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Reproductive development in the hermaphroditic

freshwater snail Physa monitored with complementing

albino lines

AMY R.WETHINGTONt anp ROBERT T. DILLON, Jrf
Department of Biology, College of Charleston, Charlesion, South Caroling 29424, U7.5. 4.

SUMMARY

We eslimaled age and size at onset of functional outcross- and self-fertility in three isofemale lines of Physa
heterostropha carrying the recessive, non-allelic genes, afb7 and a/b2. ‘ Experimental’ snails of these lines were
reared from 2 weeks of age 1o adulthood and periodically iniroduced to mature, complementing
‘challenge’ snails. The three lines differed significantly in the size at which they matured, but not the age,
under our culture conditions. Male repreductive maturity was reached at a mean of 5.7 weeks and lemale
reproductive maturity at 7.3 weeks {7 = 50}, These ages correspond te mean shell lengths of 5.3-6.2 mm
as male and 6.9-7.6 mm as female. Over all three lincs, first production of viable offspring by sclf-
fertilization occurred at a mean age of 22 weeks (n = 113). Again a signilicant line effect on size at
reproduction was detected, with mean size at onsct of self-fertilization ranging from 8.1 mm o 8.7 mm.,
Autosterility in the three lines ranged from negligible to 44 %,. Among autofertile snails, we identified cases
of oulcross male-sterility, outcross female-sterility, and outcross deuble-sterility. OFf 46 individuals
demonstrating male function belore female, two passed through brief periods of self-fertilization before
outcrossing as females. We also identified three individuals maturing simultancously in both capacities
and one individual that matured as female before male. So, although the situation is complex, we suggest
that *simultaneous hermaphroditism” provides the hest deseription of the reproductive biology of Physa.
The great diversity ol reproductive allocation deseribed here implies considerable potential [or life-history

evolution in these snails.

1. INTRODUCTION

Basommatophoran pulmonate snails are among the
more common and conspicuous inhabitants of the
world’s fresh waters. Because of their ubiquity and
rclative case of culture, pulmonatcs have been the
subject of a wide variety of inquiry al the behavioural,
ecological, physiological, and cellular levels (Fretier &
Peake 1975, 1978). Particularly well studied have been
the planorbids and lymnacids serving as intermediate
host for parasitic diseasc {Malek & Cheng 1975).
General reviews of reproduction in freshwater pul-
monates arc provided by Duncan {1973} and Geraerts
& Joosse (1984},

Thorough anatomical descriptions of pulmonates
include those of Crabb {1927}, Duncan (1938, 1960},
Bayne (1973} and Paraense [1976). The gonad is
called an ‘ovotests’, and both egg and sperm arc
carried through an hermaphroditic duct into a region
termed the vesicular seminales, where endogenous
sperm (autosperm) is belicved 1o be stored. From here
the female and male systems branch, the male system
being joined by a prosiate gland and leading into the
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penial complex. The female system consists of an
albumen gland and ocothecal gland [or oviduct) which
leads to the vagina. Along the vagina is a bursa
copulatrix for storage of foreign sperm {allosperm).
Beforc a completely hermaphroditic  adulihood,
maturing pulmonates may pass through a devel-
opmenial stage during which they are functionally
malc. Duncan’s [1939) histological studies of Physe

fontinalis suggesled that male maturity was attained in

the winter and female maturity in the spring, but he
noted that environmental conditions in the wild would
not in general favour mating until both organ systems
mature. Spermatogenia develop aboul two weeks
hefore oogonia in Lymnaca stagralis (Duncan 1975), and
male maturity also precedes fermale in the freshwater
limpet, Laevaper fusens [Russcll-Hunter & MeMahon
1976). Rudolph (1983} obscrved that Bulinus globosus
arc able to copulate successfully as males before their
femalc systems mature, In contrast (o these studics,
however, Richards {1962) [ound that the female organs
of the planorbid Gyrautus developed alter 17 d but thart
60 d were required for male maturity.

The ahility of freshwater pulmonates to reproduce
by self-fertlization was first noted by Colton {1918},
and with occasional exceptions {DeLarambergue 1939)
seerms universal {Viancy-Liaud 1976; Paracnse &
Correa 1988; Jarne & Delay 1990). Selfing individuals
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typically begin to lay eggs much later than paired
snails and produce fewer viahle young (DeWitl 1954;
DeWitt & Sloan 1939; van Duivenboden 1883; Jarne
& Delay 1990; Jarnce et al. 1991}, Some authors have
noted improved survivership in selling pulmonates,
however. Van Duivenboden et al. (1985} considered
the time Lymnaea stagnalis spent in copulation det-
rimental to egg laying, noted Lhat outcrossing snails
died earlier, and concluded thar self-fertilization was
beneficial. And Noland & Carriker (1946) found that
Lymnaea stagnaits laid more eggs when sclfing than
when allowed to outcross, Thus selling scems to have a
negligible or even positive effect on [itness, at lcast
under laboratory conditons {Smith 19813,

An isolated pulmenate snail that has begun to self-
fertilize generally switches to [ertilization by allosperm
immediately after copulation with a pariner. Lgg
masses laid by albino Biomphalaria glabraie  afier
copulation with a pigmented partner contain either
100 %, pigmented offspring or an increasing percentage
of pigmented offspring in successive egg  masses
{Paraense 1955; Richards 1973}. Rollinson e of, {1989}
noted that 70%, ol outcrossed Bulinus cernicus switched
to allosperm immediatcly.

I 1989 we began a rescarch program to siudy the
reproductive  biology of Physa Aeterostropha  pomilia
{Conrad). Rearing experiments suggested that Physa
collected from the wild may carry allosperm [or over 60
days {in quantilies sutlicient to fertilize a minimum of
300-600 eggs] and that muliiple insemination may
occur {(Wethington & Dillon 19913, Albinistic indi-
viduals were discovered at low frequencies among the
ollspring of four adults kept for these experiments,
perhaps the result of low, background levels of selling
by heterozygotes. Albinism was shown to be inherited
as a recessive trait at two complementing loci [Dillon
& Wethington 19923,

All studies on the onset of reproductive maturity in
pulmonates to date have been histological or hehay-
ioural. Iere we use albino lines as rools to describe the
onset ol [unctional reproductive maturily and self-
fertilization, and to assess rates of sterility,

2. MATTERIALS AND METHOQODS

LExperimental animals lor these studies were taken [rom
three of the isofewale lines characterized by Dillon &
Wethington. These lines were founded from small numbers off
albine oflspring {perhaps only single individualsy produced
by three diferent wild-collected females in the summer of
1989. Lines 27 and 29 are fixed for a recessive albine allele ay
the albi locus, and line 7 is homozygous recessive for albinisim
at the complementing locus alh2. "T'hesc lines have been mass-
cultured in large containers since their initial bottlenecks, so
that further inbreeding before the inception of these
cxperiments in 1990 should have been minimal.

The experimental design involved 73 pairs of snails
consisting of an adult ‘challenge’ snail from onc albino line
and a maturing ‘experimental’ individual from a second,
complementing line, ‘Challenge’ snails were reared to
adulthood in isoladon, and were producing viable albino
offspring at time of pairing. Fxperimental snails were isolated
at about age 2 weeks and introduced for a peried of 24 h
weekly into a vessel contalning the challenge individual.
When the challenge snail first began to lay cgps that
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developed into pigmented oflspring, the experimental snail
was judged mature in male funcion, and when the
experimental snail 1self began producing pigmented ofl-
spring, it was considered mature as an ooterogsing female.

Initially we had some concern regarding possible delays
between successful outcrossing and the prodoction of pig-
menied embryos. But five pas of complementing challenge
snails, placed together for 24 h, all produced 1009, pig-
mented oflspring in their next egg mass. We were also
concerned that the disparity in the sizes of the experimental
and challenge snails might influcnce onser of maturity. But
45 complementing pairs of Z-weck-old Juveniles reared
together produced pigmented voung at ages and  sizes
congistent with those observed in the main experiment.

For use as challenge snails, we isolated 107 two-week-old
juveniles from isofemale line *7°, 33 juveniles rom Isofemale
lie *27", and 54 individuals from isofemale line 297, The
snails were reared in 10 ox (approximately 220 wl) clear
plastic cups of pond water with Petri dish covers, at room
temperature and ambicnt light. They were fed commerclal
Tetra-Min Conditioning” feod for plant-cating {ish once &
week (Jennings ef al. 19707, with fresh pand water {aerated,
filtered throngh an 80 wm mesh) in alternate weeks, Cnlture
vessels were checked weekly for the presence of egg masses
and all snails laving cgg masses were measured with an
ocular micrometer or calipers. Snails were  considered
available for use as *challenge” individualy when the viabiliey
of their self-fertilized egg masses was verified, as judeged by
the presence of actvely crawling voung.

The first 37 challenge snails, including an approximartely
cqual number of afbf (line 7) and /b2 (line 27 or 20}
individuals, became available at about age 20 weeks. A
similar nomber of two-week-cld virgin snails were isolated
from complementing cultures to become experimental snails.
Once a week, each experimental snail was measured with an
ocular micrometer and paired with its challenge snail parimer
for 24h. Egg magges laid by both the chalienge and
experimental snails over the following 6 d were saved and
scored as to pigmentation. This was accomplished on
embryos as early as 4 d after laving by noting eve coloration
through a dissecting microscope. A second set of 36 pairs of
snadls was gstarted 2.5 weeks after the first, for a total of 73
trials.

Each experiment was terminated when pigmented en:-
bryos were discovered among the offspring of both ex-
perimental and challenge snail, or when either member of the
pair died. T both snails had not produced pigmented
embryos after 15 weeks, outcross sterility on the part of at
least one of the pariners was considered probable. All data
from such pairs were excluded from analysis of maturation
time. Most of the putatively outeross-sterile individuals were
paired with new individuals of proven reproductive ability 1o
verily the nature of the sterility.

The three lines were compared in the age and size at which
they matured n a varicly ol capacides by using onc-way
anabysis of variance (systar: Wilkinson 1986).

3. RESULTS
{a) Self-fertilization

Table 1 shows statistics on age and size at production
of first offspring by sclf~fertilization in a otal of 113
snails from three lines. An analysis of variance testing
for a significant linc difference in age at carliest
successtul self-fertilization gave an F-ratio ol .67, not
significant {with 2 d.f, p = 0.51}. Over all three lines,
first onset of selfing occurred at age 14 weeks and
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Table 1. Statistics on age and size af first production of viable eggs by self~fortilization

line 7 line 27 line 29 total
n 59 16 38 113
mean age/weeks 22,0 22.9 21.6 22.0
(s.d. 3.1 6.54) 3.30] (3.85)
range 1429 16—42 16-52 1442
mean size/mm 8.7 8.7 8.1 4.5
sl [0.78; (1.21) [0.85) (0.91)
rangc 7.3 1000 71112 68-11.2 6.8-11,2
F 00000606 cach of the Lhrc:e lines ﬁ.r‘st se!l“cd al a lz.uer date.}) A
180 wotal of 12 oul of 70 {179} ofline 7 individuals and 12
" DODGQOQOOOOOOOOOOD oul of 27 (44 UQJ of line 27 individuals had not
= 0000000000, reproduced by that time and may be judged auto-
= csvessstenssesss . T L
= 100 o sterile, but autosterility in line 29 was negligible. (3f 38
_— - . - ' o - - -
E I line 29 individuals surviving to week 30, the single
4 putatively autosterile individual subsequently repro-
20 o*
|,“W duced successfully,
0 10 20 30 40
age / weeks (&) Outerossing
Figure 1. Cumulative onset of successful sell-fertilization

(filled circles) in the 214 snails reared In solation. Sur-
vivorship curve {open circles) does not reflect survivorship of
snails removed to serve as challenge individuals in the
outcross study,

extended to 42 weeks {figure 1), with 21.9 weeks the
mcan age at which the snails began to sclf-fertilize
successfully. There were, however, very significant line
diffcrences in shell size at onset of selfing (I = 3.53,
p = 0.005). Table 1 shows that mean size at onsct of
sel=lertilization in line 29 was 8.1 mm, a value much
smaller than observed for lines 7 and 27,

Figure 1 also shows the combined survivorship of all
challenge snails over the 42 week course of the
experiment. (High apparen: mortality at week 10is an
artetact of data collection.) Mortality complicates the
cstimation of autosterility rates. A glance at figurce 1
shows that percentage autosterility ranges from 1002
if estimated at week | to a very low figure if estimated
at week 42, We sclected week 30 as a fair time at which
almost all individuals had an opportunity (o self-
fertilize but before the base population against which a
frequency might be calculated had begun 1o shrink
noticeably, There were 135 snails which survived o
age 30 weeks, by which iime 110 had successtully
reproduced by self-fertilization. {One individual from

Table 2 shows statstics on age and size al cutcrossing
maturity in 50 experimental snails from sets 1 and 2,
categorized by line. An analysis of variance comparing
the three lines in age at attainment of male tunction did
not suggest significant differences [/ = 2.04, p = 0.14),
nor did a test comparing lines in age at onset of female
function (F=1.11, = 0.34), Summed over all three
lines and both data sets, mean age ar attainment of
male function was 3.7 weeks, and age at arlainment of
female function 7.4 weeks.

Line differences in shell size at onset of outcrossing
maturity were more striking than line differences in
age, however. Analysis of variance testing for a
difference among lines in size at onsct of male maturity
gave a highly significant result {# = 9.43, # < 0.001}.
In this casc linc 7 attained male function at a
substantially larger mean size than lines 27 or 29. The
difference in size at artainment of female function was
also  large, although not quite significant
{F =297 p=0.086).

Results of the two seis of outcrossing experiments are
shown scparately in figure 2, combining cxperimental
snails ol lines 7, 27, and 29. (Combining lines would be
legitimale when age is plotted on the abscissa, although
not when size is plotied.} It is clear that the onset of
outcrossing male [unction generally preceded female

Table 2. Statistics en age and size at onset of outerossing maturity

‘Included are experimental snails ultimately maturing as both male and female in data sets 1 and 2 combined.

as male as female total

line 7 line 27 line 29 line 7 line 27 line 29 male female
n 21 15 14 21 15 14 30 50
mean age/weeks 6.0 5.7 5.8 7.7 7.1 7.3 3.7 74
fs.d.} {1.08] 10.90) (1.64) (.04} {0,977 1.00) 1247 (1510
rangc 4.5-9.0 4.0-8.5 4,0-10.5 6.0-12.0 55 9.0 6.0-9.5 4.0-10.5 5.5 12,0
mean size/mm 6.2 5.3 3.3 7.6 74 6.9 5.7 7.3
sadl) 10.38) i0.45) [0.88) 0.94) 10.88; {0.48; (0.75] 10.83)
range 5.2-7.6 4.6 8.2 4.4-7.8 5.9 99 6.3-9.7 5.9-7.5 4.4 7.8 5.9-99

Proc. R Soc. Lond. B 11993)
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Figure 2. Gumulative onset of male [[lled circles) and female
topen circles] function in experimental snails of data sets (@)
1, (61 2, and (¢} both combined. The composite graph also
shows the combined survivorship of cither member of a pair
over the 13 weeks of the outcross study [crosses).

function by about two weeks under our culture
conditions. However, data set 2 snails matured
substanuially later than set 1 snails in both capacities.

Table 2 shows that no additional snails matured in
either capacity afler age 12 weeks. A total of wen deaths
occurred among either challenge or experimental snails
over the first 12 weeks of these experiments. Then
setting aside the 30 fertile pairs ultimately involved in
the maturation study, the remaining 13 pairs mani-
fested oulcross sterility by at least one pariner. Crosses
of individuals from most of these pairs to comple-
meniing snails ol proven reproductive ability allowed
us Lo infer four cases of male-sterility and one case of
double-sterility umong Lhe experimental snails. Among
challenge snails {all demonstrably autoferiile] we
inferred three cases of male outeross-sterility, two cases
of female outeross-sterility, and one double oulcross-
sterility.

ILis interesting 1o note that juvenile growth averaged
almost exactly 1 mm per week in our culture condi-
tons, so that mean shell size in millimetres at
reproductive maturily almost exactly cqualed mean
age at malurity in weeks. In figure 3 all 50 experimental

FProe. R. Soc. Lond. B {1993
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Figure 3. Shell size at which each of 30 snails from data sets
1 and 2 attained male and female funciion. Data on the
diagonal mark individuals maturing in both cupacities
simultancousky.

snails are plotted by the size at which they matured in
both capacities. The data averages presented in table 2
and figure 2 obscure our obscrvation that, although 46
cxperimental snails did achieve male functuon before
female, three individuals matured simuitancously in
both capacitics and onc matured as a female first. The
46 individuals achicving male function first included
two that passed through a period of sclf-fertlization
before outcressing as femalcs.

4, DISCUSSION

The maturation process in Physa is complex. Figures
1 and 2 show no clear threshold size or age by which
male function, female function, or self-lertility can he
predicted, even under laboratory conditions. Both
generic and environmental components of the variance
may be identified. Gomparing data seis 1 and 2, a two-
week delay in age ar onset of both male and female
function was evident in all three lines. This is almost
certainly due to temperature or some other aspeet of
our culiure technique.

Small but significant differences in the sive al
maluration among the three lines almost cerrainly
have a genetic basis. Our observations suggest that
growth in line 7 snails was more rapid, such thut they
malured al the same age but at a slighty larger size
than lines 27 or 29. Growth seemed to slow carlier in
line 29 snails than in lines 7 or 27, such that line 29
snails tended to reproduce by sell-fertilization at a
smaller size, This is consistent with our observation of
higher autoferdlity in line 29, as thesc snails would be
cxpected, on average, to allocate more cnergetic
resource to reproduction than to growth in later weeks,

Individual Physa do, in general, pass through a
purely male stage of about 2 wecks duraiion before
onsct of hermaphroditism. This phenomenon, ofien
referved to as ‘slight protandry’ (Russcll-Hunter &
McMahon 1976}, has been described in Lymuaca,
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Bulinus, and English Physa fontinalis, But Hoagland
{1984) argues that the term ‘protandry’ is correctly
applied only to organisms that function first as male
and then subsequently as female, and should not be
used to describe animals simultaneously making eggs
and sperm. She points out that if we apply the label
‘simultancous hermaphrodite” only to those animals
that produce eggs and sperm precisely at the same
time, “we will have defined the term almost out of
existence .

Plysa would scem to provide an excellent illustration
of the dilficulties inherent in labelling reproductive
function for, among 50 snails, we did idenrify three that
matured in both male and female function within the
same week and one Individual that matured first as a
female. We suggest that ‘simultaneous hermaphro-
ditism’, broadly delined, describes ithis situation besl.

We also observed that two line 7 individuals passed
through periods of self-fertilization aflicr attaining
outcross-male function but before outcrossing  as
females. These individuals both matured as males at
3.5 weeks, as cxpected. One individual produced
viable sclf-fertilized eggs at 6.5 weeks (7.1 mm) and
first outcrossed as female shortly therealter 8.5 weeks,
4.5 mm}, The other individual produced self-fertilized
eggs at age 7.3 weeks (B.0 mam) and showed much-
delaved  outcross female maturity  {11.5  weeks,
9.1 mm), Although both these snails successfully
reproduced by self-fertilization al much younger ages
than anv observed in the main selfing experiment
{table 11, their sizes were within expected ranges.

Shell growth rates, initially about 1.0 mm per week
in our culture conditions, slowed markedly when the
snails achicved the capability of outerossing as females
at a mean age of 7.4 weeks. 1f no pariners were made
available, reproduction was delayed another 14.5
weeks, or 1.2 mm of growth, on average. We did not
collect fecundity data and thus have no divect evidence
regarding the relative fltmesses of selfing against
outcrossing snails. But in the wild, a 14 week defay
would greatly increase the risk of death before onset of
reproduction,

CQur estimates of autosterility arc probably below
that prevailing in natural populations, becausc we
used snails from isofemale lines with a previously
demonstrated ability 1o self-fertilize. The genetic
component of autosterility is clearly demonstrated by
the range of the values we obtained amaeng lines, trom
negligible to 449, under relatively constant environ-
mental condirions.

Outcross male sterility scems to be moderately
common in Physa, cven among individuals with proven
ability to self-fertilize. The phenomenon of aphalty,
complete absence of male reproductive structures, has
been well documented in the African planorbid pul-
monate Bulinus (Jarne e al. 1992; Schrag & Reed
1992). Aphallic individuals have generally proven to
be hoth self-fertilc and outcross-female fertile, as we
have ohserved in Physe. We do not vet have anatomical
data on our experimental animals, however.

We discovered one self-fertile ‘deuble outcross-
sterile” individual among our challenge snails, unable
to copulate as a male with a partner subsequently
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shown to be outcross-female [ertile and unable to serve
as female to a pariner of demonstrated male-fertility.
This has interesting population genetic implications.
Although our data are from laboratory lines, ap-
parently natural Fhyse populaiions may include both
obligate self-fertlizers and individuals completely
incapable of seif-fertilization. Estmazes of mbreeding
are generally calculated over entire populations; rarely
are detatled dara available to show helerogeneity in the
likelihood of inbrecding among individuals. To the
extent of its heritability, the intrapopulation variation
in mating system discovercd here implies considerable
potential for life-history evolution,

Although fully mature Fhyse arc hermaphroditic,
pairs of snails do neol mate reciprocally. One snail
mounts the shell of the other and unilaterally serves as
male, alter which sex roles may be reversed, but often
are not {Rudolph 19794, 4; van Duivenboden & rter
Maat 1988; DeWite 1991). Mating behaviour thus
adds a layer of complexity to the question of
reproductive function in Physa not addressed by the
present study. We have recently completed a series of
gender-choice experiments involving individual snails
of varying maturity and reproductive Thistory
{Wethington & Dillon 1993}, Ullimalely we feel that,
by virtue of its physiological and behavioural plasticity
in reproduction, as well as its ease of culture and
genclic varlability, Physa may become a maodel
organism for the study of sex allocation generally,

We thank L. Delph, T. J. DeWitt, P, Dustan, 8. Johnson, C,
M. Lively, M. Mulvey, J. W. Smiley, T. Stidler and C. L.
Whitney for advice, suggestions and comments. Technical
assistance was provided by R. ], Bradley and E. R. Eastman.
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