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Uneven growth and different susceptibility to
viruses among bacteria increase estimates of virus
production in the East Sea based on TEM observation
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ABSTRACT: We developed a theory that uneven distribution of bacterial growth rates and different
susceptibility to viral infection in bacterial community could result in higher estimates of virus production based on transmission electron microscopy (TEM) observation (VPTEM) compared to estimates obtained by neglecting uneven growth and different susceptibilities in the bacterial community. We tested this idea by classifying bacteria into 4 groups based on morphotypes (i.e. rods, cocci,
curved shapes, and spirillae) and enumerating the frequency of visibly infected cells (FVIC) and the
frequency of dividing cells (FDC; an indirect measure of the growth rates) in the 4 groups in the East
Sea samples (n = 15). FVIC and FDC varied between different morphotypes and were highest in
cocci. Further, FVIC and estimated growth rates of bacterial morphotypes were significantly correlated. The presence of a fast-growing bacterial group (apparently more susceptible to viral infection)
in the bacterial community substantially increased (1.2 to 2.8-fold) the estimates of VPTEM in comparison to those obtained by using the mean growth rate of the bacterial community. Until now the differences between virus production measured by virus decay rates (VPD) and VPTEM have been
thought to be explained by adsorption of viruses to particles, degradation of viruses due to enzymes
and inactivation of viruses caused by sunlight. It seems that uneven growth and different susceptibility to viruses in the bacterial community might be another additional explanation for the discrepancy between VPD and VPTEM.
KEY WORDS: Virus production · Transmission electron microscopy · Uneven growth · Different
susceptibility to viral infection
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INTRODUCTION
Virus production is an important biological variable
that can be used to estimate both the bacterial mortality due to viral lysis and the turnover rate of viruses in
aquatic ecosystems. Several methods for determining
virus production have been developed and applied to
field samples. Generally, 4 kinds of methods have been
used to estimate virus production. The first method is
used to measure decay rates of viruses where viral production has been halted by adding cyanide (VPD; Heldal & Bratbak 1991). The second method of determining virus production is used to measure incorporation
rates of radiolabelled phosphate or thymidine tracers
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in viral nucleic acid (Steward et al. 1992, Fuhrman &
Noble 1995). The third method involves the use of fluorescently labeled viruses as tracers for determining
the rates of production and removal (Noble & Fuhrman
2000). The fourth method is used to enumerate the frequency of visibly infected cells by transmission electron microscopy (TEM) observation. Then, total bacterial production and burst size are combined to
calculate virus production (VPTEM; Guixa-Boixareu et
al. 1996, Steward et al. 1996).
Recently, Pinhassi et al. (1999) reported that the
growth rate of single bacterial species was 5 times
faster than the community growth rate and occupied
ca. 22% of bacterial abundance. It is also shown that
the specific growth rates of different morphological
groups in the natural bacterial community are different
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and changeable in a day (Turley & Lochte 1986). Considering that the impact of phages on bacteria strongly
depends on the metabolic activity of the host (Weinbauer & Peduzzi 1994), virus production rates could
vary depending on the growth rates of bacterial
groups. Thus, we reasoned that estimates of VPTEM
might increase with assumptions of an uneven distribution of bacterial growth rates and different susceptibility to viral infection in bacterial community compared to those obtained by mean bacterial growth rate
and identical susceptibility to viruses in the bacterial
community. In this study, we developed a theoretical
model and applied it to the field samples. We compared the frequencies of visibly infected cells (FVIC)
and the frequencies of dividing cells (FDC) among
different bacterial morphotypes in samples from the
East Sea. The presence of fast-growing bacteria
(apparently more susceptible to virus infection) in the
bacterial community substantially increased the estimates of VPTEM.

hydrophilic by floating on a drop of 1% poly-L-Lysine
for 1 min (Suttle 1993). Grids were stained for 20 s with
0.5% uranyl acetate followed by 3 sequential rinses
with 0.02 µm filtered Milli-Q® water. We examined
more than 300 bacteria per sample using a TEM (JEOL
2000 EXII) operated at 100 keV and at 30 000 × magnification. Bacteria were classified into 4 groups based
on morphotypes (i.e. rods, cocci, curved shapes and
spirillae). Relative abundance, FVIC and FDC were
measured for each morphotype by TEM observation.
We used a conversion factor of 5.42 to convert FVIC to
frequency of infected cells (FIC; Proctor et al. 1993).
VPTEM was calculated by multiplying together burst
size, FIC and bacterial production (Guixa-Boixareu et
al. 1996, Steward et al. 1996).
Other analyses. Regression analysis and analysis of
variance (ANOVA) were carried out using SPSS for
Windows (Ver. 8.0, SPSS Inc. 1997). Numerical simulations of models in this paper were performed using
Fortran PowerStation (Ver. 4.0, Microsoft Corp. 1994)
for Windows 98.

MATERIALS AND METHODS
RESULTS AND DISCUSSION
Study area. Samples were collected between October 12 and 17, 1999, in the East Sea, Korea. Three offshore sites (A2: 129° 45’ E, 37° 45’ N; A3: 130° 21’ E,
37° 53’ N; A4: 130° 58’ E, 37° 50’ N) were visited, and the
sampling depths for each site corresponded to standard depths (i.e. 0, 10, 20, 30 and 50 m).
Bacterial production. Bacterial production was measured by the 14C-leucine incorporation method (Simon
& Azam 1989). Ten to 30 ml of seawater samples in
triplicate were dispensed to sterile polypropylene
tubes, and 14C-leucine (specific activity = 304 mCi
mmol–1) was added to each tube at 10 nM (final conc.).
Formalin-killed samples (final conc. of 2%) served as
blanks. The samples were incubated in the dark at in
situ temperature for less than 2 h. The incorporated
radioactivity was converted to cell number produced
using a conversion factor of 0.18 × 1018 cells mol–1
leucine incorporated (Ducklow et al. 1992, Cho et al.
2000).
Virus production based on TEM observation
(VPTEM). Samples for measurement of virus production
were preserved with electron-microscopy-grade glutaraldehyde (final conc. of 2%) and stored in sterile
polypropylene centrifuge tubes at 4°C. Other steps
were performed as in Weinbauer & Suttle (1997),
except for the centrifugation speed. To collect bacteria
on grids, samples (5 ml) were centrifuged (Beckman
XL-90) at 15 000 rpm (30 000 × g) using a swinging
bucket rotor (SW41) for 30 min at 20°C. Cells were
harvested directly onto Formvar-coated, 200-mesh
electron-microscope grids that were made evenly

Model development
To start with the simplest model, we used a hypothetical bacterial community composed of 2 groups.
One group is growing faster and the other group growing slower than mean growth rate of the total bacterial
community. First, we can demonstrate that the frequency of infected cells in the slow-growing group,
FICs, can be expressed in terms of variables of the fastgrowing group (symbols summarized in Table 1):
ρf
1
1
Nf /N T
I
=
= T ×
= FIC T ×
δf
If / I T
N T If / N f
FIC f
FIC T =

FIC s =

ρf
× FIC f
δf

(1)

Is
I T − If
I
1 − I f /I T
1 − δf
=
= T ×
= FIC T ×
1 − ρf
Ns
N T − Nf
N T 1 − N f /N T

From Eq. (1),
FIC s =

ρf (1 − δ f )
× FIC f
δ f (1 − ρf )

(2)

Assuming that the latent period is approximately equal
to the generation time of bacteria (Proctor et al. 1993,
Guixa-Boixareu et al. 1996), and the infected cells are
removed only by viral lysis, virus production can be
calculated by (Guixa-Boixareu et al. 1996, Steward et
al. 1996):
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Table 1. Abbreviations used in the text. Units are indicated in parentheses, otherwise dimensionless
Abbreviation

Description

Model of 2 bacterial groups
Total bacterial abundance (cells l–1)
NT
Bacterial abundance of a fast-growing group (cells l–1)
Nf
Bacterial abundance of a slow-growing group (cells l–1)
Ns
Abundance of total infected bacteria (cells l–1)
IT
If
Infected bacterial abundance of a fast-growing group (cells l–1)
Infected bacterial abundance of a slow-growing group (cells l–1)
Is
Total bacterial secondary production (cells l–1 d–1)
BSPT
Bacterial secondary production of a fast-growing group (cells l–1 d–1)
BSPf
Bacterial secondary production of a slow-growing group (cells l–1 d–1)
BSPs
Frequency of total infected cells [IT /NT]
FICT
Frequency of infected cells in a fast-growing group [If /Nf]
FICf
FICs
Frequency of infected cells in a slow-growing group [Is /Ns]
Mean burst size of total infected cells (viruses)
ZT
Zf
Burst size of infected cells in a fast-growing group (viruses)
Burst size of infected cells in a slow-growing group (viruses)
Zs
Specific growth rate of a fast-growing group (d–1)
µf
µs
Specific growth rate of a slow-growing group (d–1)
ρf
Bacterial abundance ratio of a fast-growing group to total [Nf /NT]
Ratio of infected cells of a fast-growing group to total infected cell abundance [If/IT]
δf
K
Ratio of specific growth rate of a fast-growing to a slow-growing group [µf/µs]
ν
Burst size ratio of a fast-growing to a slow-growing group [Zf /Zs]
VPE(1)
Virus production based on TEM observation (using mean growth rate of bacterial community)
VPE(K)
Virus production based on TEM observation (assuming uneven growth among bacterial groups)
Model of n bacterial groups
Ni
Bacterial abundance of group i (cells l–1)
Burst size of bacterial group i (viruses)
Zi
Z1,Zn
Burst size of the fastest and the slowest growing bacterial group, respectively
µi
Specific growth rate of bacterial group i (d–1)
Specific growth rate of the fastest and the slowest growing bacterial group, respectively (d–1)
µ1,µn
Mean growth rate of a bacterial community (d–1)
µT
ρi
Bacterial abundance ratio of group i to total [Ni /NT]
Ratio of infected cells of bacterial group i to total infected cell abundance [Ii /IT]
δi
Ki
Ratio of specific growth rate of bacterial group i to that of the slowest group [µi /µn]
νi
Burst size ratio of bacterial group i to the slowest group [Zi /Zn]

VPE (1) = Z T × FIC T × BSPT

(3)

where VPE(1) and ZT are defined as virus production
based on conventional TEM observation and mean
burst size of total infected cells, respectively. However,
Eq. (3) includes an assumption that specific growth
rates of all bacteria are the same, which is not true
(Pinhassi et al. 1999). The difference between the
growth rate of the fast-growing group (µf) and that of
the slow-growing group (µs) can be represented as follows:
µf
= K > 1
µs
Bacterial secondary production (BSP) is equal to the
multiplication of the specific growth rate (µ) and the
bacterial abundance (N; Pollard & Moriarty 1984), and
the total BSP is the sum of the bacterial production of
fast- and slow-growing groups. Therefore:
BSPT = BSPf + BSPs

(4)

µf
µf ⋅ N f
µs
BSPf
K
=
=
=
µ f ⋅ N f + µs ⋅ N s
1 − ρf
BSPT
µf N s N T
K+
+
ρf
µs N f N T
∴ BSPf =

Kρf
BSPT
ρf (K − 1) + 1

BSPs = BSPT − BSPf = BSPT −
=

(5)

Kρf
BSPT
ρf (K − 1) + 1

1 − ρf
BSPT
ρf (K − 1) + 1

(6)

Because ZT is the mean burst size of the total infected
cells, ZT can be represented by the burst size of fast(Zf) and slow-growing (Zs) bacterial groups:
Z T = δ fZ f + (1 − δ f )Z s

(7)

Further, to simplify equations, a parameter (ν) is introduced as the ratio of Zf to Zs .
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Since total virus production is a sum of virus production of 2 bacterial groups, we obtain:

From FIC i =

δi
FIC T (see Eq. 1), we obtain:
ρi

VPE (K ) = VPf + VPs = Z f × FIC f × BSPf + Z s × FIC s × BSPs
(8)

VPE (K ) = Z1 ×

δ1
δ
FIC T × ρ1 × N T × µ1 + Z 2 × 2 FIC T
ρ1
ρ2

× ρ2 × N T × µ 2 + L + Z n ×

Substituting Eqs. (2), (5) & (6) into Eq. (8), we obtain:
ρf
 1 − δf

+ KZ f  ×
VPE (K ) =  Z s
× FIC f × BSPT (9)

 ρf (K − 1) + 1
δf
If K is equal to 1 (i.e. growth rates of 2 bacterial groups
are the same) and there is no significant difference in
burst size between the 2 groups (i.e. ν = 1), we obtain:
VPE (1) = Z T ×

ρf
× FIC f × BSPT
δf

δn
FIC T × ρn × N T × µ n
ρn

n

= FIC T × N T × ∑ Z i µ i δ i

(14)

i =1

n
i =1

Eq. (3) can be changed to:

(10)

∑Zi δi ,

i =1

VPE (1) = Z T × FIC T × N T × µ T
n

which is exactly the same as Eq. (3) used routinely for
calculating VPTEM.
Combining Eqs (9) & (10), we obtain:

n

Further, since BSPT = NT µT = NT ∑ µi ρi and ZT =

=

n

∑ Z i δi × FIC T × N T × ∑ µi ρi
i =1

i =1

Thus, we obtain:
n

VPE (K )
VPE (1)

δ f ( νK − 1) + 1
=
ρ
(
−
K
[ f 1) + 1] ⋅ [δ f (ν − 1) + 1]

(11)

∑ Z i µi δi

VPE (K )

=

VPE (1)

VPE (1)

n

∑ Zi δi × ∑ µi ρi

For ν = 1, we have:
VPE (K )

i =1

n
i =1

δ (K − 1) + 1
= f
ρf (K − 1) + 1

(12)
=

Eq. (12) indicates that if δf > ρf (i.e. virus infection is
biased to a fast-growing bacterial group), VPE(K) would
always be higher than VPE(1) since K > 1. In contrast, if
δf < ρf, VPE(K) is lower than VPE(1). This case, however,
would be implausible in natural environments because
slow-growing bacteria must be more infected than
fast-growing ones. If fast-growing bacteria have a
larger burst size and are more infected than slowgrowing ones, for the given values of δf, ρf and K, the
ratios of VPE(K) to VPE(1) of Eq. (11) become larger than
those obtained for the case where ν = 1 (data not
shown). But if fast-growing bacteria have a smaller
burst size than slow-growing bacteria (ν < 1), in all
cases the ratios will be smaller than 1, whether δf is
larger than ρf or not (data not shown).
Further, we can mathematically demonstrate that
Eq. (11) can be expanded for a bacterial community
composed of n groups. For a bacterial community consisting of n bacterial groups, it could be possible to
rearrange bacterial groups in a descending order in
terms of growth rates (µi ≥ µi +1; µ1 and µn are the
growth rates of the fastest-growing and slowest-growing bacteria, respectively). We define Ki and νi as the
ratio of µi to µn and Zi to Zn, respectively. Considering
different growth and uneven susceptibility to viruses,
virus production (VPE(K)) will be:

i =1

(15)

Z1 µ1 δ1 + Z 2 µ 2 δ 2 + L + Z n µ n δ n
Z
δ
δ
+
( 1 1 2Z 2 + L + δnZ n )(µ1ρ1 + µ 2ρ2 + L + µ n ρn )

Dividing both the numerator and the denominator by
Zn µn, then VPE(K)/VPE(1) can be modified with respect to
Ki and νi :
VPE (K )
VPE (1)

=

ν1K1 δ1 + ν2K 2 δ 2 + L + νn−1 K n−1 δn−1 + δ n
(δ1ν1 + δ 2 ν2 + L + δn−1 νn−1 + δ n )(K1ρ1 + K 2 ρ2 + L + K n−1 ρn−1 + ρ n )
(16)
From the definition:
n

∑ δi

= 1,

δ n = 1 − (δ1 + δ 2 + L + δ n −1 )

= 1,

ρn = 1 − (ρ1 + ρ2 + L + ρn −1 )

i =1
n

∑ ρi
i =1

Insertion of δn and ρn into Eq. (16) gives the following:
n −1

VPE (K )
VPE (1)

1 + ∑ δ i ( νi K i − 1)
=

i =1

 n −1
  n −1

1 + ∑ δ i ( νi − 1) 1 + ∑ ρi (K i − 1)




i =1
i =1

(17)

For νi = 1 (i.e. same burst size in each group), Eq. (17)
becomes:
n −1

VPE (K ) = Z1 × FIC1 × N 1 × µ1 +
Z 2 × FIC 2 × N 2 × µ 2 + L + Z n × FIC n × N n × µ n
(13)

VPE (K )
VPE (1)

1 + ∑ δi (K i − 1)
=

i =1
n −1

1 + ∑ ρi (K i − 1)
i =1

(18)
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Fig. 1. A typical example of the numerical simulation analyses of our model. Bacterial groups (n = 30) in a hypothetical community were evenly arranged in descending order in terms of growth rate (i.e. µ1/µ30 = 10). In each panel, the R-value (=
VPE(K)/VPE(1)) without parentheses was calculated assuming a linear increase in burst size with growth rate (dotted line); the Rvalue in parentheses was calculated assuming a constant burst size among bacterial groups. Solid lines represent distributions of
δi among bacterial groups, and vertical bars ρi. ρi , δi ∈ [0.02, 0.42]. For definitions of symbols, see Table 1

which is similar in form to Eq. (12) obtained for the 2bacterial-group model.
As seen for the 2-bacterial-group model, similar
results are obtained for a case of 30 bacterial groups
(Fig. 1) as well as 10 and 100 bacterial groups (data
not shown). Assuming that virus infection is biased to
fast-growing bacterial groups, numerical simulation
analyses show that the ratios of VPE(K) to VPE(1) are
greater than 1. Further, inclusion of a very slow growing bacterial group in a bacterial community (e.g.
0.001 d–1, leading to an extremely high value of K1)
gives a similar result (VPE(K)/VPE(1) > 1, data not
shown). Consideration of an active but non-dividing
bacterial group in the community requires a slight
modification of Eq. (15) for numerical simulation analysis. The results of the analyses show that the ratios of
VPE(K) to VPE(1) are still higher than 1 when virus infection is biased to fast-growing bacterial groups (data not
shown). There are cases in which the ratios of VPE(K) to
VPE(1) are lower than 1 (Fig. 1). These cases are possible when an ecologically irrelevant assumption is
made (i.e. slow-growing bacteria are more infected
than fast-growing ones). If fast-growing bacteria have

a larger burst size and are more infected than slowgrowing ones (Fig. 1), for the given values of δf, ρf and
K, the ratios of VPE(K) to VPE(1) of Eq. (17) become larger
than those obtained for a case of ν = 1 (see Fig. 1). But,
if fast-growing bacteria have a smaller burst size than
slow-growing bacteria (ν < 1), the ratios generally tend
to be smaller than those obtained for a case of ν = 1
(data not shown). Weinbauer & Peduzzi (1994)
reported that burst sizes correlated positively with cell
size. In general, more actively growing bacteria are
larger than slowly growing bacteria (Gasol et al. 1995).
Thus, intuitively, a positive relationship between
growth rates and burst sizes would be expected for
natural marine bacteria. In a numerical simulation of
our model, a positive relationship between growth
rates and burst sizes was assumed for cases where ν >
1 (Fig. 1). Neither the use of an exponential nor a sigmoidal relationship between growth rates and burst
sizes substantially increases the ratios of VPE(K) to
VPE(1) of Eq. (17) (data not shown). Overall, our model
predicts that with an ecologically relevant assumption,
the estimated virus production would be generally
upward.
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Table 2. Relative abundance and frequency of visibly infected cells (FVIC) in various bacterial morphotypes in some marine environments. Values are mean ± SD (ranges). n: number of samples. nd: not determined
Site

Morphotype

n

East Sea

Rod
Curved shape
Coccus
Spirillum
Rod
Curved shape
Coccus
Spirillum
Rod
Curved shape
Coccus
Spirillum
Rod
Coccus
Spirillum
Rod
Coccus
Spirillum

15
15
15
15
38
38
38
18
14
14
14
7

Oxic waters
in Masan Bay
(unpubl. data)
Hypoxic waters
in Masan Bay
(unpubl. data)
Weinbauer et al.
(1993)
Weinbauer &
Peduzzi (1994)

53
53
53

An application of the model to field samples
To test this idea, we measured VPTEM in seawater
samples collected from the East Sea. Interestingly, the
distribution of FVIC in each morphotype was not consistent with the relative distribution of morphotypes
(Table 2). This trend was shown in other studies as well
(references in Table 2). Cocci were more significantly
infected than other morphotypes (ANOVA, p < 0.001).
In addition, we examined whether growth rates would
be different in each group by using the FDC
(Hagström et al. 1979) of each morphotype as follows:
First, bacterial community FDC was highly correlated

Relative abundance
% of total
30.2 ± 5.9
36.6 ± 6.0
26.1 ± 3.5
7.1 ± 3.7
46.1 ± 5.1
33.4 ± 5.7
20.2 ± 6.3
0.8 ± 0.9
46.2 ± 4.1
35.7 ± 6.7
17.6 ± 5.8
. 1 ± 0.6
84.6 ± 9.0
10.3 ± 8.1
5.1 ± 5.9
84.1
10.7
5.2

(17.6–38.6)
(27.7–52.0)
(20.2–31.1)
(2.6–16.4)
(32.9–55.5)
(23.3–44.9)
(5.5–30.7)
(0–3.5)
(39.2–52.5)
(24.3–46.0)
(7.8–31.1)
. (0–1.7)

(62.5–96.5)
(1.1–28.1)
.(0–29.0)

FVIC
% of total
0.4 ± 0.2
0.1 ± 0.1
0.7 ± 0.3
0.02 ± 0.10
0.4 ± 0.4
0.1 ± 0.2
0.4 ± 0.3
nd
0.4 ± 0.3
0.2 ± 0.1
0.6 ± 0.3
nd
1.6 ± 1.1
5.1 ± 3.6
nd
1.2
2.5
1.4

(0–0.7)
(0–0.3)
(0.3–1.2)0.
(0–0.3)
(0–2.6)
(0–0.5)
(0–1.1)
(0–1.0)
(0–0.4)
(0–1.2)

(0–3.8)0
(0–11.1)
(0–14.3)

with BSPT (Fig. 2), suggesting that the FDC versus BSP
relationship for each morphotype would be similar to
that for the bacterial community. Based on this observation, we converted FDC of each morphotype to the
BSP of each morphotype and then to the growth rate of
the corresponding group by using the bacterial abundance of each group and an assumption of logarithmic
growth in bacteria. In the East Sea, the mean growth
rate of the bacterial community ranged from 0.01 to
0.08 d–1. However, growth rates in each morphotype
were different from the community growth rate (cocci:
0.03 to 0.3 d–1, rods: 0.008 to 0.07 d–1, curved shapes:
0.007 to 0.05 d–1, spirillae: FDC was not detected), indicating uneven growth in each group (Fig. 3). From Eq.
(13), we can proceed as follows:
VPE (K ) = VPC + VPR + VPU + VPSP
= Z C × FIC C × BSPC + Z R × FIC R × BSPR
+ Z U × FIC U × BSPU + Z SP × FIC SP × BSPSP

Fig. 2. Relationship between bacterial secondary production
(BSP) and frequency of dividing cells (FDC) in the East Sea,
1999

where subscripts C, R, U and SP represent, respectively, cocci, rods, curved shapes and spirillae for the
corresponding variables. Applying both different values for growth and FVIC for each morphotype, we
obtained a 1.2 to 2.8 times higher virus production (n =
15) than those by conventional TEM approach. Given
the facts that bacteria were only classified as 4 morphological groups and each morphotype would be
expected to include bacteria with various ranges of
growth rates, it was rather interesting that estimates of
VPE(K) were greater than those of VPE(1). According to
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Fig. 3. A relationship between growth rate and frequency of
visibly infected cells (FVIC) of bacterial morphotypes (s:
cocci; j: rods; h: curved shapes) in the East Sea, 1999
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