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Abstract

Sunlight reacts with dissolved organic matter (DOM)
modifying its availability as bacterial substrate. We
assessed the impact of DOM photoproducts and mineral
nutrient supply on bacterial growth in seven inland waters
from the South of Spain, where DOM is characterized by
low chromophoric content and long residence time.
Factorial experiments were performed with presence vs
absence of DOM photoproducts and mineral nutrient
supply. In six of the seven experiments, we found a
significant and negative effect of DOM photoproducts on
bacterial growth and a significant and positive effect of
mineral nutrient supply. The interaction of these two
factors leaded to a compensation of negative effects of
photoproducts by availability of mineral nutrients. Dis-
solved organic matter diagenetic status and the ionic
environment where organic carbon is dissolved can be
influencing bacterial DOM processing.

Introduction

Dissolved organic matter (DOM) is the primary sub-
strate for bacterial growth in most aquatic ecosystems [3,
39]. Dissolved organic matter is a heterogeneous pool of
autochthonous (from phytoplankton excretion or cellu-
lar lysis) and allochthonous (from terrestrial inputs)
molecules covering a wide range of size, diagenetic status,
and composition that finally determine its bioavailability
[2, 37, 39, 43]. Usually, autochthonous DOM is
composed of highly bioavailable molecules, whereas
allochthonous DOM is enriched in aromatic and ali-
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phatic compounds (humic and fulvic acids) highly
colored and slowly assimilable by bacteria [37]. In
addition, mineral nutrient availability has an important
influence on DOM processing by bacteria [7], enhancing
DOM assimilation to generate new biomass vs respiration
(17, 27, 35].

Solar radiation reacts with DOM in different pro-
cesses such as photobleaching and photohumification.
Photobleaching involves the transformation of chromo-
phoric dissolved organic matter (CDOM) into smaller
and less colored molecules, whereas photohumification is
the opposite reaction, that is, it is a sunlight-mediated
condensation from smaller molecules into polymers with
higher absorption properties. Several studies have dem-
onstrated that bacterial growth can be stimulated by
CDOM photobleaching [16, 20, 27]. In contrast, photo-
humification of algal-derived compounds [14] appears to
reduce its bioavailability [4, 23]. Consequently, the net
effect of DOM photoproducts to support bacterial
growth is the balance between these two contrasting
processes [40].

Environmental factors such as incident solar radia-
tion and rainfall (controlling watershed exports) are
major drivers of DOM concentration and optical
properties in lakes [21, 26]. The significance of watershed
exports is tightly related to regional vegetation and its
relative proportion of wetlands [15, 44]. Most studies on
DOM photoproducts were performed in boreal and
northern temperate regions, with Mediterranean inland
waters being underrepresented. Mediterranean aquatic
ecosystems are submitted to an intense and frequent
solar radiation and scarce rainfall and are located in
watersheds with poorly developed soils. These factors
lead to limited watershed exports, intense evaporation
rates, and consequently, long water residence times.
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with UV-WINLAB software. Absorbance scans from 250
to 700 nm were performed and absorbances at the
specific wavelengths of 320 nm (Asz,0) and 440 nm (A4y)
were expressed as Napierian absorption coefficients (a3,
and ay40) in per meters [19]:

2.3034
a320,440 = % (1)

where [ is the optical path length in meters. Molar
absorption coefficients at 320 nm (g399) and 440 nm
(£440) 1n square meter per mole were also calculated as:

a
€320,440 = 322,440 (2)

where C is the concentration of DOC in millimolar [6].

Fluorescence emission spectra from 370 to 650 nm
(excitation at 370 nm, slit width of 0.5 nm) were measured
in a PerkinElmer LS50B spectrofluorometer using a 1-cm
quartz cuvette (rinsed twice with the sample).

Three indexes were used as surrogates of DOM
quality: €30, €440, and Fysg.500. Absorption at longer
wavelengths is related to compounds of high molecular
weight enriched in chromophores, whereas absorption at
the shorter wavelengths is related to molecules of lower
weight [37]. Therefore, molar absorption coefficients at
320 nm (&3,9) can be considered as an indicator of the
relative contribution of small molecules (absorbing at
short wavelengths) to the total DOC pool. Conversely,
molar absorption coefficients at 440 (g449) can be
considered as the relative contribution of humic acids
(big molecules enriched in chromophores) to the total
DOC pool [8, 36]. The Fy50.500 ratio can be considered an
index of the origin of fulvic acids (terrestrial vs autoch-
thonous) [18]. A ratio of ~1.4 is typical for terrestrially
derived fulvic acids, and a ratio of ~1.9 is typical for
microbially derived fulvic acids (from degradation of algae
and bacteria).

DOM photoreactivity rates were calculated for each
study site using the experimental protocol described
elsewhere [30]. Briefly, quartz bottles were filled with
0.2-um-filtered waters from all systems and simulta-
neously incubated under natural sunlight (from sunrise
to sunset). Dissolved organic matter photoreactivity (k)
was calculated determining the changes over time of the
absorption coefficients at two specific wavelengths (a3,
and ay4o) using the following equation:

Fpp (d71) = —22 3
(a7 = )
where ¢ is time in days. From Eq. 3, absorption half-life
(the time to reduce 50% of initial absorption coeffi-
cients) was calculated as:

hl, = ——1 (4)

Chlorophyll a concentration was determined by
filtering 0.5-1.5 L of water through a GF/C filter
immediately after collection. The filter was placed in a
glass vial, 5 mL of 95% methanol was added, and the vial
was stored in the dark at 4°C for 24 h. The extract was
measured and corrected for pheopigments using a
PerkinElmer Lambda 40 spectrophotometer connected
to a computer equipped with UV-WINLAB software.

Bacterial abundance was determined in three repli-
cates by epifluorescence microscopy using 4',6-diamidino-
2-phenylindole, dihydrochloride fluorochrome stain [24].
At least 350 cells in 20 random fields were counted per
replicate.

Experimental Design. ~ To assess bacterial responses
to the presence of DOM photoproducts and mineral
nutrient supply, seven factorial experiments were
performed using water from each lake. Lake water was
initially filtered through Whatman GF/F filters (nominal
pore size ca. 0.5 pm). This procedure removed a variable
fraction of in situ bacteria (5—82%, mean value 63%) and
all bacterivores and phytoplankton (examination by
epifluorescence microscopy).

Each experiment consisted in four treatments: control
(unamended conditions, no photoproducts, No Ph), with
presence of photoproducts (Ph), control plus mineral
nutrients (NoPh+NP) and presence of photoproducts
and mineral nutrients (Ph+NP). Each treatment was
conducted in duplicate or triplicate. NH,Cl and KH,PO,
were added to nutrient-enriched treatments to a final
concentration of 10 and 1 umol I, respectively. To set up
the photoproducts treatments (Ph and Ph+NP) GF/F-
filtered water was previously submitted to natural solar
radiation for about 10-12 h in borosilicate (negligible UVB
transmission, 80% UVA transmission) uncapped bottles.
These bottles minimize UVB bacterial damage and permit
the photoreactions because UVA is the most contributing
band of the solar spectrum to photobleaching [29]. All
regrowth cultures were running in parallel for about 100
h at 25°C in dark conditions and aliquots from each
treatment and replicate were sequentially taken approxi-
mately every 24 h to determine bacterial abundance.
Bacterial abundance was determined by epifluorescence
microscopy as lake samples and two or three replicates
were counted for each treatment and incubation time.

To compare among experiments, we calculated
normalized net growth (NNG), which is an index of
the net growth in cellular terms normalized by the initial
abundance in the culture (Eq. 5):

_ BAtn - BAtO (5)
BAot

where BA,, is the final bacterial abundance (cel mL™),
BA,, is the initial bacterial abundance (cel mL™"), and ¢
is the incubation time in hours.

NNG(h™')
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Statistical Analysis.  To test the significance of the
differences in bacterial abundance among treatments, two-way
repeated measures ANOVAs were used. These analyses are
recommended when using repeated measures designs (time)
with replicate treatments to avoid temporal pseudoreplication
[13]. The comparison between control and photoproducts
treatments, throughout incubation time in each experiment,
indicates the significance of photoproducts. The comparison
between the unsupplemented and nutrient-supplemented
treatments indicates the significance of inorganic nutrient
supply. The combination of both factors (DOM photo-
products and nutrient additions) were examined to test
whether bacteria were enhanced (positive interaction) or
suppressed (negative interaction) more than expected from
the factors in isolation.

To compare among experiments and determine the
influence of different in situ variables on the experimental
NNG values, regression analysis were performed between
NNG values and the chemical and biological parameters
were studied (820, conductivity, pH, chl a4, DOC, and
DOM optical properties). The NNG values were merged
in two ways: (1) presence (Ph; Ph + NP) vs absence (no
Ph; no Ph + NP) of photoproducts and (2) presence (no
Ph + NP; Ph + NP) vs absence (no Ph; Ph) of mineral
nutrient supply. Data were log;o-transformed to fit
regression analyses assumptions when it was necessary.
To explore the effects of colinearity among the indepen-
dent variables we calculated partial correlations.

Results

Conductivity and 6'®0 values varied from 221 uS cm™'

and —8.1%o in the Canales reservoir to 61500 uS cm™' and
12.1%0 in the Salada lake, respectively. The study
ecosystems showed moderate concentrations of chl g, in
all cases below 5 ng 1", low €440, and DOC concentration
was the highest in the Salada lake and in the Padul-P0
pond (Table 1). Dissolved organic matter photoreactions
led in most cases, except in Bermejales, to losses of DOM
absorption (i.e., photobleaching) at both 320 and at
440 nm. At this last wavelength, Grande and Quéntar
did not show losses of DOM absorption either (Table 1).
In the cases where clear photobleaching was observed, the
DOM absorption half-life ranged from 0.5 to 2.9 days at
320 nm and from 0.2 to 11 days at 440 nm.

In the Fig. 1, we show the changes in bacterial
abundance along the regrowth cultures for all the
treatments and experiments. To determine the signifi-
cance of the differences in bacterial abundance among
treatments, we performed the two-way repeated mea-
sures ANOVAs showed in the Table 2. In six of seven
experiments, the abundance was higher in control treat-
ments than in those with photoproducts. The only

exception was the experiment from Nueva lagoon, where
there was a positive effect of DOM photoproducts on
bacterial growth. By contrast, mineral nutrient supply
had a positive effect on bacterial abundance in all the
experiments except in the one from the Bermejales
reservoir. We found significant interactions between the
presence of DOM photoproducts and mineral nutrient
availability in all the experiments (Table 2). Mineral
nutrient addition compensated the negative effect of
DOM photoproducts over time in six experiments and
enhanced the positive effect of DOM photoproducts in
the experiment from Nueva lagoon.

Normalized net growth varied from 0.06 tol7 h™'
(Fig. 2). In general, NNG values were maxima in those
treatments without photoproducts and with mineral
nutrient supply. We did not obtain significant relation-
ships between NNG and in situ chl a concentrations or
the indexes of DOM quality assayed (€330, €440» and
Fys50.500) irrespective of how data were merged. By
contrast, we found significant and positive relationships
between NNG values and conductivity, pH, and 5%0
values for all groups (Fig. 3). In all cases, the slopes of the
regression lines were higher in absence of photoproducts
and under mineral nutrient additions (Fig. 3). We also
found significant and positive relationships between
NNG and DOC concentration, but only in the absence
of photoproducts (r*=0.37, p<0.05) or under nutrient-
amended conditions (*=0.36, p<0.05).

The independent variable DOC was cocorrelated to
6'%0, pH, and conductivity. Therefore, we calculated
partial correlation coefficients to discriminate the relative
importance of the substrate quantity (DOC), water
residence time (5'°0 signature and conductivity), and
the ionic environment where DOC is dissolved (pH). In
all cases, the §'%0 significantly influenced the NNG values
(keeping constant DOC concentration). The partial
correlation coefficient value (r) was 0.89, grouping the
treatments presence vs absence photoproducts (p<0.001),
and 0.63, grouping the treatments unsupplemented vs
supplemented with mineral nutrients (p<0.001). How-
ever, the DOC influence (keeping constant 580 values)
on NNG was not significant. Similarly, pH significantly
influenced the NNG values (keeping constant DOC
concentration). The r value was 0.74, grouping the treat-
ments presence vs absence photoproducts (p<0.01), and
0.58, grouping the treatments unsupplemented vs supple-
mented with mineral nutrients (p<0.05). In one case (in
the absence of photoproducts) the DOC concentration
also influenced on NNG values (keeping constant pH)
(r=0.55, p<0.05).

Figure 1. Changes in bacterial abundance of the different treat-p
ments in the seven experiments performed.
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Table 2. Results of two-way repeated measures ANOVAs to determine the effect of DOM photoproducts and mineral nutrient

supplements on bacterial abundance

Lakes Treatment comparisons F P value Effect
Salada Photoproducts 275 o -
Nutrients 155 ok +
Time 218 ok +
Nutrients x photoproducts 185 ok C
Photoproducts x time 20 ok -
Nutrients x time 33 ok +
Nutrients x photoproducts x time 17 ok C
Grande Photoproducts 153 ok -
Nutrients 6 0.068 n.s.
Time 164 ok +
Nutrients x photoproducts 85 ok C
Photoproducts x time 21 ok -
Nutrients X time 4 * +
Nutrients x photoproducts x time 17 ok C
Nueva Photoproducts 97 ok +
Nutrients 469 ok +
Time 95 ok +
Nutrients x photoproducts 41 ok +
Photoproducts x time 12 o +
Nutrients X time 29 ok +
Nutrients x photoproducts x time 20 ok +
Padul P-0 Photoproducts 1776 ok -
Nutrients 911 o +
Time 77 ok +
Nutrients x photoproducts 707 o C
Photoproducts X time 14 ok -
Nutrients X time 19 Ak +
Nutrients X photoproducts x time 33 ok C
Bermejales Photoproducts 50 o -
Nutrients 5 0.093 n.s.
Time 62 ok +
Nutrients x photoproducts 2 0.200 n.s.
Photoproducts x time 6 * -
Nutrients X time 3 0.103 n.s.
Nutrients x photoproducts x time 19 o C
Quéntar Photoproducts 160 *E -
Nutrients 87 * +
Time 23 o +
Nutrients x photoproducts 93 * C
Photoproducts x time 5 * -
Nutrients X time 5 * +
Nutrients x photoproducts x time 4 0.07 n.s.
Canales Photoproducts 882 ok -
Nutrients 120 ok +
Time 3 0.069 n.s.
Nutrients x photoproducts 37 ok C
Photoproducts x time 4 * -
Nutrients x time 12 o +
Nutrients x photoproducts x time 8 o C
F=Variance ratio, + = positive, — = negative, C = compensated, n.s. = nonsignificant
#p<0.05
**p<0.01
k< 0,001
Discussion Mediterranean inland waters (Table 1). This low chro-

The molar absorption coefficients at 440 nm in the study
ecosystems were noticeably lower than that typical for
temperate and humic lakes [22, 28], indicating the low
chromophoric content of the organic matter in these

mophoric content is likely caused by the low precipita-
tion rates at this ecoregion, which limits external inputs
of chromophoric DOM to the lakes [26, 38], and a
considerable preceding photobleaching because of the
intense and frequent solar radiation and the high water
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residence times (as indicated by the relatively heavier
5"%0 values) with respect to temperate or boreal lakes
[12]. Therefore, DOM in these ecosystems appears to be
more diagenetically altered and, likely, with smaller
molecular size than typical DOM from boreal and
temperate lakes.

Most studies reporting positive effects of DOM
photobleaching on bacterial growth were performed in
humic lakes with significant amounts of chromophoric
DOM [9, 16, 27]. Negative effects were exclusively
associated with phototransformations of algal-derived
DOM [40], or condensation and transformation of
existing biopolymers [14]. However, the negative effect
of the photoproducts on bacterial growth found in our
experiments (Table 2) can hardly be attributed to a
photohumification of DOM derived from phytoplank-
ton. This assertion is based on the absence of a negative
correlation between the chl a concentration and the
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Figure 3. Regression analysis between the values of NNG, § ‘o (surrogate of water residence time), and pH (surrogate of ironic environment).
Data were grouped by presence vs absence of photoproducts and unsupplemented vs supplemented with mineral nutrients.
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NNG values and on the measured losses of DOM
absorption within 10-12 h of solar exposure in the
majority of the study sites (Table 1). However, this
negative response of bacterioplankton growth to the
presence of DOM photoproducts could be explained by
other two alternative reasons. First, the reaction of DOM
with sunlight also yields reactive oxygen species (ROS),
which have direct negative effects on bacterial growth
and/or indirect effects because of the loss of bioavailable
DOM associated to ROS mineralization [33]. Second,
extracellular enzymes (e.g., phosphatase and glucosidase)
can be inactivated in natural waters by secondary
photochemical processes [34], leading to a reduction in
the substrate uptake by bacteria.

Currently, the significance of mineral nutrients in
bacterial DOM processing is being notably considered
[31, 35]. Bacteria also require mineral nutrients and have
particularly high cellular nitrogen and phosphorus
requirements relative to carbon [11]. The positive
response to mineral nutrient additions found in most
of the experiments (Table 2) is then sound considering
this importance of mineral nutrients on bacterial growth.
It is likely that the availability of mineral resources
increases the bacterial efficiency to convert DOC into
new bacterial biomass. More noteworthy is the interac-
tive role of mineral nutrients in compensating or
enhancing bacterial growth on DOM photoproducts.
Although enhancements of the growth efficiency associ-
ated with nutrients availability have been reported [17,
27], the alleviation of the negative effects of DOM
photoproducts by mineral nutrients, to our knowledge,
has not been previously reported, and underlines the role
of mineral nutrient availability to determine the net
effect of DOM photoproducts on DOM processing.

Regression analyses indicated that NNG values were
higher in waters with higher conductivity, pH, or heavier
6'%0 signature (longer water residence time), suggesting
that alkaline environments or aged (diagenetically al-
tered) DOM can favor NNG (Fig. 3). These results seem
to contradict the model proposed by Amon and Benner
[1], which states that less diagenetically altered DOM is
more bioreactive. The NNG increases associated with
aged DOM (Fig. 3A,B) or alkaline conditions (Fig. 3C,D)
have several plausible explanations. Aged DOM usually
corresponds to small size molecules [2], which are
apparently less bioavailable [32]. However, these color-
less molecules are likely more accessible to bacterial
uptake than large chromophoric molecules. In addition,
alkaline waters can involve higher ectoenzymatic activity
than acidic waters because of the cationic suppression of
the interference of humic compounds with extracellular
enzyme activities. This cationic suppression permits us to
enhance the use of nutrients and/or organic substrates
[42]. Recent studies [34] have also demonstrated that as
pH is higher the photochemical inactivation of ectoen-

zymes (e.g., phosphatase and glucosidase) is mitigated.
Therefore, in alkaline environments both the increase of
enzymatic activity by cationic suppression and the
mitigation of photochemical inactivation of ectoenzymes
could lead to a higher DOM processing. In addition, the
ionic environment where the organic carbon is dissolved
can also affect its own bio- and/or photoreactivity [10, 28].

Overall, we document that in these Mediterranean
inland waters, where DOM has been submitted for long
periods to photo- and biological transformations, that
the effect of photoproducts on bacterioplankton growth
is generally negative and can be compensated by the
availability of mineral nutrients. Bacterial uptake and
processing of DOM photoproducts can be also influ-
enced by the ionic environment, leading to more efficient
DOM processing in the most alkaline ecosystems.
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