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Abstract 

Aerobic anoxygenic phototrophic (AAP) bacteria are an important component of freshwater bacterioplankton. They can support their 
heter otr ophic meta bolism with energy fr om light, enhancing their gr o wth efficienc y. Based on r esults fr om cultur es, it w as hypoth- 
esized that photoheter otr ophy pr ovides an adv anta ge under carbon limitation and facilitates access to recalcitrant or lo w-ener gy 
carbon sour ces. How ev er, v erification of these hypotheses for natural AAP comm unities has been lacking. Her e, we conducted whole 
community manipulation experiments and compared the growth of AAP bacteria under carbon limited and with recalcitrant or low- 
energy carbon sources under dark and light (near-infrared light, λ > 800 nm) conditions to elucidate how they profit from photo- 
heter otr ophy. We found that AAP bacteria induce photoheter otr ophic meta bolism under carbon limitation, but they overcompete 
heter otr ophic bacteria when carbon is av aila b le. This effect seems to be dri v en by physiological responses rather than changes at 
the community level. Interestingly, recalcitrant (lignin) or lo w-ener gy (acetate) carbon sources inhibited the growth of AAP bacteria, 
especially in light. This unexpected observation may hav e ecosystem-lev el consequences as lake br owning contin ues. In general, our 
findings contribute to the understanding of the dynamics of AAP bacteria in pelagic environments. 

Ke yw ords: acetate; aerobic anoxygenic phototrophic bacteria; carbon limitation; freshwater lakes; lignin; microbial ecology 
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Introduction 

Photoheter otr ophic bacteria are an abundant part of bacterio- 
plankton. These organisms depend on organic matter for their 
growth, but they can supplement their energy requirements with 

light. One of the main photoheter otr ophic gr oups in aquatic en- 
vir onments is aer obic anoxygenic phototr ophic (AAP) bacteria,
whic h harv est light by bacterioc hlor ophyll (BChl) and car otenoid 

molecules bound to photosynthetic complexes to produce ATP 
via cyclic photophosphorylation (Okam ur a et al. 1986 , Yurkov and 

Beatty 1998 ). Photoheter otr ophic metabolism in AAP bacteria is 
affected by growth in the light/dark cycle (contrary to constant 
light or dark), irr adiance, pr esence of oxygen, and amount and 

type of carbon source (Yurkov and Van Gemerden 1993 , Koblížek 
et al. 2010 ). BChl pr oduction in cultur es is r epr essed by high con- 
centrations of organic substrates (Kopejtka et al. 2021 , Kuzyk et 
al. 2023 ). When resources are scarce, illuminated AAP bacteria 
can r epur pose their usa ge fr om r espir ation to biomass pr oduc- 
tion (Hauruseu and Koblížek 2012 , Piwosz et al. 2018a , Koblížek 
et al. 2020 ). Ho w e v er, how the additional ener gy fr om light is uti-
lized to provide an adv anta ge for AAP bacteria in the environment 
remains unknown. 

AAP bacteria were discovered in coastal marine waters 
(Shiba et al. 1979 , 1991 ). Later, they were also found to 
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e common in the open ocean (Kolber et al. 2001 ), where
hey typicall y r epr esent 1–10% of total bacteria (r e vie wed
n Koblížek 2015 ). Initially, it was hypothesized that the
hotoheter otr ophy r epr esents an adv anta ge in nutrient-poor
ceans, which seems to be correct for rhodopsin-containing 
hotoheter otr ophs, but AAP bacteria prefer more productive 
oastal areas (Gómez-Consarnau et al. 2019 , Vrdoljak Tomaš
t al. 2019 ). 

AAP bacteria commonly contribute from < 1 to > 30% of total
acteria in freshwater lakes (Yurkov and Gorlenko 1990 , Masin et
l. 2008 ). AAP cells are on average larger, more active and have
igher gr owth r ates than heter otr ophic bacteria (Fauteux et al.
015 , Cepáková et al. 2016 , Garcia-Chaves et al. 2016 ), thus they
ontribute more to the microbial food webs than their abun-
ance alone would indicate, both as consumers of phytoplankton- 
eriv ed dissolv ed or ganic matter (Piwosz et al. 2020 , 2022 ) and as
 food source for bacterivores (Ruiz-González et al. 2020 ). Abun-
ances of lacustrine AAP bacteria correlate positively with total 
hosphor ous, c hlor ophyll- a concentr ations and dissolv ed or ganic
arbon (Masin et al. 2012 , Čuperová et al. 2013 , K olářo vá et al.
019 ). Mor eov er, their seasonal peaks often closely follow phyto-
lankton blooms (Lew et al. 2015 , K olářo vá et al. 2019 , Villena-
lemany et al. 2024 ). Taken together, it seems that freshwater
 is an Open Access article distributed under the terms of the Cr eati v e 
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Figure 1. Experimental design. Natur al micr obial comm unities wer e 
diluted 1 : 4 with sterile filtered lake water (control), sterile inorganic 
medium (C-limited) or sterile inorganic medium containing lignin (in 
June) or acetate (in October) as carbon source, and incubated in the dark 
or under infr ar ed illumination (IR light). All treatments were performed 
in triplicate. 
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APs, similar to their marine counterparts, also pr efer mor e pr o-
uctiv e waters, contr adicting the hypothesis of better survival in
he oligotrophic en vironment. Furthermore , it was also suggested
hat photoheter otr ophy may help AAP bacteria to access low en-
r getic and r ecalcitr ant carbon sources (Salka et al. 2014 , Koblížek
015 ), but this has not been experimentally tested yet in natural
ommunities. 

Here, we conducted the whole microbial community manip-
lation experiment from a freshwater lake to test hypotheses
hat (i) the additional energy from light provides AAP bacteria
ith an adv anta ge under carbon-limiting conditions; and that

ii) it facilitates them to access low energetic or r ecalcitr ant car-
on sources . T he incubations were performed in the dark and in
he infr ar ed (IR) light ( λ> 800 nm), whic h selectiv el y excited the
R in vivo absorption band of bacteriochlorophyll in AAPs or, in
naer obic conditions, pur ple non-sulfur bacteria (Kasalic ký et al.
018 , Kopejtka et al. 2020 ). Micr oor ganisms that lack BChl, such
s oxygenic photoautotrophs, rhodopsin-containing bacteria and
 hemoor ganotr ophs, perceiv ed both conditions as dark. We fol-
o w ed the bulk growth rates of heterotrophic and AAP bacteria
n dark vs IR light in the conditions of (i) organic carbon lim-
tation; (ii) low energetic or recalcitrant organic carbon source;
nd (iii) natural organic carbon availability (control). We expected
hat in the conditions that favor photoheter otr ophic metabolism,
AP bacteria would grow faster in the IR light and, as a result,

hey would increase their contribution to the total bacterial abun-
ance . Moreo ver, to account for the metabolic differences between
ifferent AAP phylotypes, we also followed the changes in their
ommunity. 

aterials and methods 

etting up the experiments 

e conducted two experiments in June and October 2018. Water
as collected from 0.5 m depth of the meso-oligotrophic fresh-
ater lak e Ce p (48 ◦55 ′ 29.7“N, 14 ◦53 ′ 12.5 ′′ E) using a Ruttner Water
ampler (model 11.003KC Denmark AS) on 20 June 2018 and 1 Oc-
ober 2018. It was transported to the laboratory within 30 min in
 closed plastic container, which was prerinsed three times with
he sampled water and stored in a cool box. 

Two differ ent tr eatments wer e pr epar ed: carbon limitation (C-
imited), a r ecalcitr ant or ganic carbon source (lignin) in J une ,
nd a low-energy organic carbon source (acetate) in October
Fig. 1 ). Lignin is an important component of plant biomass,
nd thus of the organic matter of terrestrial origin, and it can
e degraded by genera that also contain AAP bacteria (Bugg
t al. 2011 ). Ho w e v er, as we did not observ e m uc h gr o wth, w e
ecided to use acetate in October, as this compound is well
nown to be utilized by AAP bacteria (Yurkov and Van Gemerden
993 ), although with lo w er efficienc y than glucose (Hauruseu and
oblížek 2012 ). 

C-limited treatment was prepared by diluting the untreated
ater from the lake at a 1 : 4 ratio with an 1 : 1500 × diluted un-
mended sterile inorganic basal (1 : 1500 ×IBM) medium (Hahn
t al. 2003 ). For the lignin/acetate treatments, the untreated wa-
er from the lake was diluted 1 : 4 with a sterile 1 : 1500 ×IBM

edium containing 2.5 mg L −1 of dissolved lignin (in the June ex-
eriment) or 3.0 mg L −1 of acetate (in October). The media were
r epar ed during the week before the experiment. They were fil-
er ed thr ough a 0.2 μm filter and autoclaved. As a control, we
sed the untreated water from the lake diluted 1 : 4 with ster-

le filtered lake water that was collected 3 days before the ex-
eriment. It was sequentially prefiltered through a 20 μm plank-
on net, 0.2 μm filter and 1 L Stericup ® Filter Units with a mem-
r ane por e size of 0.1 μm (Millipor e, Merc k) and k e pt in the dark at
 

◦C until the experiment. The dilution allo w ed for an increase in
he carbon availability for bacteria and a reduction of the grazing
r essur e fr om pr otistan gr azers . T he concentr ations of dissolv ed
rganic carbon (DOC) were measured in the bulk volume before
utoclaving, according to standard methods in limnology at the
nstitute of Hydr obiology, Biology Centr e, Czec h Academy of Sci-
nces (Shabar ov a et al. 2021 ). In J une , the DOC concentration was
.36 mg C L −1 in the contr ol tr eatment, 1.33 mg C L −1 in the C-
imited treatment and 1.88 mg C L −1 in the lignin treatment. In
ctober, it was 4.28 mg C L −1 in the control treatment, 1.21 mg C
 

−1 in the C-limited treatment and 1.82 mg C L −1 in the acetate
reatment. 

Eac h tr eatment w as divided into six 2 L portions that w ere in-
ubated in the dark or IR light at in situ temper atur e (21 ◦C in June
nd 16 ◦C in October) in triplicate. To ensur e aer obic conditions,
he containers had wide openings that were covered only with
terile tin foil, which prevented contamination and allo w ed for
as exchange . T he incubation time was 56 h (with samples taken
 v ery 12 h) in J une , and 96 h (with samples taken e v ery 24 h) in
ctober. The reason for this difference was that at higher tem-
er atur es the initial response of bacteria to the treatment (which
as our main interest here) is fast, and we wanted to avoid long

ncubations, during which the unanticipated processes could con-
ound our inter pr etations. 

acterial and AAP abundance 

amples of 50 ml were fixed with buffered, sterile-filtered
ar aformaldehyde (Penta, Pr a gue, Czec hia) to a final concen-
ration of 1% and 0.5 ml was filtered onto white polycarbon-
te filters (pore size 0.2 μm; Nucleopore, Whatman, UK). Cells
ere stained with 4 ′ ,6-diamidino-2-phenylindole at a concen-

ration of 1 mg L −1 (Coleman 1980 ). Total and AAP bacterial
bundances were determined using an epifluorescence Zeiss
xio Imager.D2 microscope (Cottrell et al. 2006 , Villena-Alemany
t al. 2023 ). The abundance of heter otr ophic bacteria was cal-
ulated as the difference between the total bacteria and AAP
acteria. 
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DN A extr action, amplicon prepar a tion and 

sequencing 

About 350 ml of water was filtered onto sterile 0.2 μm Nucleo- 
por e Tr ac k-Etc h Membr ane filters (Whatman; Maidstone, UK). Fil- 
ters were placed inside sterile cryogenic vials containing 0.55 g 
of sterile zirconium beads, flash-frozen in liquid nitrogen and 

stored at −80 ◦C until DNA extraction ( < 6 months). Total nucleic 
acids wer e c hemicall y extr acted according to Griffiths et al. ( 2000 ) 
with modifications (Nercessian et al. 2005 ). Extracted DNA was re- 
suspended in 35 μl of DNase and RNase-free water (MP Biomedi- 
cals, Solon, OH, USA) and stored at −20 ◦C. The concentration and 

quality of the extracts were checked using a NanoDrop (Ther- 
moFisher Scientific). A pur e cultur e of Dinoroseobacter shibae was 
used as a control for cross-contamination between the samples. 

Amplicons for the puf M gene (a marker gene for AAP bacteria) 
wer e pr epar ed using puf M UniF and puf M UniR primers (Yutin et al.
2005 ). The PCR conditions were as follows: initial denaturation for 
3 min at 98 ◦C, 30 cycles of 98 ◦C for 10 s, 52 ◦C for 30 s, 72 ◦C for 30 s
and final elongation at 72 ◦C for 5 min. PCR was performed in 20 μL 
triplicate reactions using Phusion™ High-Fidelity PCR MasterMix 
(ThermoFisher Scientific). 

The triplicate reactions for each sample were pooled and pu- 
rified from the gel using the Wizzard SV Gel and PCR clean sys- 
tem (Promega) and quantified using the Qubit dsDNA HS assay 
(ThermoFisher Scientific). Amplicons were pooled in equimolar 
amounts and sequenced on the Illumina MiSeq (2 ×250 bp) plat- 
form at the Genomic Service of the Universitat Pompeu Fabra 
(Barcelona, Spain). 

Analysis of amplicon data 

Reads wer e quality-c hec ked using FastQC v. 0.11.7 (Babr aham 

Bioinformatics , Cambridge , UK). Primer sequences were trimmed 

in Cutadapt v. 1.16 (Martin 2011 ). Subsequent analyses were per- 
formed in the R/Bioconductor environment using the D AD A2 
pac ka ge v. 1.12.1 (Callahan et al. 2016 ). puf M sequences were pro- 
cessed and assigned using the r efer ence database and methods 
described in Villena-Alemany et al. ( 2024 ). The contamination in 

the D. shibae culture was about 1%. To r emov e this contamina- 
tion, the final amplicon sequence variants (ASVs) table consisted 

of ASVs with the sum of reads in all samples > 10 and present in 

at least two replicates in a treatment at a given time point, or with 

the sum of reads in all samples > 10 and present in at least three 
time points in a giv en r eplicate in a treatment (Piwosz et al. 2018b ).

Sta tistical anal ysis 

Gr owth r ates wer e calculated as linear fit coefficients on abun- 
dance data transformed with natural logarithm. Differences be- 
tween incubation in the dark and IR treatment at the end of the 
experiment were tested with the Welsh t-test. The P -values were 
adjusted for multiple tests using Bonferroni correction, and the 
significance of the results was assumed for P < 0.01. The distri- 
bution of the data was tested with the Sha pir o–Wilk test. The 
changes in ASVs’ reads abundance between control and C-limited,
and control and lignin/acetate treatments in the IR light at the 
end of the experiments, were tested using the DESeq function 

(test = “Wald”, fitType = “par ametric”) fr om DESeq2 pac ka ge v ersion 

1.36.0 (McMurdie and Holmes 2014 ). The occurrence of specific 
ASVs between initial and final AAP communities was tested us- 
ing analysis of compositions of microbiomes with bias correction 

in ANCOMBC v. 2.3.2 (Lin and Peddada 2020 ) and plotted using gg- 
plot2 v. 3.4.3. All analyses were performed in Rstudio for Windows 
(version 2023.03.1 + 446; R version 4.2.0 (The R Core Team 2021 ). 
a ta av ailability 

he sequences were deposited in the EMBL database under 
iosamples ERS17465032-ERS17465210 and ERS17468627 in the 
ioProject PRJEB71033. The abundance data are available in the 
ANGAEA information system (Piwosz 2024 ). 

esults 

une experiment 
eter otr ophic bacteria gr e w fastest in the contr ol tr eatment,
here they almost doubled within 56 h (Fig. 2 A, Table 1 ). The

r owth r ate was slower in the C-limited treatment, while they al-
ost did not grow in the lignin treatment. The growth rate was

ndifferent between IR light and dark conditions ( P > 0.01, Table 1 ).
The effect of IR light on AAP bacteria was evident in the con-

r ol tr eatment: their gr owth r ate was almost twice as fast in the
R light than in the dark (Table 1 ). This resulted in a higher abun-
ance and contribution of AAP bacteria in the IR light at the end of
he experiment (Fig. 2 B and C). Steady growth of AAP bacteria was
lso observed in the C-limited treatment in both dark and IR light
onditions (Fig. 2 B and C), but the difference in growth rate, abun-
ance and contribution was insignificant (Table 1 ). The growth of
AP bacteria did not significantly differ between both dark and IR

ight conditions in the lignin tr eatment, whic h r esulted in similar
bundances and contributions. 

Inter estingl y, the gr owth of AAP bacteria in the IR light was sig-
ificantly slo w er in the lignin tr eatment compar ed with the con-
rol ( P = 0.003), resulting in their lo w er abundances ( P = 0.0015)
nd contribution ( P = 0.0017) at the end of the experiment. By con-
r ast, the differ ences in gr owth r ate, abundance and contribution
f AAP bacteria between the control and C-limited treatments in
he IR light wer e insignificant. Ne v ertheless, AAP bacteria gr e w

ore than twice as fast as heter otr ophic bacteria in the dark and
R light in all treatments (Table 1 ), indicating that they profited
nder all of these conditions. 

The changes in AAP community composition were minor and 

ccurr ed onl y in the dark conditions ( Supplementary Fig. 1 ). Only
e v er al ASVs significantl y alter ed their r elativ e abundance in
-limited and lignin treatments compared with the control at 

he end of the experiment in the dark, but not in the IR light
Fig 3 ). C-limitation induced a r elativ e incr ease of Novosphingo-
ium and Methylobacterium (Alpha pr oteobacteria), and Limnohab- 
tans (Gamma pr oteobacteria) compar ed with the contr ol tr eat-

ent. Members of the genus Limnohabitans were also affected by
ignin treatment, with different ASVs either profiting or losing in
hese conditions (Fig. 3 C). The lack of significant changes in com-
osition between the original and final AAP community in the
ontrol ( Supplementary Fig. 1 ) indicates that the growth was in-
uced homogenously within all AAP community. 

ctober experiment 
he growth patterns in the October experiment wer e differ ent
han in J une . Heter otr ophic bacteria gr e w fastest in the C-limited
r eatment r egardless of the light conditions (Table 1 ), r eac hing
imilar abundance at the end of the experiment (Fig. 4 A). They
r e w slo w er in the contr ol tr eatment, and the gr owth r ate was
imilar in the IR light as in the dark, and so was the abundance at
he end of the experiment. By contrast, in the acetate treatment,
eter otr ophic bacteria gr e w onl y in the dark, r eac hing higher
bundances at the end of the experiment (Fig. 4 A). Ho w e v er, these
iffer ences wer e just at the threshold for statistical significance

Table 1 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
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(A)

(B)

(C)

Figure 2. Abundance of heter otr ophic bacteria (A); AAP bacteria (B) and contribution of AAP bacteria to total bacterial numbers (C) in the June 
experiment. Values for each triplicate are shown as points, and the line was fitted locally using the loess function from the ggplot2 package in R. 

Ta ble 1. Gro wth rates and abundance of heter otr ophic bacteria (Het. bacteria), AAP bacteria (AAP) and contribution of AAP bacteria to 
total bacterial community (AAP %) at the end of the experiments. P -values for statistical significance between IR light and dark conditions 
ar e giv en. Due to m ultiple testing the significance le v el was for P < 0.01. 

Gro wth r a te (d −1 ) Abundance (cell mL −1 ) at T end 

Exp. Treatment Microorganisms IR light Dark P -value IR light Dark P -value 

June Control Het. bacteria 0.31 ± 0.03 0.25 ± 0.05 0 .57 2.11 ± 0.36 ×10 6 2.17 ± 0.34 ×10 6 0 .58 
AAP 0.66 ± 0.02 0.37 ± 0.07 < 0 .006 5.57 ± 0.66 ×10 5 3.43 ± 0.28 ×10 5 < 0 .009 

AAP % NA 26.6 ± 1.5% 15.9 ± 1.2% < 0 .0005 
C-limited Het. bacteria 0.26 ± 0.13 0.16 ± 0.03 0 .37 1.62 ± 0.37 ×10 6 1.52 ± 0.36 ×10 6 0 .37 

AAP 0.55 ± 0.06 0.55 ± 0.04 0 .56 4.07 ± 0.78 ×10 5 3.84 ± 0.81 ×10 5 > 0 .35 
AAP % NA 29.8 ± 2.6% 25.5 ± 1.2% < 0 .043 

Lignin Het. bacteria − 0.05 ± 0.06 0.12 ± 0.02 0 .016 1.30 ± 0.18 ×10 6 1.61 ± 0.15 ×10 6 > 0 .05 
AAP 0.12 ± 0.09 0.43 ± 0.02 0 .01 2.19 ± 0.45 ×10 5 3.16 ± 0.36 ×10 5 > 0 .02 

AAP % NA 16.8 ± 2.0% 19.6 ± 0.5% 0 .13 
October Control Het. bacteria 0.12 ± 0.04 0.06 ± 0.03 0 .06 1.59 ± 0.27 ×10 6 1.35 ± 0.09 ×10 6 0 .13 

AAP 0.04 ± 0.05 − 0.01 ± 0.03 0 .11 0.52 ± 0.08 ×10 5 0.62 ± 0.02 ×10 5 0 .96 
AAP % NA 3.3 ± 0.1% 4.8 ± 0.2% > 0 .99 

C-limited Het. bacteria 0.16 ± 0.02 0.17 ± 0.01 0 .71 2.20 ± 0.15 ×10 6 1.94 ± 0.12 ×10 6 0 .04 
AAP 0.46 ± 0.05 0.42 ± 0.07 0 .22 3.65 ± 0.15 ×10 5 3.09 ± 0.52 ×10 5 0 .21 

AAP % NA 16.7 ± 1.2% 15.9 ± 1.5% 0 .02 
Acetate Het. bacteria − 0.04 ± 0.05 0.16 ± 0.01 0 .01 1.30 ± 0.15 ×10 6 2.29 ± 0.36 ×10 6 0 .01 

AAP − 0.37 ± 0.02 0.15 ± 0.10 0 .006 0.58 ± 0.23 ×10 5 1.13 ± 0.23 ×10 5 0 .02 
AAP % NA 4.3 ± 1.1% 5.0 ± 0.9% 0 .29 
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The growth rate of AAP bacteria was close to 0 in the control
reatment, both in the IR light and dark, and their abundance and
ontribution to total bacterial abundance did not change (Fig. 4 B
nd C). By contrast, they grew rapidly in the C-limited treatment
n both dark and light conditions (Fig. 4 B) and their contribution
o the total bacterial abundance tripled (Fig. 4 C). Finally, in the ac-
tate tr eatment, AAP bacteria gr e w in the dark but decr eased in
he IR light (Table 1 ), resulting in twice lo w er abundance in the IR
ight at the end of the experiment. Ho w e v er, although the gr owth
ate was significantly lo w er in the acetate than in the control
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(A) (B)

(C) (D)

Figure 3. Volcano plots showing the ASVs with significantly different (adjusted P -value < 0.01, Log2 fold change > | 2 | ) r elativ e abundance at the end of 
the experiment between (A and B) control and C-limited treatments, and (C and D) control and lignin treatments in dark (A and C) and IR light (B and 
D) in the June experiment. A negative Log2 fold change value (x axes) indicates that the read count of an ASV was lower in the experimental treatment 
than in the control, and a positive value indicates that it was higher. Vertical gray lines show Log2 fold change values of -2 and 2, horizontal gray lines 
show significance le v el (adjusted P -value < 0.01). Bubble size corresponds to the mean number of reads in both compared treatments, colors show the 
class affiliation for significant ASVs (br own—Alpha pr oteobacteria, blue—Gamma pr oteobacteria, white—insignificant). 
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( P = 0.002), their abundance and contribution at the end of the 
experiment did not differ between these treatments ( P > 0.6). By 
contr ast, AAP bacteria gr owth r ate, final abundance and contribu- 
tion were significantly higher in the C-limited treatment than in 

the control ( P < 0.003). 
The gr owth r ate of heter otr ophic bacteria compar ed with AAP 

bacteria in the IR light did not differ in the control treatment ( P 
= 0.94), was significantly lower in the C-limited treatment in IR 

light ( P = 0.0023) and was significantly higher in the IR light in the 
acetate treatment ( P = 0.003). 

Se v er al ASVs significantl y c hanged their r elativ e abun- 
dance during the experiment both in the dark and IR light 
( Supplementary Fig. 1 ). In the contr ol tr eatment, Limnohabi- 
tans , Sandarakinorhabdus and Hydrogenophaga increased, while 
Methylobacteriaceae and Gemmatimonadaceae decreased, espe- 
cially in the IR treatment. In the C-limited and acetate treat- 
ments, the ASVs that incr eased wer e affiliated mainly with Hy- 
drogenophaga , while those that decreased included Methylobac- 
teriaceae , Gemmatimonadaceae , Pseudomonadales UBA5518 and 

other Burkholderiaceae ( Supplementary Fig. 1 ). 
The number of ASVs that sho w ed significantly different rela- 

tive abundance at the end of the experiment between the control 
nd C-limited or acetate treatments w as lo w er than that observed
ithin the treatments between T0 and Tend. Hydrogenophaga in- 

reased in the C-limited and acetate treatments compared with 

he control both in the dark and IR light, while Limnohabitans and
andarakinorhabdus decreased, but only in the dark (Fig. 5 ). 

iscussion 

hen AAP bacteria wer e discov er ed to be abundant in the North-
ast Pacific, it was assumed that their ability to use light to pro-
uce ATP to support their heter otr ophic metabolism helps them
o survive in the oligotrophic environment of the ocean (Kolber
t al. 2001 ). Ho w e v er, experimental support for these statements
omes mostly from experiments with cultured species using very 
arbon-rich media (Kopejtka et al. 2020 , Kuzyk et al. 2023 ). By con-
r ast, observ ations of the distribution and phenology of AAP bac-
eria in natural environments indicated otherwise: higher concen- 
r ations and gr owth r ates wer e observ ed in mor e eutr ophic coastal
aters during or shortly after the phytoplankton bloom (Koblížek 

t al. 2007 , Auladell et al. 2019 , Vrdoljak Tomaš et al. 2019 ). A simi-
ar pattern emerged from freshwater studies (K olářo vá et al. 2019 ,
illena-Alemany et al. 2024 ), questioning the initial assumption.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
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(A)

(B)

(C)

Figure 4. Abundance of heter otr ophic bacteria (A); AAP bacteria (B) and contribution of AAP bacteria to total bacterial numbers (C) in the October 
experiment. Values for each triplicate are shown as points, and the line was fitted locally using loess from the ggplot2 package in R. 
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t was also suggested that additional energy from light can fa-
ilitate access to r ecalcitr ant complex or ganic pol ymers or low-
nergy carbon sources, such as lignin or acetate (Koblížek 2015 ).
he question of how AAPs utilize their photoheter otr ophy in nat-
r al envir onments r emains open. 

The results of this study suggest that additional energy from
ight allows AAP bacteria to successfully compete with het-
r otr ophic bacteria at the time of sur plus DOC av ailability, contr a-
icting the initial hypotheses (Kolber et al. 2001 ). The support for
his statement comes especially from the June experiment, when
he growth rate of AAP bacteria in the IR light was significantly
igher in the control treatment than in the C-limited treatment

Fig. 2 ). On the other hand, the negligible growth of AAP bacteria
n the control treatment in the October experiment (Fig. 4 ) indi-
ates that this may be the case only in some seasons or specific
n vironmental conditions . For instance , AAP bacteria seem to be
ess active and abundant in autumn than in summer (K olářo vá
t al. 2019 , Piwosz et al. 2022 , Villena-Alemany et al. 2023 ). More-
v er, ther e ar e str ong seasonal patterns in AAP comm unity com-
osition in aquatic environments (Villena-Alemany et al. 2024 ), so
he reason for the difference in response between the two exper-
ments could be the higher diversity of AAP bacteria in October
 Supplementary Fig. 2 ). Ho w e v er, mor e experiments from differ-
nt seasons and lakes are needed to elucidate how common this
ffect is. 

The growth of AAP bacteria in the C-limited treatment was sim-
lar in the IR light and the dark in both seasons (Figs 2 and 4 ), in-
icating that they did not profit from photoheterotrophy in such
onditions. Ho w e v er, this was contradicted by the observation that
hey gr e w m uc h faster than heter otr ophic bacteria both in the
ark and IR light, increasing their contribution to the total bacte-
ial community up to 3-fold. This incongruence may be explained
y se v er al non-exclusiv e phenomena. For instance, the incr ease in
he fraction of AAP bacteria may hav e r esulted, not fr om the ac-
ual production of new cells by cell division, but from the activa-
ion of the photosynthetic genes under carbon limitation in hith-
rto non-photosynthetic cells (Kopejtka et al. 2020 , Kuzyk et al.
023 ). On the other hand, AAP bacteria have a quicker metabolism
han other heter otr ophs (Cepák o vá et al. 2016 , Garcia-Cha ves et al.
016 ), and the C-limited conditions combined with other features
f AAP bacteria may have supported their better growth indepen-
ently of photoheterotrophy. It may also be possible that although

ight did not appear to improve the growth of AAP relative to dark
onditions , it ma y ha ve substituted a portion of their r espir ation
 equir ements. 

An unexpected result was the slower growth of the AAP bacte-
ia in the IR light in the lignin treatment in June and the acetate
reatment in October compared with the control (Figs 2 and 4 ).
his indicates that both complex polymers (lignin) and low-
nergy monomers (acetate) may be disadvantageous for freshwa-
er AAP bacteria compared with more bioavailable organic com-
ounds (Steinberg et al. 2006 , Hauruseu and Koblížek 2012 ). This
egativ e r elationship, for whic h the mec hanism r emains yet un-
nown, ma y ha ve serious consequences for lake functioning. Cur-
 entl y, man y temper ate lakes in the Northern Hemispher e ar e af-
ected by br owning, r esulting fr om the incr ease in terr estrial dis-
olv ed or ganic matter (DOM) (Williamson et al. 2015 ). Browning
s predicted to continue as the atmospheric acid deposition de-
reases and due to climate change (Mey er-J acob et al. 2019 ), af-
ecting pelagic food webs (Williamson et al. 2015 ) and increasing

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
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(A) (B)

(C) (D)

Figure 5. Volcano plots showing the ASV with significantly different (adjusted P -value < 0.01, Log2 fold change > | 2 | ) relative abundance at the end of 
the experiments between (A and B) control and C-limited treatments, and (C and D) control and acetate treatments in dark (A and C) and IR light (B 
and D) in the October experiment. A negative Log2 fold change value (x axes) indicates that the read count of an ASV was lower in the experimental 
treatment than in the control, and a positive value indicates that it was higher. Vertical gray lines show Log2 fold change values of −2 and 2, horizontal 
gray lines show significance level (adjusted P -value < 0.01). Bubble size corresponds to the mean number of reads for both compared treatments, colors 
show the class affiliation for significant ASVs (br own—Alpha pr oteobacteria, blue—Gamma pr oteobacteria, gr ey—unclassified, white—insignificant). 
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CO 2 flux to the atmospher e (Kritzber g et al. 2020 ). While some 
AAP bacteria, such as Sphingomonas sp. strain FukuSWIS1 from 

the acidic lake Grosse Fuchskuhle (Salka et al. 2014 ), seem to be 
adapted to conditions prevailing in humic and brown lakes, our 
results indicate that overall AAP bacteria may be negatively im- 
pacted by r ecalcitr ant or low energy carbon sources . T his effect 
may be more pronounced in wet seasons, such as spring and au- 
tumn, when terrestrial DOM inputs, potentially higher due to river 
runoff and falling lea ves , could hamper their photoheter otr ophy,
decreasing the efficiency of carbon assimilation and lowering its 
availability for higher trophic levels (Piwosz et al. 2022 , Villena- 
Alemany et al. 2024 ). Further experiments employing a wider vari- 
ety of r ecalcitr ant and low-ener gy compounds ar e needed to con- 
firm and understand this effect. 

AAP community composition shows recurrent seasonal pat- 
terns in freshwater lakes (Villena-Alemany et al. 2024 ), which 

ar e driv en by c hanges in envir onmental conditions, suc h as tem- 
per atur e and DOC concentr ation (Villena-Aleman y et al. 2023 ).
The minor changes in the AAP community composition under IR 

light observed here indicate that the response to the treatments 
could have been driven by a physiological change in specific AAP 
phylotypes switching to phototrophic metabolisms rather than a 
comm unity-le v el r esponse and pr oduction of ne w cells of AAP 
acteria (F ecskeo vá et al. 2019 , Piwosz et al. 2020 ). For instance,
he only genus that had significantly increased its relative abun-
ance in IR light was Hydrogenophaga in October (Fig. 5 B and D).
embers of this genus were reported to oxidize hydrogen as an

nergy source (Willems et al. 1989 ), which ma y ha v e inter esting
mplications for the functional role of AAP bacteria in freshwa-
ers. In ad dition, n umerous ASVs affiliated with Limnohabitans ei-
her increased or decreased in lignin treatment in June (Fig. 3 C),
hich may indicate niche separation between closely related AAP 

pecies (Villena-Alemany et al. 2024 ). 
It is also important to notice that none of the typical anaerobic

urple non-sulphur bacteria (PNSB) phylotypes, such as Rubrivi- 
ax or Rhodoferax , were present in larger numbers ( Supplementary
igs 1 and 2 ), supporting the attribution of observed responses to
he activity of AAP bacteria. 

Inter estingl y, mor e ASVs c hanged their r elativ e abundance un-
er dark conditions throughout the experiment, especially in June 

Figs 3 and 5 , Supplementary Fig. 1 ). This suggests that dark incu-
ations, whic h ar e commonl y used in experimental design to min-

mize the effect of primary producers (Šimek et al. 2020 , F ecskeo vá
t al. 2021 ), may exa gger ate the comm unity-le v el r esponses com-
ared with light treatments (Piwosz et al. 2020 ). This observa-
ion aids in arguments that dark incubations provide biased 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae090#supplementary-data
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nsights into the activity of freshwater bacterioplankton (Piwosz
t al. 2022 ). 

onclusions 

ur experimental evidence indicates that although AAP bacte-
ia’s ability to use light as a supplementary energy source is in-
uced under carbon limitation, they can also profit from photo-
eter otr ophy when carbon is a vailable . Ho w ever, their advantage
v er heter otr ophic bacteria ma y depend on the specific en viron-
ental conditions . T his effect also seems to be driven by physi-

logical responses rather than changes at the community level.
hese findings contribute to our understanding of the ecological
ole of AAP bacteria in lakes. Finally, the observation of the nega-
ive effect of lignin and acetate on AAP bacteria opens a new re-
earch topic in their ecology, because it may have ecosystem-level
onsequences as lake browning continues. 
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