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Why bacteria are smaller in the epilimnion than in the hypolimnion?
A hypothesis comparing temperate and tropical lakes
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ABSTRACT

Bacterial size and morphology are controlled by several factors including predation, viral lysis, UV radiation, and inorganic nu-
trients. We observed that bacterial biovolume from the hypolimnion of two oligotrophic lakes is larger than that of bacteria living in the
layer from surface to 20 m, roughly corresponding to the euphotic/epilimnetic zone. One lake is located in the temperate region at low
altitude (Lake Maggiore, Northern Italy) and the other in the tropical region at high altitude (Lake Alchichica, Mexico). The two lakes
differ in oxygen, phosphorus and nitrogen concentrations and in the temperature of water column. If we consider the two lakes separately,
we risk reducing the explanation of bacterial size variation in the water column to merely regional factors. Comparing the two lakes,
can we gather a more general explanation for bacterial biovolume variation. The results showed that small bacteria dominate in the
oxygenated, P-limited epilimnetic waters of both lakes, whereas larger cells are more typical of hypolimnetic waters where phosphorus
and nitrogen are not limiting. Indeed, temperature per se cannot be invoked as an important factor explaining the different bacterial
size in the two zones. Without excluding the top-down control mechanism of bacterial size, our data suggest that the average lower size
of bacterial cells in the epilimnion of oligotrophic lakes is controlled by outcompetition over the larger cells at limiting nutrients.

Key words: bacterial size, bacteria in hypolimnion, Lake Maggiore, Lake Alchichica.

Received: October 2011. Accepted: December 2011.

INTRODUCTION

The heterotrophic bacterial community is the most im-
portant biological component in the transformation and
mineralization of organic matter in aquatic systems, and its
biomass constitutes a large fraction of the total plankton
biomass (Simon et al. 1992). It is recognized that bacteria
mediate key pathways in biogeochemical cycles (Sherr, and
Sherr 2000) and are also the main food source for microor-
ganisms at the base of the food web (Azam et al. 1983).

Among the characteristics of aquatic bacterial assem-
blages, cell size firstly attracted the attention of investiga-
tors (Stevenson 1978). Direct epifluorescence microscopy
of DAPI (4°,6-diamidino-2-phenylindole) stained samples
has been successfully used as standard method for bacteria
counting and sizing in the last decades (Porter, and Feig
1980). In the early 1990s, flow cytometry was introduced
as an effective and rapid method for bacteria counting
(Shapiro 1995) and rapidly became a key tool in aquatic
microbial ecology. Nevertheless, microscope counting, al-
though time-consuming, is less expensive and allows for
a direct view of the cells. The relationship among side scat-
ter, DAPI fluorescence and cell volume measured by epi-
fluorescence microscopy (Robertson, and Button 1989;
Gasol, and del Giorgio 2000; Felip et al. 2007) allows to

compare bacterial cell size obtained by flow cytometry
(LNA and HNA cells) to cell size provided by microscopy
(Button et al. 1996). In general and for the purpose of this
paper, small cell volume came to be associated to low-nu-
cleic acid (LNA) bacteria, while large cell volume to high-
nucleic acid (HNA) bacteria (Gasol et al. 1999; Lebaron
et al. 2001).

Earlier, small bacteria have been considered dormant
(Gasol et al. 1995). Nevertheless, while small bacteria
have an ATP-per cell content 10-fold lower than large bac-
teria, once this is normalized to cell volume, the ATP/ bio-
volume rate is quite similar for small and large bacteria,
thus demonstrating that both are active (Wang et al. 2009).
Thus, the evidence from the analysis of cytometric param-
eters is contradictory and does not univocally account for
the bimodal distribution of bacterial size both as to com-
munity activity and composition (Bouvier et al. 2007).

Bacterial size, structure, and morphology in the verti-
cal profile can depend on many factors, like predation
(Jurgens, and Matz 2002; Pernthaler 2005), viral lysis
(Weinbauer, and Hofle 1998; Berdjeb et al. 2011), UV ra-
diation (Corno et al. 2009), and organic and inorganic nu-
trients (Vrede et al. 2002). The top-down control
mechanism indicates that protistan grazing mainly elimi-
nates medium-sized bacterial cells, thus shifting the size-
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Fig. 1. Depth-time diagrams of isotherms and isopleths of dissolved oxygen concentration in Lake Maggiore (a and b) and in Lake

Alchichica (¢ and d), during 2006 and 2007.

structure of bacterial assemblages towards smaller and/or
larger cells (Hahn, and Hofle 1999). Therefore, grazing
pressure may be indicated as an important cause of bac-
teria size variation over the year, strictly related to the
presence of protozoa.

Less evident is the bottom-up control mechanism on
bacterial size structure. In order to analyze this mecha-
nism, in this paper we tried to clarify mainly the effects
of physicochemical parameters on bacteria size, not con-
sidering the top-down effects.

Lakes have mixing and stratification periods through-
out the year, according to their thermal pattern. During
the thermal stratification gradients of dissolved oxygen
and nutrient concentrations are established, which influ-
ence the vertical distribution of planktonic organisms. In
particular, bacterial cell size in inland waters can fluctuate
with depth and time, depending on the characteristics and
dynamics of the system.

The presence of bacteria with larger mean size in the
hypolimnion (20-350 m) and with smaller size in the epil-
imnion (0-20 m) was observed in the deep subalpine olig-
otrophic Lake Maggiore (Northern Italy) (Bertoni et al.
2010). In the present paper we enlarged our data set con-
sidering two-year data of bacteria cell size, temperature,
oxygen, nitrogen and phosphorus in two oligotrophic

lakes, one temperate (Lake Maggiore) and the other trop-
ical (Lake Alchichica). The aim of this study was to de-
termine if physicochemical parameters could affect the
bacterial size patterns in the epilimnion and hypolimnion
of the two lakes. We expected new insight for understand-
ing cell size differences from the comparison of two water
bodies which differ in many limnological features.

MATERIALS AND METHODS
Study sites

Lake Maggiore is a large, deep, subalpine, glacial lake
(212.2 km?, Z,,,. 372 m) (de Bernardi et al. 1996), located
in a temperate area (45°57°N and 8°38°E) at a low altitude
(198 m a.s.l) within an exoreic basin with 13 main tribu-
taries in Northern Italy. The lake is classified as holo-
oligomictic, since complete overturn only takes place
during strong wind and low air temperature periods, but
the hypolimnion is always oxic (Ambrosetti et al. 2003)
(Fig. 1). The lake is oligotrophic, with mean total chloro-
phyll-a concentration of 2 ug L! (Bertoni et al. 2010) and
TP of about 10 ug L (Bertoni et al. 2004). Total inorganic
nitrogen is never limiting in the whole water column with
nitrate as the dominant form. Other distinctive character-
istics are shown in Tab. 1.
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Lake Alchichica is a small, relatively deep, maar crater
lake (2.3 km?, Z,,. 62 m) (Filonov et al. 2006), located in
a tropical region (19°24’N and 97°24°W) in a high-alti-
tude plateau (2340 m a.s.l.) within the endorheic Oriental
Basin of Central Mexico. It is classified as warm-monom-
ictic as annual mixing takes place from late December to
early March during the cold dry season. Lake Alchichica
remains stratified throughout the rest of the year during
the warm-rainy season (Alcocer et al. 2000). The lake is
oligotrophic, with mean chlorophyll-a concentration of 4
ug Lt (Adame et al. 2008). Inorganic nitrogen can be lim-
iting in the epilimnion with ammonium as the dominant
form (Macek et al. 2009) (Tab. 1).

Samplings, chemical analyses

In Lake Maggiore samples were collected monthly at
the deepest point (Ghiffa: 372 m) during 2006 and 2007.
Water samples from epilimnion were taken using a sam-
pler which collects a 5 L sample in a single operation from
the thermocline depth up to the surface (Bertoni, pat. 96/A
000121). Samples from the hypolimnion were all taken at
the thermocline depth, at 50 m, and at 50 m intervals
down to the bottom. The integrated sample was obtained
by pooling volumes for each sample proportional to the
thickness of the layer. Soluble Reactive Phosphorus (SRP)
and Dissolved Inorganic Nitrogen (DIN) was determined
according to A.P.H.A. (1992) after sample filtration
through GF/C Whatman filters. Oxygen and temperature
were measured in situ using a multiparameter submersible
probe (Lake Maggiore: IDRONAUT OS316, Lake
Alchichica: Hydrolab DS4/SVR4 Water Quality Monitor-
ing System).

In Lake Alchichica samples were taken monthly
throughout 2006 and 2007 using Niskin bottles. The sam-
pling station was approximately in the centre of the water
body, at the deepest part of the lake (62 m). Five depths
were sampled at mixing and 10 depths during stratification,
covering the surface (0.5 m), epilimnion, metalimnion
and/or oxycline, hypolimnion, and near the bottom layers.

—— Epilimnion

—o— Hypolimnion

] TT1

2006

2007

ng L'
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Tab. 1. Comparative characteristics of the temperate Lake Mag-
giore (Northern Italy) and the tropical Lake Alchichica (Central
Mexico). Dissolved Oxygen (DO), chlorophyll-a (chl-a), Par-
ticulate Organic Carbon (POC), Soluble Reactive Phosphorus
(SRP), Dissolved Inorganic Nitrogen (DIN). (a) Bertoni et al.
2010, (b) Adame et al. 2008, (c) Alcocer et al. 2007.

Lake Maggiore Lake Alchichica

Trophic state Oligo-trophic Oligo-trophic

Salinity classification Freshwater Hyposaline

‘Warm monomictic
14 °C
14-20 °C

Thermal classification
Cold season
‘Warm season

Holo-oligomictic
6°C
6-24°C
Oxygen at stratification Oxigenated w.column Anoxic hypolimnion

DO (mg L) 5-4 0-7

2.0 (a) 4.2 (b)
Epilimnion 20-26 (a) Epilimnion 42-275 (c)
Hypolimnion 5-8 (a) Hypolimnion<8-167 (c)

Mean chl-a (ug L)
POC (umol L)

SRP (ug L") Epilimnion<1-8 Epilimnion 4-16
Hypolimnion 6-10 Hypolimnion 6-72
DIN (ug L") Epilimnion 631-880 Epilimnion 12-40

Hypolimnion 840-895 Hypolimnion 75-349

Bacteria counting and biovolume measuring

In both lakes, samples for cell counting were imme-
diately fixed with 0.2 um filtered formaldehyde (final
concentration 2% vol/vol) and the samples stored at 4°C
in the dark. After 4’,6-diamidino-2-phenylindole (DAPI)
staining (final concentration 0.1 ug mL™"), the samples
were filtered onto 0.2 um pore-size polycar bonate mem-
branes, and counted via epifluorescence microscopy
(HBO 100 W lamp, 1250x and filter sets for UV: BP365,
FT 395, LP420).

Bacteria morphometric measures (L:length, W:width)
were obtained via images taken with a digital color camera
(Cool Snap-Pro camera Media Cybernetics or Canon S45)
and analyzed using image analysis software (Lake Mag-
giore: Image-Pro Plus 5.1 Media Cybernetics, Lake
Alchichica: ImagelJ). The volumes were estimated based
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Fig. 2. Soluble Reactive Phosphorus (SRP) variations in the epilimnion and hypolimnion of Lake Maggiore (left panel) and Lake

Alchichica (right panel) during 2006-2007.
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Tab. 2. Morphometric characteristics of bacterial cells in the epilimnion and hypolimnion of Lake Maggiore and Lake Alchichica (length
L, width W (um cell") and volume (um? cell!) as annual mean+standard error).

Epilimnion Hypolimnion
Year Length Width Volume Length Width Volume
L. Maggiore 2006 0.57+0.13 0.38+0.01 0.07+0.09 0.58+0.21 0.41+0.02 0.09+0.12
2007 0.67+0.16 0.46+0.01 0.12+0.16 0.80+0.26 0.53+0.03 0.18+0.23
L. Alchichica 2006 0.93+0.21 0.22+0.04 0.04+0.01 0.99+0.23 0.24+0.02 0.05+0.03
2007 1.25+0.28 0.23+0.04 0.06+0.02 1.26+0.29 0.23+0.03 0.07+0.03
on simple geometric shapes (bacteria as cylinder with two 025 - ~+-ac- Epilinmion AL +m--- Hypolmnion AL

spherical ends) (Posch et al. 1997) and the systems cali-
brated with fluorescent latex beads (0.86 wm diameter). Be-
tween 600 and 1000 cells were measured for each sample.

Statistical analysis was performed using Statgraphics
plus analysis program Version 5, statistical package. Cor-
relation was tested using the Pearson product moment cor-
relation or Spearman Rank order correlation in case of not
normally distributed data. Differences between the epil-
imnion and the hypolimnion were tested using #-test. The
Mann-Whitney rank sum test was used when data were
not-normally distributed. Data of bacterial cell biovolume
were smoothed among sampling date using a simple mov-
ing average of 5 term-smoothing.

RESULTS

The depth-time diagrams of isotherms and dissolved
oxygen isopleths clearly underline the contrast between
tropical and temperate lakes (Fig. 1). While in Lake Mag-

giore dissolved oxygen (DO) is always present along the E 1309
year in the deep hypolimnion, in Lake Alchichica DO %

. L 2 100
shows different concentrations in the water column. The (3
epilimnion is saturated or oversaturated, the metalimnion 5

develops an oxycline related to the establishment of the
termocline and the hypolimnion reaches a tendency to the
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Fig. 3. Simple moving average of 5 term smoothing of bacte-
rial cell biovolume in the epilimnion and hypolimnion of Lake
Maggiore (LM) and Lake Alchichica (LA) during 2006-2007.

250+ Lake Maggiore
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M Hypolimnion

anoxia. Soluble reactive phosphorus (SRP, Fig. 2) was Sodasnoneagdaxon
significantly lower (Mann-Whitney rank sum test) in the cell volume (um®)

epilimnion than in the hypolimnion both in Lake Mag-
giore (n=25, p<0.001) and Lake Alchichica (n=16,
p<0.001). Also DIN resulted significantly lower (Mann-
Whitney rank sum test) in the epilimnion than in the hy-
polimnion in Lake Alchichica (n=16, p<0.001) and in
Lake Maggiore (n=25, p<0.001), but in the latter this nu-
trient is never limiting production as the concentrations
are always higher than 600 pg L.

Bacteria reach biovolumes lower than 0.2 wm? in Lake
Maggiore and lower than 0.1 wm? in Lake Alchichica
(Tab. 2). Comparing the same layers of the two lakes, cell
biovolume in the epilimnion of Lake Maggiore was 1.6
fold larger than in Lake Alchichica and 2.4 fold larger
considering the hypolimnion (Tab. 2). In general, the
higher difference in bacterial cell size between epilimnion
and hypolimnion appeared at higher water temperature.
The presence of very small bacteria in Lake Alchichica
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Fig. 4. Representative examples of bacterial volume frequency
distribution in epilimnion and hypolimnion of Lake Maggiore
and Lake Alchichica.
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(mean annual average: 0.04 um3) has been already un-
derlined (Hernandez-Avilés et al. 2010) but a difference
along the vertical profile was never noted.

Analyzing two year smoothed data, we found that bac-
teria cell biovolumes in the hypolimnion were significantly
larger than those in the epilimnion both in Lake Maggiore
(t;5=3.73, p<0.001) and Lake Alchichica (t,,=2.04, p<0.05)
(Fig. 3). The size frequency of bacterial volume in epil-
imnion and hypolimnion clearly show the different size of
bacterial population in both lakes (Fig. 4).

In the stratification periods the differences were higher
between these two zones, associated with the establish-
ment of stratification in both lakes. In the anoxic hy-
polimnion cell biovolumes were 1.3 times larger than in
the oxic epilimnion in Lake Alchichica, while in the oxy-
genated Lake Maggiore this ratio was 1.5.

In both lakes bacterial morphology was quite different.
In Lake Alchichica bacteria showed elongated and thin
shapes whilst in Lake Maggiore the cells had a coccoid
form according to the W/L ratio (Tab. 3).

In Lake Maggiore bacteria cell volumes were signifi-
cantly correlated with DO, SRP and DIN. In Lake
Alchichica bacteria cell volume were significantly corre-
lated only with DO and SRP. In both lakes there is no sig-
nificant correlation between bacteria cell volume and
temperature (Tab. 4).

DISCUSSION

In the temperate Lake Maggiore and in the tropical
Lake Alchichica a parallel increase of cell size with depth
was found during two seasonal cycles. One explanation
of the larger bacteria found in the hypolimnion could be
related to differences in community composition. In Lake
Alchichica the bacterial composition in the anoxic hy-
polimnion is associated to denitrification process and sul-
phate reduction and may explain the larger size observed
in this layer (Hernandez-Avilés et al. 2010). Nevertheless
no strong evidence has been published on the direct rela-
tion between the bacterial community composition and
cell size. Studies of the phylogenetic composition of LNA
and HNA have obtained conflicting results: some demon-
strated that LNA bacteria are not substantially different
from HNA bacteria in terms of composition (Bernard et
al. 2000; Longnecker et al. 2005); conversely, others
found that the phylogenetic composition of the two frac-
tions differs (Zubkov et al. 2001). These results show that
more studies are necessary before we can indicate the
community composition as a cause of the difference in
size along the vertical profile (Bouvier et al. 2007). Cell
size polymorphism has been found to characterize some
species, but adaptation to starvation, UVR or grazing can
alter natural morphological characteristics (Bernard et al.
2000; Corno et al. 2009). Therefore, if there is a relation
between bacterial cell size and phylogenetic composition,

Tab. 3. Mean Width-Length (W/L) ratio of bacterial cells indi-
cating their morphology (near 1 circular shape,<0.2 elongated
forms).

Epilimnion Hypolimnion
Year W/L W/L
L. Maggiore 2006 0.67 0.71
2007 0.69 0.66
L. Alchichica 2006 0.24 0.24
2007 0.18 0.18

Tab 4. Spearman rank correlation coefficients between bacterial
volume (um? cell!) and the four physicochemical parameters
considered in Lake Maggiore and Lake Alchichica. Significant
differences: *=p<0.05, **=p<0.01;***=p<0.001; n.s.=no signif-
icant difference p>0.05. Abbreviation as in Tab. 1.

Temperature DO PSR DIN
L. Maggiore (n=50)  -0.02 (n.s.) -0.46%**  0.28%  0.46%**
L. Alchichica (n=40) -0.06 (n.s.) -0.39%*%  0.32*  0.07 (n.s.)

it is not that simple to demonstrate and can vary greatly
between ecosystems (Bouvier et al. 2007).

The absence of a correlation between temperature and
bacterial size in Lake Maggiore and Lake Alchichica in-
dicates that temperature cannot be assumed as a determin-
istic factor influencing the average larger size of bacteria
in the hypolimnion, as previously hypothesized (Bertoni
et al. 2010). The significant inverse correlation of bacte-
rial size and oxygen indicates that smaller bacteria prevail
in the epilimnetic layer, always well oxygenated in both
lakes. Thus the relation cell-size/oxygen could be an in-
direct one, likely related to the smaller bacteria outcom-
peting the larger authotrophs in the more oxygenated
epilimnion. But the interaction between bacteria and pro-
ducers in the oxygenated epilimnion can also be not com-
petitive. In a recent study, it has been found that the small
cells are those which consume only the labile fraction of
organic substrates, produced by algae, while the larger
ones can also use more refractory sources of nutrients
(Zubkov et al. 2004).

One common characteristic of Lake Maggiore and
Lake Alchichica is their trophic state. According to their
nutrient and chlorophyll-a concentrations, both lakes are
oligotrophic (Tab. 1). In general, oligotrophic conditions
induce temporary or permanent bacterial adaptation char-
acterized by decreased cellular volume (Schut et al. 1997).
Therefore, in Lake Maggiore and Alchichica, picoplank-
ton can constitute a large portion of the biomass and the
productivity of the system. The dominance of picoplank-
ton in oligotrophic systems (Callieri, and Stockner 2002)
can also be explained by their high affinity for orthophos-
phate (Moutin et al. 2002) and their maximum cell spe-
cific Puptake rates. In Lake Alchichica, during mixing and
early stratification, the concentrations of dissolved inor-
ganic nitrogen (DIN) and soluble reactive phosphorus
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(SRP) are high, whilst during well-established and late
stratification, nutrients are exhausted in the epilimnion
and accumulated in the hypolimnion (Hernandez-Avilés
et al. 2010). In both lakes, SRP concentration in hy-
polimnion is significantly higher than in epilimnion as
well as DIN. The significant correlations between cell vol-
ume and both SRP and DIN found in Lake Maggiore and
SRP in Lake Alchichica indicate that in both lakes the lim-
iting phosphorus can favor smaller cells, with a lower sur-
face/volume ratio, present in the epilimnion, whereas the
effect of nitrogen can be controversial. Conversely, in the
hypolimnion, in absence of algal competition and nutrient
limitation, the necessity to be small is not so compelling.
Therefore, we might suggest that bacteria in the epil-
imnion are smaller than in the deeper layer to outcompete
larger bacteria or even algae. Actually, in nutrient-limited
food webs, the primary producers and the heterotrophic
bacteria will act as competitors for the limiting nutrient
(Olsen et al. 2002), the latter outcompeting the former
(Vadstein 2000; Cotner, and Biddanta 2002).

The W/L ratio of bacteria in Lake Maggiore is around
3 times higher than in Lake Alchichica (Tab. 3). In batch
cultures growing exponentially, it has been found that
under C and P limitation W/L ratio increased, and at very
low W/L ratio the cells were N-limited (Vrede et al. 2002).
According to the W/L found in the two lakes, we infer that
bacterial growth in Lake Maggiore is limited by P and in
Lake Alchichica by N. Indeed, also primary production in
temperate lakes is P-limited while in tropical lakes is N-
limited (Lewis 2002, 2010) or co-limited by N and P
(Hernandez-Avilés et al. 2001). In Lake Alchichica, an al-
ternation in nitrogen, phosphorus or both nutrients in lim-
iting phytoplankton biomass has been experimentally
found (Ramirez-Olvera et al. 2009).

Our hypothesis that bacterial size vertical distribution
in Lake Maggiore and Lake Alchichica responds to the
availability of nutrients in different layers is in accordance
with the results obtained on the vertical variation of bac-
terial nucleic acid contents in the warm monomictic Lake
Biwa (Nishimura et al. 2005). In this lake, during the strat-
ification period an increment of the percentage of HNA
and decrement of LNA bacteria with depth was found. Be-
sides, the authors found a strong positive correlation be-
tween HNA and the dissolved inorganic phosphorus
concentration. They concluded that LNA bacteria outcom-
pete HNA and become an important component of the mi-
crobial loop in P-limited environments.

The presence of smaller bacteria in the superficial lay-
ers might also be related to the presence of labile com-
pounds produced by algae. If the hypothesis formulated
by Zubkov et al. (2004) is verified, the smaller LNA bac-
teria not only win the competition for P with algae, but
they also take advantage directly from their competitors
using the excreted substances they produce.

In conclusion, without excluding the important role of
top-down control in the size composition of bacterial
community, we found that the bottom-up control can af-
fect bacterial size on a seasonal scale in oligotrophic tem-
perate and tropical lakes.
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