cl", Mg+ + , 
an d  m ost of the N a+ obtained from  Arte­
m ia  to suffice for continued growth in  
their absence in  the aqueous milieu, where­
as Cordylophora, being a  m ore open sys­
tem  w ith respect to these ions, m ust have
them  continually supplied in  the  aqueous 
environm ent.

The composition of the aqueous environ­
m en t is probably the critical variable deter­
m in ing  the ability of Cordylophora to live 
in  a  given body of water. Cordylophora 
lacustris h as  been found throughout the 
world, in  hab itats varying in  their salinity 
from  fresh  to almost sea w ater (Roch, ’24; 
H and  and Gwilliam, ’51). The tendencies 
o f fresh  w ater to contain high calcium  
and carbonate but very little sodium and 
chloride (H utchinson, ’57, p. 555) m ay 
be a  m ajor factor in  restricting Cordylo­
phora  to relatively few fresh w ater local­
ities, while Hydra can be found in  m ost 
fresh-w ater ponds.9 In  brackish w ater, in 
addition to the required presence of ade­
quate am ounts of the five required ions, 
the m ost critical lim iting factor would ap­
p ea r to be the N a +/K + ratio (cf. table 5). 
A lthough the requirem ents fo r colony 
growth include all the m ajor ions of sea 
w ater except sulfate and bicarbonate, 
Cordylophora cannot grow in  sea w ater
because the total salt concentration is  too great.

The typical hab ita t fo r Cordylophora 
appears to be th a t given by Allman (  1853) 
in  his original description of the species:
“Iii fresh, calm  water, living on various 
subm erged objects, and preferring dark 
places.” But Cordylophora has been found 
in  strikingly different habitats, such as 
th a t described by Clarke (1878) in  Balti­
m ore, M aryland, where the hydroid grew 
“in  the channel w here the  sunlight is 
strongest, . . . w here the curren t is most 
rap id  . . . , and changes in  the surrounding 
conditions m ust be greatest.” T his en ­
vironm ent is  sim ilar to th a t in  w hich 
Cordylophora grows in  Nye Pond, where 
it  form s a  thick m at along the edges of a
culvert runn ing  from a  pond to a salt-water m arsh.

Almost any hab ita t in  w hich the aque­
ous environm ent is suitable should be able

C H A N D LER  F U L T O N

to support the developm ent o f Cordylo­
phora  colonies, since the o rgan ism  is re­
m arkably insensitive to tem peratu re , pH, 
oxygen tension, light, e tc ., and  should 
readily tolerate the range o f  variation of 
these factors found in  m ost bodies of water 
(H utchinson, ’57 ). The o n ly  other fre­
quent lim iting factor would b e  the am ount 
of prey organism s available as food. The 
cosmopolitan natu re of C. lacustris  would 
support the idea th a t m a n y  bodies of 
w ater m eet the necessary requirem ents.

SUMMARY

1. U nder appropriate conditions, the 
hydran th  num ber of cu ltu res o f the co­
lonial hydroid Cordylophora lacustris in ­
creases exponentially, w ith  a  doubling 
tim e of about three days. T h is growth 
ra te  was used to exam ine th e  environ­
m ental variables influencing growth.

2. These sessile organism s grow well 
attached to microscope slides slanted in 
beakers i f  their standing aqueous environ­
m ent is  replaced twice daily, but grow 
poorly on a horizontal su b stra tu m  or with 
a  single daily solution change.

3. In  a defined culture solution, Cordy­
lophora shows an absolute requirem ent for 
N a +, K+, C a+ + , and C T fo r growth, and 
in  addition requires M g++ fo r  growth at a 
m axim um  rate. Sodium a n d  potassium 
ions in teract and m ust be in  p roper propor­
tion for growth to occur.

4. These carnivores are fe d  Artemia 
larvae to saturation a t  each  feeding; a
m axim um  growth ra te  is  ob tained  with 
one feeding per day.

5. The growth of colonies is  relatively 
indifferent to several physical variables.
Light is  w ithout m easurable effect on

9 The water o f Nye Pond, from  w h ich  Cordylophora 
clone A w as collected, has a very low  sa lin ity ; analysis 
of the chloride ion of three different sam ples gave 
values o f  2, 7, and 4  m illiequivalents o f  C l-  per liter.
A more complete analysis of one sam ple o f Nye Pond 
water has been made. Sodium and potassium  were 
analyzed by flame spectrophotometry through the 
courtesy o f  Dr. James W. Green o f  Rutgers Univer­
sity; the other ions were determ ined by titration.
The results, in  m illiequivalents per liter , were: Na+,
1.56; K + , 0.123; C a++, 0.20; M g+ + , 0.83; Cl", 3.96;
S O .,-- , 0.65; CO3 —  ,0.00; and HCO3 - ,  0.16. The 
anions are 21 % in  excess, indicating som e quantitative 
errors in  the analysis. The results are atypical of fresh 
water in  that sodium is the major cation  and chloride 
the major anion. Further, the com position o f the 
water cannot be expected to rem ain constant, since 
the pond receives some backflow o f  sea water at 
spring tides. In the laboratory, cultures grow slowly
either in  water from N ye Pond or in  a  solution based on the analysis.
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6. Growth conditions fo r Cordylophora 
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and help  to explain the distribution of 
Cordylophora in  nature.
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