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Fig, 1. Relationship between overestimation ol growth rates
associated with use of the S phase and the duration of the G2-
M phase, To,.... The true growth rates |g) were acquired asa
resull of population simulation (see Table 1), whereas the
growlh rate estimated using the S phase (Us) was computed
using Eqgs. (5al & {5b): The duration of the § phase ([s) was
varied from 12, 7 to 2 h. Each curve was drawn (o Lhe possibli
maximum T, . under its corresponding growth rate [Le. I+

Table 1. Results ol growth rate estimation jigis the growth rate estimaled using
the S phase, ps' Is the adjusted py pe o 15 the growth rate esimaled using
the termunal event. the S-G2-M phase Error |, Ervor 2, and Error 3 are the errors

Tan = 24 % (0.693/p)|

associated with po, us? and ps o, respectively
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overestimation was aggravated by elongation of T/ ...,
The G2 phase is 1 of the 2 control points of the cell
cycle; its duration varies with growth conditions such
as temperature and nutrient availability [Olson et al.
1986). Therefore, the error in the growth rate estimates
caused by applying a non-terminal event preceding
the G2 phase to the original growth rate model may
vary with growth conditions.

Fortunately, with the aid of Eq {6), the overestima-
tion associated with the use of a non-lerminal event
such as the S phase can be eliminated. This elimination
was achieved for all rudimentary simulaled poptila-
tions examined with widely different ratios of T to
T.. The usability of this equation for differing ratios of
T, .y to Ts suggests that different non-terminal events,
virtually any section of the cell cycle, can be used for
growth rate estimation. When Te.y is 0, Eq. (6) shows
that u equals i, thus reducing this method to the orig-
inal terminal evenl-based equation Eq. (2} This flexi-
bility in the selection of a cell cycle event will facilitate
growth rate estimation. With advances in cell cycle
studies more cell cycle markers, including cell cycle
protewns, will be 1dentified. One will have greater ahil-
ity to select a cell cycle marker that is easy to detect
For example, PCNA 15 a highly conserved protein and
1s likely to occur in all phytoplankton
[Lin et al. 1994, Lin 1995). It is thus a
promising cell cycle marker for phyto-
plankton growth rate estimation. In
some cell types, PCNA has been found
to be restricted to the S phase (Celis &
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Ratio of Celis 1985, Sasaki et al 1994) and
T ota Ty hence is not a marker of a terminal
021 evenl. The same was suggested [or
1.07 some cultures of phyloplankton where
f.25 the use of PCNA immunofluorescence
1;2? for previous growth rate equations
107 overestimated growth rates (Lin 1995)
(.25 However, the present numerical
‘(3’3‘1) analysis suggests that with the aid of
| 07 Eq. (b) the PUNA method can now be
6.25 used without overestimation.

13.50 The consequent underestimation of
?3.}. growth rates was probably attributable
625 to the denvation of Eq. (6], including the

13.50 assumption regarding the equivalence
‘1";;; of a partially synchronous lo an asyn-
6.25 chronous population. Since X4, Is never

13.50 0 for a partially synchronous population,
0.21 there always exisls an error [see Ap-
ég; pendix 1). This can explain why the

1350 error in the growth rate is somewhal

higher for populations of medium and
high synchrony than populations of low
synchrony (Fig 4) However, although
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Fig. 4. Effect ol population synchrony on the error of growth
rate estimates. Upper panel Overestimalion inherent in the
use af the S phase for Eq (1] decieased when synchrony in-
creased  [nocontrast, underestimation inherent in the use of
Eq. (6) inercased slightly with the level of synchrony. Lower
panel: Time senal profiles ol the cell cycle phase fractions cor-
responding to 3 different synchrony levels, From left to right
aree low svnchrony, medium svnchrony, and high synchrony

Successful application of this non-terminal event ap-
proach will depend on 2 major factors First, the dura-
tion of the non-terminal event and the time interval be-
tween the non-terminal event and cell division have to
be known: With DNA quantification and the cell cycle
analysis techmique (Carpenter & Chang 1988) the dura-
tion ot each phase can be estimated in situ with reason-
able accuracy, In the non-terminal event approach the
duration cannol be obtained in the same way Recenlly
we adapted a graphic method (Takahashi 1966), deriv-
ing the duration [rom the lime interval between lhe 2
median points of the 2 slopes of the phase [raction curve
(Lin et al. 1995, Lin & Carpenter 1995] Using this
method, the duration of the non-terminal event can be
obtained. Similarly, the duration of the M phase can be
obtained by staining the nucleus with 4, 6-diamidino-
2-phenylindole (DAPI), examining double-nuclealed
cells, and constructing an M-phase fraction curve The
interval between the non-terminal evenl and the M
phase can then be calculated. However, the graphic
method may overestimate the duration especially when
the synchrony of cell cycle progression is low. although
most populations adapted lo natural light dark cycles
appeared to be fauly synchronous (Chisholm 1981)
The applicabllity of this graphic method needs to be
tested, and a different way may be desirable and 1s un-
der study 1n our laboratory
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Fiqg 5. Companson of relative errors in growth rate estimetes
between the (udimenlary and 6 special cases X-axis labels.
Ru = rudimentary; LS = left-skewed peak ol the S phase; RS =
nght-skewed peak of the S phase: DP = doubled peak of the S
phase. (A] Estimates were made using Eq. (1], (B] Esumates
marde using Lo (6], Dots and sguares represent populations
with Ty =7 h, T =75 hand Tu= 2 h, T: sy = 12.5 h respec-
tively. (€] Time :wnal praliles of phase lractions correspond-
ing to the 4 cases

Second, the between-researcher variation in esh-
mating phase fractions should be minimized The van-
ation may be rather considerable when an immuno-
fluorescence technique is used to delect the marker of
the non-terminal event, and when the scoring of the
staining is performed manually, This variability may
be minimized by slrictly following a well-established
immunostaining and scoring protocol. The magnitude
of the resultant error in growth rate estimates warrants
further testing with laboratory cultures.
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