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Distribution and potential activity of aerobic 
denitrifying bacteria isolated from sediments of a 
coastal lagoon system in northwestern Mexico     

Pedro Peña-Zuñiga1, Guillermo A Samperio-Ramos2, Silvia Pajares-Moreno1*

Abstract. Denitrification is the primary pathway by which fixed nitrogen is lost from 
marine systems and consists of the sequential respiration of nitrate into molecular nitrogen by 
diverse heterotrophic microorganisms. Since estuarine sediments serve as important niches 
for denitrification, this study assessed the distribution and potential activity of aerobic denitri-
fying bacteria isolated from sediments at 2 depths and 2 habitats (with Zostera marina sea-
grass and without seagrass) along a transect in Bahía de San Quintín (Mexico), and their 
relationship with various environmental parameters. A total of 1,611 bacteria were isolated, 
of which 85.1% carried denitrifying genes (nirK, nirS, or nosZ). Their distribution was het-
erogeneous in the bay and was primarily influenced by sediment texture, pH, total organic 
carbon, and total nitrogen, with the highest abundance of denitrifying bacteria in surface 
sediments (66.2%). The denitrifying isolates were classified into 23 species belonging to 
γ-Proteobacteria (82.4% of isolates), α-Proteobacteria (7.9%), Bacilli (5.7%), and Actino-
bacteria (4%). Denitrifying activity in aerobic conditions was confirmed in 7 species of bac-
teria carrying denitrifying genes: Paracoccus marcusii, Planococcus maritimus, Planococcus 
rifietoensis, Pseudomonas songnenensis, Psychrobacter alimentarius, Psychrobacter celer, 
and Psychrobacter piscatorii. The results suggest that these sediments harbor a high abun-
dance of culturable bacteria with nirK, nirS, or nosZ genes, although denitrification activity 
in aerobic conditions could not be confirmed in most cases, possibly due to the inactivity of 
these genes or those involved in nitrate reduction (nas, nar, or nap). This study represents the 
first step towards understanding the ecology of microorganisms involved in aerobic denitrifi-
cation in Bahía de San Quintín and in coastal lagoons in general.
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Introduction

Denitrification is an important process in the cycle of 
marine nitrogen (N) (Hutchins and Capone 2023). It is a 
modular respiratory pathway performed by various micro-
organisms, mainly heterotrophic facultative anaerobes. In a 
complete pathway, it consists of the sequential reduction of 
nitrate (NO3

–), nitrite (NO2
–), nitric oxide (NO), and nitrous 

oxide (N2O) to molecular N (N2), remaining as N2O in an 
incomplete pathway (Zumft 1997). This process can produce 
N2O, a greenhouse gas 300 times more potent than carbon 
dioxide (Ravishankara et al. 2009), and participates in the 
recycling of organic matter and eliminates reactive N in 
oxygen (O2)-limited environments, such as marine sediments 
(Devol 2015).

The metalloenzymes involved in denitrification are cyto-
plasmic (Nas), membrane (Nar), and periplasmic (Nap) 
molybdenum-dependent nitrate reductases; nitrite reductases 
with copper (NirK) or heme iron (NirS) active sites; nitric 
oxide reductases (Nor); and copper-dependent nitrous oxide 
reductases (Nos) (Zumft 1997). The denitrifying genes most 
commonly used as markers in the study of denitrifying com-
munities are nirK/nirS because they generate NO, the first 
gaseous product, and the nosZ gene because it participates in 
the reduction of N2O (Damashek and Francis 2017, Pajares 
and Ramos 2019).

Certain microorganisms can also denitrify by simultane-
ously using O2 and NO3

– as electron acceptors (e.g., Lu et al. 
2019, Cheng et al. 2020, Feng et al. 2020). Aerobic denitri-
fication was formally proposed by Robertson and Kuenen 
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(1984) and has been reported in permeable coastal sediments 
(Gao et al. 2010, Marchant et al. 2017). This pathway follows 
the same sequence of reductions as anaerobic denitrification, 
differing in that it features a more branched electron transport 
chain and a Nap-dominated NO3

– reduction and facilitates the 
co-occurrence of nitrification and denitrification (Yang et al. 
2020a, Zhang et al. 2023). Furthermore, microorganisms that 
carry out aerobic denitrification have the advantage of their 
metabolic activity being uninterrupted by the presence of O2. 

Coastal areas account for 44% of global denitrifica-
tion (Seitzinger et al. 2006). In particular, denitrification in 
upwelling-influenced inverse estuaries, such as Bahía de 
San Quintín (Mexico), contributes to the removal of excess 
NO3

– and organic matter from the ocean (Camacho-Ibar et al. 
2003). The main environmental factors regulating denitrifica-
tion in coastal sediments are dissolved O2, NO3

–, and organic 
matter (Devol 2015). Moreover, seagrasses tend to enhance 
denitrification rates by facilitating the availability of NO3

– and 
organic matter in the form of plant tissues (Eyre et al. 2016).

Proteobacteria are the most abundant microbial group car-
rying out this metabolism in marine environments, particu-
larly the genera Pseudomonas, Alcaligenes, and Paracoccus 
(Sousa and Bhosle 2012). However, the taxonomy and activity 
of denitrifying bacteria from sediments of reverse estuaries 
are unknown. Furthermore, there are very few studies on aer-
obic denitrifying bacteria isolated from marine sediments 
(Zheng et al. 2011, Zhang et al. 2023) and even fewer on 
those from coastal systems (Chen et al. 2020). Therefore, the 
objective of the present work was to evaluate the distribution 
of aerobic bacteria with denitrifying genes isolated from the 
sediments of Bahía de San Quintín and their relationship with 
different environmental parameters, as well as the potential 
denitrifying activity under aerobic conditions in those isolates 
with the marker genes nirK, nirS or nosZ.

Materials and methods

Study site and sampling

San Quintín is a hypersaline coastal lagoon with an average 
depth of ~2 m situated in a basaltic terrain of cineritic volcanic 
cones on the northwest coast of the Baja California Peninsula, 
Mexico (Fig. 1). Zostera marina meadows cover 45% of the 
bay area (Ward et al. 2003). The bay is Y-shaped and com-
prises a pristine eastern arm known as Brazo San Quintín and 
a western arm with oyster farming activity known as Bahía 
Falsa. Terrestrial inputs of water and nutrients into the bay 
are minimal; circulation is dominated by tidal exchanges with 
the Pacific Ocean and coastal upwelling is the main source of 
nutrients (Camacho et al. 2003). The mean residence time of 
water at the entrance to the bay is less than 2 days, whereas at 
the innermost part it is greater than 12 days (Canu et al. 2016).

In October 2021, 4 sediment cores were collected in areas 
with Z. marina meadows (seagrass sediments) and another 
4 cores in areas without seagrass (bare sediments) ~25 m from 

the meadow edges in a 3-station transect (mouth, middle, 
and head) at Brazo San Quintín, avoiding the channel area 
(Fig. 1). Cores were collected by SCUBA with PVC corers 
(5 cm diameter and 25 cm depth), which were sealed in sterile 
plastic bags, stored at 4 °C and transported to the laboratory 
within 5 h. In the Biogeoquímica de Nutrientes Laboratory 
of the Oceanological Research Institute of the Autonomous 
University of Baja California (UABC, Ensenada), the upper 
strata (surface: 0–5 cm) and lower strata (bottom: 15–20 cm) 
of 3 cores per area were obtained and their physicochemical 
properties were characterized. Denitrifying bacteria were iso-
lated from composite and homogenized samples from 3 cores 
per zone, which were frozen at –80 °C until processed in the 
Ecología Microbiana Acuática Laboratory of the Institute of 
Marine Sciences and Limnology of the National Autonomous 
University of Mexico (UNAM, Mexico City). At each station, 
in situ measurements of temperature, salinity, and dissolved 
O2 in the water column above the sediments were taken with 
a YSI 6-Series multiparameter probe (Yellow Spring Instru-
ments, Yellow Springs, USA).

Physicochemical analyses

Physicochemical analyses were done in triplicate (except 
for O2 profiles, which were determined in one intact core per 
season and habitat) as described in Samperio-Ramos et al. 
(2024). Briefly, the dissolved O2 profile was measured with a 
Unisense microsensor (Aarhus, Denmark) in the nuclei equil-
ibrated by constant bubbling for 6–12 h. Sediment texture 
was determined with an LA-910 particle analyzer (Horiba 
Instruments, Irvine, USA) and pH was analyzed with a Starter 
2100 pH meter (Ohaus, Parsippany, USA). The concentra-
tions of Fe(II) and Fe(III) were obtained by the extraction 
method with HCl and ferrozine (Lovley and Phillips 1987, 
Samperio-Ramos et al. 2016) using a FLAME-S UV-Vis spec-
trophotometer (Ocean Insight, Orlando, USA). Total organic 
carbon (TOC) and total N (TN) were determined on an Ele-
mentar Vario analyzer (Elementar Americas, Inc., Ronkon-
koma, USA). Total carbohydrate content was determined by 
acid hydrolysis with H2SO4 at 105 °C for 25 h (Myklestad et 
al. 1997). NO3

– and NO2
– were extracted with KCl (Wheatley 

et al. 1989) and analyzed with an AA3-HR segmented flow 
autoanalyzer (Seal Analytical Ltd, Mequon, USA).

Isolation of denitrifying bacteria

With 100 mg of 12 composite sediment samples (corre-
sponding to 3 stations, 2 habitats, and 2 depths) from 3 cores 
per sampling area, 100-μL aliquots of serial dilutions (10–1, 
10–2, and 10–3) were seeded  in 2 selective culture media for 
denitrifying bacteria (marine medium: 5 g of casein pep-
tone, 1 g KNO3, 1.5 g of meat extract, 1.5 g of yeast extract, 
15 g of bacteriological agar, and 35 g of marine salts per 
liter of distilled water; Braker medium: 37.35 g of commer-
cial marine medium, 0.51 g KNO3, 0.5 g of yeast extract, 
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and 15 g of bacteriological agar per liter of distilled water), 
which were incubated under aerobic conditions for 2–4 days 
at 28 ± 1 °C. The colonies obtained were morphologically 
characterized. Subsequently, a representative colony was 
reseeded in the culture medium where it was isolated, under 
aerobic conditions for 1–2 days at 28 ± 1 °C to obtain suffi-
cient biomass.

Amplification of denitrifying genes, 16S rRNA gene 
sequencing, and phylogeny

DNA was extracted from each bacterial representative 
using the 2% hexadecyltrimethylammonium bromide (CTAB) 
technique (Stewart and Via 1993) and its quality and concen-
tration were verified on a NanoDrop 2000c spectrophotometer 
(Thermo Fisher Scientific, Waltham, USA). The nirK, nirS, 
and nosZ genes were amplified by polymerase chain reac-
tion (PCR) using 2 different primer pairs per gene (Table 1); 
a positive amplification was considered with at least one of 
the primer pairs. Given the high variability of denitrifying 
genes, degenerate primers were used to detect as much of the 
denitrifying community as possible, which is phylogeneti-
cally very diverse (Wei et al. 2015). The final concentration of 
the reagents used in the PCRs contained 0.9× Buffer supple-
mented with 2.7 mM MgCl2 and 0.9 mM dNTPs, 0.2 µg/µL of 
molecular grade bovine serum albumin (BioLabs, San Diego, 
USA), 0.3–0.5 µM of each primer, 0.025 U/µL of MyTaq 
(Bioline, London, United Kingdom), 1.7 ng/µL of DNA, and 
molecular grade water. The presence of nirK, nirS, or nosZ 
was checked by agarose gel electrophoresis.

The 16S rRNA gene was amplified by PCR in the DNA 
of representatives with one or more denitrifying genes 

(Table 1) and sequenced by the Sanger method at the Institute 
of Biology of UNAM (Mexico City). Sequences were taxo-
nomically classified using the online tools Classifier from the 
Ribosomal Database Project (Cole et al. 2014) and BLASTn 
from the National Center for Biotechnology Information 
(NCBI) (Altschul et al. 1990). Subsequently, sequences were 
aligned with the ClustalW algorithm in BioEdit (Hall 1999), 
and a phylogenetic tree was made with the neighbor-joining 
method and a bootstrap of 10,000 repetitions in MEGA 11 
(Tamura et al. 2021); this was edited in the Tree of Life pro-
gram (Ciccarelli et al. 2006).

NO3
–  and NO2

– reduction tests

To determine the potential denitrifying activity under aer-
obic conditions of the isolated bacteria with the nirK, nirS, 
or nosZ genes, the modified Holding and Colle (1971) test 
was carried out in tubes with marine broth or Braker at 28 ± 
1 °C and a Durham bell until reaching its exponential phase 
(~48 h). We took 5-mL aliquots and added 5 drops of reagent 
β (0.4 g of sulfanilic acid and 50 mL of 5N acetic acid) and 
5 drops of reagent α (0.25 g of α-naphthylamine and 50 mL 
of 5N acetic acid). In cases where a red shift did not occur 
(absence of NO2

–), ~0.1 g of zinc powder was added to check 
the presence or absence of NO3

–. The presence of gas in the 
Durham bell indicated the production of gaseous N.

Data analysis

Data were analyzed in RStudio v. 2023.3.0 (Posit team 
2023). Alpha diversity indices (Chao1, Simpson, and 
Shannon) of the denitrifying community were calculated 

Figure 1. Location of Bahía San Quintín (red box) in Baja California (blue box), Mexico (a). Location of sampling stations in Bahía San 
Quintín (head [dark blue marker], middle [turquoise marker], and mouth [coral marker]) (b).
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with the ‘vegan’ package (Oksanen et al. 2021). With the 
abundance data per species, the following were carried 
out: (1) a distribution analysis of the denitrifying species 
using a heat map with a cladogram using the Canberra 
dissimilarity matrix and the “average” grouping with the 
‘ComplexHeatmap’ package (Gu et al. 2016); (2) a Spearman 
correlation matrix with the physicochemical data using the 
packages ‘corrplot’ (Wei and Simko 2021) and ‘Hmisc’ (Har-
rell 2021); and (3) an analysis of the denitrifying community 
structure by non-metric multidimensional scaling (NMDS) 
using the Bray–Curtis dissimilarity matrix with the ‘vegan’ 
package and plotted with the ‘ggplot2’ package (Wickham 
2016), where vectors of significant environmental data (P < 
0.05) were integrated.

Finally, the presence of the nirK, nirS, or nosZ genes found 
in the isolate species was contrasted with the NCBI BLASTn 
tool. To do this, we accessed the reference genomes of species 

with the highest percentage of identity alignment and searched 
the gene locus in the protein table.

Results 

Physicochemical properties of water and sediments 
sampled

The water column of the bay showed an increase in 
temperature (from 20.8 to 22.7 °C), salinity (from 32.42 
to 35.39‰), and dissolved O2 (from 7.02 to 7.59 mg·L–1) 
from the mouth to the head (Table 2). The sediments were 
anoxic from 2 mm depth (Fig. 2) and alkaline (pH from 
7.89 to 8.2; Table 3). Sand content decreased from the 
mouth to the head in both habitats and depths (seagrass: 
from 62.4–70.4% to 21.4–29.6%; bare: from 82.9–90.9% 
to 23.4–37.3%), whereas silt increased (seagrass: from 

Table 1. Primers used to amplify the nirK, nirS, nosZ, and 16S rRNA genes, and their thermocycling conditions. Abbreviations: touchdown 
(TD), cycle (c), base pairs (bp).

Gene Primer Primer sequence (5’–3’) Thermocycling conditions Length Reference

nirK

nirK1F GG(A/C)ATGGT(G/T)CC(C/G)TGGCA 95 °C × 5 min, 10 TD (95 °C 
× 30 s, 56–51 °C × 30 s, 72 °C 
× 45 s), 25 c (95 °C × 30 s, 51 
°C × 30 s, 72 °C × 45 s), 72 °C 

× 7 min

510 bp Braker 
et al. (1998)nirK5R GCCTCGATCAG(A/G)TT(A/G)TGG

F1aCu ATCATGGT(C/G)CTGCCGCG 95 °C × 5 min, 6 TD (95 °C × 
15 s, 63–58 °C × 30 s, 72 °C 

× 30 s), 34 c (95 °C × 15 s, 58 
°C × 30 s, 72 °C × 30 s), 72 °C 

× 5 min

473 bp Hallin 
et al. (1999)R3Cu GCCTCGATCAG(A/G)TTGTGGTT

nirS

cd3aF GT(C/G)AACGT(C/G)AAGGA(A/G)AC(C/G)GG 95 °C × 5 min, 6 TD (95 °C × 
30 s, 62–57 °C × 20 s, 72 °C 

× 40 s), 34 c (95 °C × 30 s, 57 
°C × 20 s, 72 °C × 40 s), 72 °C 

× 5 min

425 bp Michotey 
et al. (2000)R3cd GA(C/G)TTCGG(A/G)TG(C/G)GTCTTGA

nirS1F CCTA(C/T)TGGCCGCC(A/G)CA(A/G)T 95 °C × 5 min, 10 TD (95 °C × 
30 s, 57–52 °C × 30 s, 72 °C × 
1 min), 30 c (95 °C × 30 s, 52 
°C × 30 s, 72 °C × 1 min), 72 

°C × 7 min

890 bp Braker 
et al. (1998)nirS6R CGTTGAACTT(A/G)CCGGT

nosZ

nosZl-2F CGCRACGGCAASAAGGTSMSSGT 95 °C × 5 min, 35 c (95 °C × 
30 s, 60 °C × 30 s, 72 °C × 30 

s), 72 °C × 5 min
267 bp Throbäck 

et al. (2004)nosZl-2R CAKRTGACKSGCRTGGCAGAA

Nos661F CGGCTGGGGGCTGACCAA 94 °C × 5 min, 35 c (94 °C × 
30 s, 55 °C × 1 min, 72 °C × 1 

min), 72 °C × 10 min
1,140 bp

Scala y 
Kerkhof 
(1998)Nos1773R AACGA(A/C/G)CAG(T/C)TGATCGA(T/C)AT

16S 
rRNA

27F TACCTTGTTACGACTT 94 °C × 5 min, 30 c (94 °C × 
1 min, 52 °C × 1 min, 72 °C × 

1.20 min), 72 °C × 10 min
1,465 bp Lane 

et al. (1985)1492R AGAGTTTGATCMTGGCTCAG

http://www.cienciasmarinas.com.mx/index.php/cmarinas
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29.6–37.6% to 70.3–78.0%; bare: from 9.1–17.2% to 62.4–
76.4%) (Table 3). The concentrations of Fe(III) were higher 
than those of Fe(II), and both were higher in the middle 
zone (seagrass: 8.0–10.9 mg·g–1 and 0.2–0.7 mg·g–1; bare: 
5.9–9.1 mg·g–1 and 0.2–0.6 mg·g–1, respectively). From 
the mouth to the head, TOC (seagrass: from 0.23–0.67% to 
1.17–1.45%; bare: from 0.14–0.31% to 0.58–1.03%) and 
TN (seagrass: from 0.03–0.07% to 0.11–0.16%; bare: from 
0.02–0.04% to 0.06–0.10%) increased. The concentrations 
of total carbohydrates, NO3

–, and NO2
– did not show a clear 

distribution pattern (Table 3).

Distribution and diversity of aerobic denitrifying bacteria 
isolated from sediments

A total of 1,611 isolates were obtained in the sediments of 
this bay, which were grouped into 155 morphological groups, 
of which 66 representatives (corresponding to 1,371 isolates) 
contained a nirK, nirS, or nosZ gene (85.1% of the total of the 
isolates).

The most abundant marker gene in the isolates was nirK 
(843 isolates), followed by nosZ (740 isolates) and nirS 
(573 isolates) (Fig. 3). Bacteria with only nosZ (20.3% of 

Station Temperature (°C) Salinity (‰) Oxygen (mg·L–1)

Mouth 20.8 32.42 7.02

Middle 21.7 34.45 7.11

Head 22.7 35.39 7.59 

Table 2. Physicochemical conditions of the water column at the 3 sampling stations.
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Figure 2. Vertical profiles (from the surface to 5 mm depth) of dissolved oxygen concentrations in cores of seagrass (right) and bare (left) 
sediments of Brazo San Quintín. Dissolved oxygen could not be measured in bare sediments at the mouth.
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total isolates) and nirK (20.1%) were dominant, whereas 
bacteria with only nirS represented 13.1%. Among the iso-
lates with 2 genes, those with nirK and nosZ were the most 
abundant (17.9%), followed by those with nirK and nirS 
(12.8%), whereas the least abundant were those with nirS 
and nosZ (5.1%). Only 10.7% of isolates had all 3 genes 
(Fig. 3a).

The distribution of the isolated denitrifiers in the bay was 
heterogeneous. By depth, surface sediments had a higher rela-
tive abundance of denitrifiers (66.2%) than bottom sediments 
(33.8%) (Fig. 3b). However, the relative abundance of iso-
lates at these depths varied depending on the habitat, so that 
on the surface it was greater in seagrass sediments (38.2%) 
than in bare sediments (29.4%) and at the bottom it was 
greater in bare sediments (24.3%) than in seagrass sediments 
(8.1%) (Fig. 3b). Isolates with nirS were more abundant at 
the head (45.4%), whereas isolates with nirK and nosZ were 
more abundant at the mouth (44.7 and 38.4%, respectively). 
A lower proportion of denitrifiers was isolated at the middle 
station (nosZ: 27.6%; nirS: 16.9%; nirK: 15.2%) (Fig. 3c, d). 
This distribution was also influenced by the habitat, so that the 
relative abundance of these isolates at the head was greater in 
the bare sediments (78.7%), whereas at the middle and mouth 

stations it was greater in seagrass sediments (72.7% and 
57.7%, respectively) (Fig. 3d).

In general, in these sediments there was a low dominance 
(Simpson: 0.83 to 0.88) and a high diversity (Shannon: 1.96 
to 2.36; close to Hmax: 2.71 to 3.04) of denitrifying isolates 
(Table 4). The environments with the highest richness of denitri-
fying isolates were the middle station, the bottom stratum, and 
the bare sediment (Chao1: 28.2, 31, and 30.1, respectively).

Taxonomy, phylogeny, and activity of bacteria with 
denitrifying genes

A phylogenetic tree was built with the 16S rRNA sequences 
of the 62 representatives corresponding to 1,338 isolates 
(4 representatives with poor quality sequences, belonging 
to 33 isolates, were discarded), classified into 4 classes 
(γ-Proteobacteria [82.4% of isolates], α-Proteobacteria 
[7.9%], Bacilli [5.7%], and Actinobacteria [4%]), distributed 
in 7 families, 11 genera, and 23 species (Fig. 4). The genera 
with the highest number of isolates were Psychrobacter 
(986 isolates), Pseudomonas (117 isolates), and Paracoccus 
(106 isolates). Furthermore, the species with the highest 
number of isolates were Psychrobacter piscatorii (267 isolates), 

Figure 3. Distribution of marker gene (nirK, nirS, or nosZ) abundance in the isolates obtained from the sediments of Brazo San Quintín (a), 
by depth and habitat (b), by station and depth (c), and by station and habitat (d).
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Psychrobacter celer (193 isolates), Psychrobacter submarinus 
(130 isolates), Psychrobacter pacificensis (124 isolates), and 
Pseudomonas songnenensis (117 isolates) (Fig. 4).

Of the 23 classified species, 18 had their genome repre-
sented in the NCBI, of which only 3 contained any of the 
marker genes found in this study: Mesobacillus jeotgali (nosZ; 
ID: WP_102264655.1), Mesobacillus maritimus (nosZ; ID: 
WP_251428094.1), and P. songnenensis (nirK and nosZ; ID: 
WP_239060843.1 and WP_015275732.1, respectively). In 
this study, nirS was also found in P. songnenensis, although 
it is not reported in its genome (NCBI reference sequence: 
NZ_RFFN01000004.1).

Relationship between the abundance of denitrifying 
bacteria species and environmental variables

The heat map showed that P. songnenensis and 
Paracoccus marcusii dominated at the bottom of the bare 
head sediment. Psychrobacter piscatorii and P. submarinus 
were abundant in several sediment samples, dominating at 
the surface of the bare sediment at the head and in the sea-
grass at the mouth. Psychrobacter celer and P. pacifiensis 
were most abundant at the surface of the bare sediment at the 
mouth (Fig. 5a). The abundances of the denitrifying species 
showed few significant correlations with the environmental 
variables studied, highlighting the significant positive cor-
relations of P. piscatorii with pH, Fe(III), TOC, and carbohy-
drates; Psychrobacter alimentarius correlated with NO3

– and 
NO2

– and Micrococcus endophyticus with pH and Fe(III). 
Significant negative correlations were observed mainly for 

P. celer with silt, clay, and TN content; Arthrobacter sp. with 
pH, Fe(III), and TOC; and P. marcussii with NO3

– and NO2
–, 

although the latter also had a significant positive correlation 
with Fe(II) (Fig. 5b).

The NMDS (Fig. 6) showed 3 groupings based on the 
abundance of the isolated denitrifying species: (1) the spe-
cies from surface sediments, except those from the bare sed-
iment at the mouth, showed a slight positive correlation with 
the pH and were represented by Metabacillus endolithicus, 
P. alimentarius, Psychobacter nivimaris, P. piscatorii, and 
P. submarinus. (2) Bottom species of the middle and head 
stations showed a positive correlation with the clay tex-
ture and a high abundance of Psychrobacter sp., P. celer, 
P. songnenensis, Planococcus maritimus, and Planococcus 
rifietoensis. (3) Mouth species (except surface species with 
Z. marina) positively correlated with sandy texture and nega-
tively correlated with TOC and TN, and were mainly associ-
ated with M. maritimus and Arthrobacter enclensis.

Verification of denitrifying activity in the isolated species

The denitrifying activity was verified under aerobic con-
ditions in 7 species (Table 5): P. marcusii (2 representatives 
with nirK, 1 with nirS, and 1 with active nirK/nirS and nosZ), 
P. maritimus (2 representatives with active nirS), P. rifietoensis 
(1 representative with active nirS), P. songnenensis 
(1 representative with active nirS and nosZ and 1 with active 
nirK/nirS and nosZ), P. alimentarius (1 representative with 
active nirK/nirS), P. celer (4 representatives with nirK and 
1 with active nirS), and P. piscatorii (1 representative with 
active nirK/nirS and nosZ).

Environment Specific richness Chao1 Simpson Shannon Hmax

Mouth 14 14.5 0.833 2.067 2.639

Middle 20 28.2 0.856 2.171 2.996

Head 15 17.3 0.831 1.957 2.708

Surface 17 18.0 0.854 2.169 2.833

Bottom 22 31.0 0.858 2.259 3.091

Bare 24 30.1 0.878 2.310 3.178

Seagrass 21 21.4 0.882 2.355 3.045

Average 19 22.93 0.856 2.184 2.927

Standard deviation 3.74 6.75  0.02 0.14 0.20

Table 4. Alpha diversity indices: specific richness (number of species present per sample), Chao1, Simpson, and Shannon, calculated from the 
abundances of bacterial isolates with denitrifying genes per environment studied. Hmax: maximum theoretical value of the Shannon index.
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Figure 4. Phylogenetic tree of the 16S rRNA sequences of the denitrifying bacterial representatives isolated in the sediments of Brazo San 
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and the circle size to its absolute value. Significant correlations are represented by white asterisks inside circles (* P < 0.05; ** P < 0.01; 
*** P < 0.001). Abbreviations: seagrass (P), bare (D), surface (S), bottom (F), total organic C (COT), total N (NT), and total carbohydrates 
(TCCHO).
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Discussion

Distribution of aerobic denitrifying bacteria isolated from 
Brazo San Quintín

To date, aerobic denitrifiers have been isolated in various 
marine systems (e.g., Zheng et al. 2011, Chen et al. 2020, 
Zhang et al. 2023) with the exception of reverse estuaries. 
Permeable coastal sediments, such as those in Bahía de San 
Quintín, are favorable environments for the development of 
aerobic denitrifying bacteria (Gao et al. 2010, Marchant et 
al. 2017). Furthermore, the proliferation of Z. marina and 
the shallow state of this bay promote large contributions of 
organic matter for denitrifying bacteria in these sediments 
(Eyre et al. 2016). Likewise, high concentrations of Fe in 
the sediment of the bay, derived from the erosion of basaltic 
rocks from the San Quintín volcanic field (Navarro et al. 
2006), can stimulate the development of bacteria with nirS 
(Zumft 1997). In this study, a large number of denitrifying 
bacteria are isolated for the first time under aerobic condi-
tions in the sediments of Brazo San Quintín (85.1% of 1,611 
isolates had denitrifying genes).

Isolates with nirK, nirS, or nosZ genes belonged to 
the classes Actinobacteria, Bacilli, γ-Proteobacteria, 
and α-Proteobacteria, which have been associated with 

denitrification in coastal sediments (Zhu et al. 2018, Ming et 
al. 2021). The 3 most abundant genera were Psychrobacter, 
Pseudomonas, and Paracoccus. Pseudomonas and 
Paracoccus are considered the most abundant denitrifying 
bacterial genera in marine sediments (Sousa and Bhosle 
2012) and have also been associated with aerobic denitri-
fication (Chen et al. 2020, Zhang et al. 2023). Likewise, 
Psychrobacter has been related to anaerobic (Zhu et al. 2018, 
Cabezas et al. 2022) and aerobic (Zheng et al. 2011) denitri-
fication in marine environments; furthermore, its genome 
reveals affinity for the aerobic denitrification pathway (Lasek 
et al. 2017).

There were bacterial species that simultaneously had the 
nirK and nirS genes, such as P. songnenensis, Psychrobacter 
sp., P. alimentarius, P. celer, and P. piscatorii (Fig. 4). 
These results contradict the traditional idea that such genes 
are mutually exclusive in genomes of denitrifying organ-
isms (Zumft 1997, Jones et al. 2008), but are in line with 
observations of nirK/nirS co-occurrence found in NCBI 
genomes (Graf et al. 2014), anaerobic and microaerobic cul-
tures of Bradyrhizobium oligotrophicum S58 (Sánchez and 
Minamisawa 2018), and aerobic cultures of Pseudomonas 
stutzeri (Wittorf et al. 2018). Therefore, a deeper study of 
the physiology and metabolism of bacteria with nirK/nirS 
in their genomes is needed.

Figure 6. NMDS plot of sample distribution (symbols) as a function of the Bray–Curtis distance matrix of the isolated denitrifying species and 
their correlation with the significant environmental vectors (P < 0.05). Stress level: 0.069. Abbreviations: total organic C (C) and total N (N).
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Strong physicochemical gradients occur along Brazo San 
Quintín (Canu et al. 2016, Samperio–Ramos et al. 2024), 
which could influence the distribution of denitrifying bac-
teria. However, the distribution of these isolates was hetero-
geneous in this arm, being more abundant at the mouth and 
head than in the middle zone, and without clear differences 
between bare sediments or those with Z. marina. Aerobic 
denitrifying activity has been demonstrated in permeable 
coastal sediments (Gao et al. 2010, Marchant et al. 2017). 
Therefore, the greater permeability of sandy sediments 
at the mouth and the arrival of nutrients through coastal 
upwellings associated with the California Current (Canu et 
al. 2016), intensified by an atypical La Niña phase durng 
the sampling time (Cheng et al. 2022), promoted greater 
development of aerobic denitrifying bacteria in this area. In 

addition, higher TOC contents in the sediments of the head, 
due to their silty content and the longer water confinement 
time (Ribas-Ribas et al. 2011, Canu et al. 2016), could pro-
mote higher abundances of aerobic denitrifying bacteria in 
this area of the bay. In general, surface sediments had higher 
relative abundances of aerobic denitrifying bacteria than 
bottom sediments, possibly due to the diffusion of O2 and 
nutrients from the water to surface sediments (Ribas- Ribas 
et al. 2011) and their higher organic matter contents, with 
respect to the deeper sediments. On the other hand, bacteria 
with nirS were the least abundant in these sediments, despite 
the affinity of the nirS enzyme cd1 with Fe (Zumft 1997) and 
the high concentrations of this metal in Bahía San Quintín 
(Navarro et al. 2006, Samperio-Ramos et al. 2024). There-
fore, a possible underestimation of the real abundance of 

Species Representative
Main morphology 

(color, elevation, border) N

Genes found by PCR

Proven genesnirK nirS noZ

Paracoccus 
marcusii

M.M.D.F.5 Cream, flat, smooth 1 + ─ + nirK

M.C.D.F.2 Cream, elevated, smooth 37 ─ + ─ nirS

M.C.D.F.3 Light brown, flat, 
wavy 30 + + + nirK/nirS, 

nosZ

M.C.D.F.4 Orange, flat, smooth 30 + ─ ─ nirK

Planococcus 
maritimus

M.B.D.F.7 Orange, elevated, lobed 3 ─ + ─ nirS

N.B.P.S.7 Orange, flat, smooth 4 ─ + ─ nirS

Planococcus 
rifietoensis N.C.P.S.2 Orange, elevated, smooth 3 ─ + ─ nirS

Pseudomonas 
songnenensis

M.C.D.F.6 Orange, elevated, wavy 30 ─ + + nirS, nosZ

M.C.D.F.8 Orange, elevated, smooth 87 + + + nirK/nirS, 
nosZ

Psychrobacter 
alimentarius N.B.D.S.3 Orange, flat, wavy 4 + + ─ nirK/nirS

Psychrobacter 
celer

N.B.P.S.6 White, flat, smooth 30 + ─ + nirK

N.B.P.S.8 Cream, protuberant, smooth 4 + ─ + nirK

N.B.P.S.9 Yellow, flat, smooth 1 + ─ + nirK

N.B.D.F.6 Cream, flat, lobed 1 + ─ + nirK

N.B.D.F.10 Cream, elevated, lobed 1 ─ + + nirS

Psychrobacter 
piscatorii M.C.D.S.3 Colorless, flat, wavy 30 + + + nirK/nirS, 

nosZ

Table 5. Representative isolates whose denitrifying gene activity, identified by PCR, could be verified under aerobic conditions. Origin of 
representatives: culture medium (marine [M] or nutritious [N]), station (mouth [B], middle [M], or head [C]), habitat (seagrass [P] or bare 
[D]), depth (surface [S] or bottom [F]), and number assigned in the isolation (abundance of isolates for each representative [N]).
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nirS-carrying bacteria due to the isolation technique cannot 
be discarded (Stewart 2012).

The diversity of denitrifying bacteria isolated in San 
Quintín was lower than that found in sediments from other 
estuaries where massive sequencing techniques (Ming et al. 
2021) and clone libraries (Zheng et al. 2015) were used. There-
fore, this could be a consequence of the technique used in this 
study, since isolation in agar does not allow the growth of the 
majority of bacteria present in a certain environment; these 
have been identified, without the need to culture, by means 
of PCR amplification and sequencing of marker genes such 
as 16S rRNA (Stewart 2012). Furthermore, the heterogeneous 
distribution of denitrifying bacteria in this bay, together with 
the low significant correlation found between denitrifying spe-
cies and environmental parameters, could also be due to the 
isolation in agar. On the other hand, according to the NMDS, 
the distribution of these isolates was conditioned mainly by the 
texture, pH, and concentration of TOC and TN in these sedi-
ments; these results coincide with those obtained by quantita-
tive PCR in sediments from various estuaries in China. (Wang 
et al. 2014, Zhu et al. 2018, Ming et al. 2021).

Denitrifying activity in bacteria isolated with denitrifying 
genes

Although denitrification is a modular process (Zumft 1997), 
which makes it difficult to observe the complete reduction of 
NO3

– to N2 in monocultures, complete aerobic denitrification 
was confirmed in 3 species (P. marcusii, P. songnenensis, and 
P. piscatorii). The reduction of NO3

– and NO2
– under aerobic 

conditions was also confirmed in 4 other species (P. maritimus, 
P. rifietoensis, P. alimentarius, and P. celer).

The verification of denitrifying activity under aerobic 
conditions in 3 Psychrobacter species supports the proposal 
that this genus can carry out aerobic denitrification (Lasek 
et al. 2017). The ability to carry out this process in the pres-
ence of O2 could explain the dominance of Psychrobacter in 
the isolates obtained in San Quintín, since the isolation con-
ditions were also aerobic. On the other hand, the denitri-
fying activity observed in P. marcusii and P. songnenensis 
could follow a complete denitrification route (with N2 pro-
duction), since the presence of the nosZ gene has been 
described in both genera (Jones et al. 2013), and the genome 
of P. songnenensis contains the genes nirK and nosZ (NCBI: 
NZ_RFFN01000004.1). Regarding the reduction of NO3

– and 
NO2

– verified in P. maritimus and P. rifietoensis, there are no 
previous records of such activity in this genus; however, its 
class (Bacilli) is known to be able to carry out aerobic denitri-
fication (Yang et al. 2020b).

Conclusions 

In the sediments of Brazo San Quintín there is a high 
abundance of aerobic bacteria with denitrifying genes. We 
were able to verify the ability to carry out denitrification in 
the presence of O2 in at least 7 of these species. Although the 

agar isolation technique does not allow a real estimate of the 
abundance and diversity of denitrifying bacteria in this bay, it 
is the first work to isolate aerobic bacteria with denitrifying 
potential in the sediments of a coastal lagoon-type estuary. In 
future studies it would be of interest to compare the denitrifying 
community between the pristine arm (Brazo San Quintín) and 
that influenced by oyster farming activity (Bahía Falsa) to ana-
lyze the effects of this type of anthropogenic activities on the 
denitrifying community of Bahía San Quintín.

English translation by Claudia Michel-Villalobos.

Declarations

Supplementary material

This work does not include supplementary material.

Acknowledgments

We thank the members of the Laboratorio de Biogeo-
química de Nutrientes of the Instituto de Investigaciones 
Oceanológicas (UABC) for the physicochemical analyses.

Funding

This study was funded by the Consejo Nacional de Humani-
dades, Ciencias y Tecnologías (CONAHCYT) through the 
project “Ciclo de nitrógeno en sedimentos marinos: procesos 
canónicos y ‘nuevos’ actores evaluados en una laguna cos-
tera influenciada por surgencias y con acuicultura de ostras” 
(CF–2019–682328).

Conflict of interests

The authors declare that they have no conflict of interest.

Author contributions

Conceptualization: SP-M; Data curation: PP-Z; Formal 
analysis: PP-Z; Financing acquisition: GAS-R; Research: 
PP-Z, SP-M; Methodology: PP-Z, SP-M, GAS-R; Supervi-
sion: SP-M; Validation: SP-M; Writing—original draft: PP-Z, 
SP-M; Writing-review and editing: SP-M, GAS-R.

Data availability

The sequences are found in GenBank under accession 
numbers OR987974–OR988035.

Use of AI tools

The authors did not use any artificial intelligence tools for 
this work.

http://www.cienciasmarinas.com.mx/index.php/cmarinas


14

Ciencias Marinas, Vol. 50, 2024

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic 
local alignment search tool. J Mol Biol. 215(3):403-410. 

 https://doi.org/10.1016/s0022-2836(05)80360-2
Braker G, Fesefeldt A, Witzel KP. 1998. Development of PCR 

primer systems for amplification of nitrite reductase genes 
(nirK and nirS) to detect denitrifying bacteria in 
environmental samples. Appl Environ Microbiol. 
64(10):3769-3775.

 https://doi.org/10.1128/AEM.64.10.3769-3775.1998
Cabezas A, Azziz G, Bovio-Winkler P, Fuentes L, Braga L, 

Wenzel J, Sabaris S, Tarlera S, Etchebehere C. 2022. Ubiquity 
and diversity of cold adapted denitrifying bacteria isolated 
from diverse Antarctic ecosystems. Front Microbiol. 
13:827228.

 https://doi.org/10.3389/fmicb.2022.827228
Camacho-Ibar VF, Carriquiry JD, Smith SV. 2003. Non-

conservative P and N fluxes and net ecosystem production in 
San Quintin Bay, Mexico. Estuar Coast 26(5):1220-1237. 

 http://dx.doi.org/10.1007/BF02803626
Canu DM, Aveytua-Alcázar L, Camacho-Ibar VF, Querin S, 

Solidoro C. 2016. Hydrodynamic properties of San Quintin 
Bay, Baja California: merging models and observations. Mar 
Pollut. 108:203-214. 

 https://doi.org/10.1016/j.marpolbul.2016.04.030
Chen Z, Jiang Y, Chang Z, Wang J, Song X, Huang Z, Chen S, Li J. 

2020. Denitrification characteristics and pathways of a 
facultative anaerobic denitrifying strain, Pseudomonas 
denitrificans G1. J Biosci Bioeng. 129(6):715-722. 

 https://doi.org/10.1016/j.jbiosc.2019.12.011
Cheng L, Abraham J, Trenberth KE, Fasullo J, Boyer T, Mann ME, 

Zhu J, Wang F, Locarnini R, Li Y, et al. 2022. Another record: 
ocean warming continues through 2021 despite La Niña 
conditions. Adv Atmos Sci. 39:373-385. 

 https://doi.org/10.1007/s00376-022-1461-3
Cheng HY, Xu AA, Awasthi MK, Kong DD, Chen JS, Wang YF, 

Xu P. 2020. Aerobic denitrification performance and nitrate 
removal pathway analysis of a novel fungus Fusarium solani 
RADF–77. Bioresour Technol. 295:122250.

 https://doi.org/10.1016/j.biortech.2019.122250
Ciccarelli FD, Doerks T, Von Mering C, Creevey CJ, Snel B, Bork P. 

2006. Toward automatic reconstruction of a highly resolved tree 
of life. Science. 311(5765):1283-1287. 

 https://doi.org/10.1126/science.1123061
Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, 

Brown CT, Porras–Alfaro A, Kuske CR, Tiedje JM. 2014. 
Ribosomal Database Project: Data and tools for high throughput 
rRNA analysis. Nucleic Acids Res. 42(D1):D633-D642. 

 https://doi.org/10.1093/nar/gkt1244
Damashek J, Francis CA. 2018. Microbial nitrogen cycling in 

estuaries: from genes to ecosystem processes. Estuar Coast. 
41:626-660. 

 https://doi.org/10.1007/s12237-017-0306-2
Devol A. 2015. Denitrification, anammox, and N2 production in 

marine sediments. Annu Rev Mar Sci. 7:403-423. 
 https://doi.org/10.1146/annurev-marine-010213-135040
Eyre BD, Maher DT, Sanders C. 2016. The contribution of 

denitrification and burial to the nitrogen budgets of three 
geomorphically distinct Australian estuaries: Importance of 
seagrass habitats. Limnol Oceanogr. 61:1144-1156. 

 https://doi.org/10.1002/lno.10280
Feng L, Yang J, Ma F, Pi S, Xing L, Li A. 2020. Characterisation of 

Pseudomonas stutzeri T13 for aerobic denitrification: 

stoichiometry and reaction kinetics. Sci Total Environ. 
717:135181. 

 https://doi.org/10.1016/j.scitotenv.2019.135181
Gao H, Schreiber F, Collins G, Jensen MM, Kostka JE, Lavik G, 

de Beer D, Zhou H, Kuypers MM. 2010. Aerobic denitrification 
in permeable Wadden Sea sediments. ISME J. 4(3):417-426. 

 https://doi.org/10.1038/ismej.2009.127
Graf DR, Jones CM, Hallin S. 2014. Intergenomic comparisons 

highlight modularity of the denitrification pathway and 
underpin the importance of community structure for N2O 
emissions. PLoS One. 9(12):e114118. 

 https://doi.org/10.1371/journal.pone.0114118
Gu Z, Eils R, Schlesner M. 2016. Complex heatmaps reveal patterns 

and correlations in multidimensional genomic data. Bioinform. 
32(18):2847-2849.

 https://doi.org/10.1093/bioinformatics/btw313
Hall TA. 1999. BioEdit: a user–friendly biological sequence 

alignment editor and analysis program for windows 95/98nt. 
Nucleic Acids Symp Ser. 41(41):95-98.

Hallin S, Lindgren PE. 1999. PCR detection of genes encoding 
nitrite reductase in denitrifying bacteria. Appl Environ 
Microbiol. 65(4):1652-1657.

 https://doi.org/10.1128/AEM.65.4.1652-1657.1999
Harrell F. 2021. ‘Hmisc’: Harrell miscellaneous. R package v. 4.6-0. 

https://hbiostat.org/R/Hmisc
Holding AJ, Colle JG. 1971. Routine biochemical tests. In: 

Norris JR, Ribbons DW (eds.), Methods in Microbiology (6A). 
London: Academic Press. p. 1-32.

Hutchins DA, Capone DG. 2022. The marine nitrogen cycle: new 
developments and global change. Nat Rev Microbiol. 20:401-414. 

 https://doi.org/10.1038/s41579-022-00687-z
Jones CM, Graf DR, Bru D, Philippot L, Hallin S. 2013. The 

unaccounted yet abundant nitrous oxide-reducing microbial 
community: a potential nitrous oxide sink. ISME J. 7: 417-426. 
https://doi.org/10.1038/ismej.2012.125

Jones CM, Stres B, Rosenquist M, Hallin S. 2008. Phylogenetic 
analysis of nitrite, nitric oxide, and nitrous oxide respiratory 
enzymes reveal a complex evolutionary history for 
denitrification. Mol Biol Evol. 25:1955-1966. 

 https://doi.org/10.1093/molbev/msn146
Lane DJ, Pace B, Olsen GJ, Stahl DA, Sogin ML, Pace NR. 1985. 

Rapid determination of 16S ribosomal RNA sequences for 
phylogenetic analyses. Proc Natl Acad Sci. 82(20):6955-6959

 https://doi.org/10.1073/pnas.82.20.6955.
Lasek R, Dziewit L, Ciok A, Decewicz P, Romaniuk K, Jedrys Z, 

Wibberg D, Schlüter A, Pühler A, Bartosik D. 2017. Genome 
content, metabolic pathways and biotechnological potential of 
the psychrophilic Arctic bacterium Psychrobacter sp. DAB_
AL43B, a source and a host of novel Psychrobacter–specific 
vectors. J Biotechnol. 263:64-74. 

 https://doi.org/10.1016/j.jbiotec.2017.09.011
Lovely DR, Phillips EJ. 1987. Rapid assay for microbially reducible 

ferric iron in aquatic sediments. Appl Environ Microbiol. 
53(7):1536-1540. 

 https://doi.org/10.1128/aem.53.7.1536-1540.1987
Lu ZY, Gan L, Lin JJ, Chen ZL. 2019. Aerobic denitrification by 

Paracoccus sp. YF1 in the presence of Cu(II). Sci Total Environ. 
658:80-86. 

 https://doi.org/10.1016/j.scitotenv.2018.12.225
Marchant HK, Ahmerkamp S, Lavik G, Tegetmeyer HE, Graf J, 

Klatt JM, Holtappels M, Walpersdorf E, Kuypers MM. 2017. 
Denitrifying community in coastal sediments performs aerobic 
and anaerobic respiration simultaneously. ISME J. 11:1799-1812. 

 https://doi.org/10.1038/ismej.2017.51

http://www.cienciasmarinas.com.mx/index.php/cmarinas
https://doi.org/10.1016/s0022-2836(05)80360-2


15

Peña-Zuñiga et al.: Aerobic denitrifying bacteria from a coastal lagoon

Michotey V, Mejean V, Bonin P. 2000. Comparison of methods for 
quantification of cytochrome cd 1–denitrifying bacteria in 
environmental marine samples. Appl Environ Microbiol. 
66(4):1564-1571.

 https://doi.org/10.1128/AEM.66.4.1564-1571.2000
Ming H, Fan J, Chen Q, Su J, Song J, Yuan J, Shi T, Li B. 2021. 

Diversity and abundance of denitrifying bacteria in the sediment 
of a eutrophic estuary. Geomicrobiol J. 38(3):199-209. 

 https://doi.org/10.1080/01490451.2020.1822959
Myklestad SM, Skanoy E, Hestmann S. 1997. A sensitive and rapid 

method for analysis of dissolved mono– and polysaccharides in 
seawater. Mar Chem. 56:279-286.  

 https://doi.org/10.1016/S0304-4203(96)00074-6
Navarro E, Daesslé LW, Camacho–Ibar VF, Ortiz–Hernández MC, 

Gutiérrez–Galindo EA. 2006. La geoquímica de Fe, Ti y Al 
como indicadora de la sedimentación volcanoclástica en la 
laguna costera de San Quintín, Baja California, México = 
Geochemistry of Fe, Ti and Al as an indicator of volcanoclastic 
sedimentation in San Quintín coastal lagoon, Baja California, 
Mexico. Cienc Mar. 32(2):205-217. 

 https://doi.org/10.7773/cm.v32i21.1067
Oksanen J, Blanchet FG, Friendly M. 2021. ‘vegan’: Community 

Ecology Package. R package v. 2.6-4. https://CRAN.R-project.
org/package=vegan

Pajares S, Ramos R. 2019. Processes and microorganisms involved 
in the marine nitrogen cycle: knowledge and gaps. Front Mar 
Sci. 6:739. 

 https://doi.org/10.3389/fmars.2019.00739
Posit team. 2023. R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, 
Austria. http://www.posit.co

Ravishankara AR, Daniel JS, Portmann RW. 2009. Nitrous oxide 
(N2O): the dominant ozone-depleting substance emitted in the 
21st century. Science. 326(5949):123-125. 

 https://doi.org/10.1126/science.1176985
Ribas-Ribas M, Hernández–Ayón JM, Camacho-Ibar VF, 

Cabello-Pasini A, Mejia-Trejo A, Durazo R, Galindo-Bect S, 
Souza AJ, Forja JM, Siqueiros-Valencia A. 2011. Effects of 
upwelling, tides and biological processes on the inorganic 
carbon system of a coastal lagoon in Baja California. Estuar 
Coast Shelf Sci. 95(4):367-376. 

 https://doi.org/10.1016/j.ecss.2011.09.017
Robertson LA, Kuenen JG. 1984. Aerobic denitrification: a 

controversy revived. Arch Microbiol. 139(4):351-354.
 https://doi.org/10.1007/BF00408378
Samperio-Ramos G, Santana-Casiano JM, Gonzalez–Davila M. 

2016. Effect of ocean warming and acidification on the Fe (II) 
oxidation rate in oligotrophic and eutrophic natural waters. 
Biogeochem. 128:19-34. 

 https://doi.org/10.1007/s10533-016-0192-x
Samperio-Ramos G, Hernández-Sánchez O, Camacho-Ibar VF, 

Pajares S, Gutiérrez A, Sandoval-Gil JM, Reyes M, De Gyves 
S, Balint S, Oczkowski A, Ponce-Jahen SJ, Cervantes FJ. 2024. 
Ammonium loss microbiologically mediated by Fe(III) and 
Mn(IV) reduction along a coastal lagoon system. Chemosphere. 
349:140933. 

 https://doi.org/10.1016/j.chemosphere.2023.140933
Sánchez C, Minamisawa K. 2018. Redundant roles of 

Bradyrhizobium oligotrophicum Cu-type (nirK) and cd 1-type 
(nirS) nitrite reductase genes under denitrifying conditions. 
FEMS Microbiol Lett. 365(5):fny015. 

 https://doi.org/10.1093/femsle/fny015
Scala DJ, Kerkhof LJ. 1998. Nitrous oxide reductase (nosZ) gene-

specific PCR primers for detection of denitrifiers and three 

nosZ genes from marine sediments. FEMS Microbiol Lett. 
162(1):61-68. 

 https://doi.org/10.1111/j.1574-6968.1998.tb12979.x
Seitzinger S, Harrison JA, Böhlke JK, Bouwman AF, Lowrance R, 

Peterson B, Tobias C, Drecht GV. 2006. Denitrification across 
landscapes and waterscapes: a synthesis. Ecol Appl. 16(6):2064-2090. 

 https://doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.
0.CO;2

Sousa T, Bhosle S. 2012. Microbial denitrification and its ecological 
implications in the marine system. In: Satyanarayana T, Johri B 
(eds.), Microorganisms in Environmental Management. 
Dordrecht: Springer. p. 683-700. 

 https://doi.org/10.1007/978-94-007-2229-3_30
Stewart CN, Via LE. 1993. A rapid CTAB DNA isolation technique 

useful for RAPD fingerprinting and other PCR applications. 
Biotechniques. 14(5):748-751.

Stewart EJ. 2012. Growing unculturable bacteria. J Bacteriol. 
194(16):4151-4160. 

 https://doi.org/10.1128/jb.00345-12 
Tamura K, Stecher G, Kumar S. 2021. MEGA11: molecular 

evolutionary genetics analysis version 11. Mol Biol Evol. 
38(7):3022-3027. 

 https://doi.org/10.1093/molbev/msab120
Throbäck IN, Enwall K, Jarvis Å, Hallin S. 2004. Reassessing PCR 

primers targeting nirS, nirK and nosZ genes for community 
surveys of denitrifying bacteria with DGGE. FEMS Microbiol 
Ecol. 49(3):401-417. 

 https://doi.org/10.1016/j.femsec.2004.04.011
Wang L, Zheng B, Nan B, Hu P. 2014. Diversity of bacterial 

community and detection of nirS– and nirK–encoding 
denitrifying bacteria in sandy intertidal sediments along 
Laizhou Bay of Bohai Sea, China. Mar Pollut Bull. 88(1-2):215-
223. 

 https://doi.org/10.1016/j.marpolbul.2014.09.002
Ward DH, Morton A, Tibbitts TL, Douglas DC, Carrera-González E. 

2003. Long-term change in eelgrass distribution at Bahía San 
Quintín, Baja California, Mexico, using satellite imagery. 
Estuaries. 26(6):1529-1539. 

 http://doi.org/10.1007/BF02803661
Wei T, Simko V. 2021. ‘corrplot’: Visualization of a Correlation 

Matrix. R package v. 0.92. https://github.com/taiyun/corrplot
Wei W, Isobe K, Nishizawa T, Zhu L, Shiratori Y, Ohte N, Koba K, 

Otsuka S, Senoo K. 2015. Higher diversity and abundance of 
denitrifying microorganisms in environments than considered 
previously. ISME J. 9:1954-1965. 

 http://doi.org/10.1038/ismej.2015.9
Wheatley RE, MacDonald R, Smith AM. 1989. Extraction of 

nitrogen from soils. Biol Fertil Soils. 8:189-190. 
 https://doi.org/10.1007/BF00257765
Wickham H. 2016. ggplot2: Elegant Graphics for Data Analysis. 

New York (USA): Springer-Verlag New York, Inc. 260 p. 
Wittorf L, Jones CM, Bonilla-Rosso G, Hallin S. 2018. Expression 

of nirK and nirS genes in two strains of Pseudomonas stutzeri 
harbouring both types of NO-forming nitrite reductases. Res 
Microbiol. 169(6):343-347. 

 https://doi.org/10.1016/j.resmic.2018.04.010 
Yang J, Feng L, Pi S, Cui D, Ma F, Zhao HP, Li A. 2020a. A critical 

review of aerobic denitrification: insights into the intracellular 
electron transfer. Sci Total Environ. 731:139080.

 https://doi.org/10.1016/j.scitotenv.2020.139080
Yang T, Xin Y, Zhang L, Gu Z, Li Y, Ding Z, Shi G. 2020b. 

Characterization on the aerobic denitrification process of 
Bacillus strains. Biomass Bioenerg. 140:105677. 

 https://doi.org/10.1016/j.biombioe.2020.105677

http://www.cienciasmarinas.com.mx/index.php/cmarinas
https://www.sciencedirect.com/science/article/abs/pii/S0304420396000746?via%3Dihub
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
https://github.com/taiyun/corrplot


16

Ciencias Marinas, Vol. 50, 2024

Zhang K, Zeng Q, Jiang R, Shi S, Yang J, Long L, Tian X. 2023. Three 
novel marine species of Paracoccus, P. aerodenitrificans sp. nov., 
P. sediminicola sp. nov. and P. albus sp. nov., and the characterization 
of their capability to perform heterotrophic nitrification and 
aerobic denitrification. Microorganisms. 11(6):1532. 

 https://doi.org/10.3390/microorganisms11061532
Zheng H, Liu Y, Sun G, Gao X, Zhang Q, Liu Z. 2011. Denitrification 

characteristics of a marine origin psychrophilic aerobic 
denitrifying bacterium. J Environm Sci. 23(11):1888-1893.

 https://doi.org/10.1016/S1001-0742(10)60615-8
Zheng Y, Hou L, Liu M, Gao J, Yin G, Li X, Deng F, Lin X, Jiang X, 

Chen F, et al. 2015. Diversity, abundance, and distribution of 
nirS-harboring denitrifiers in intertidal sediments of the 

Yangtze estuary. Microb Ecol. 70:30-40. 
 https://doi.org/10.1007/s00248-015-0567-x
Zhu W, Wang C, Sun F, Zhao L, Dou W, Mao Z, Wu W. 2018. 

Overall bacterial community composition and abundance of 
nitrifiers and denitrifiers in a typical macrotidal estuary. Mar 
Pollut Bull. 126:540-548. 

 https://doi.org/10.1016/j.marpolbul.2017.09.062
Zumft WG. 1997. Cell biology and molecular basis of denitrification. 

Microbiol Mol Biol Rev. 61(4):533-616. 
 https://doi.org/10.1128/mmbr.61.4.533-616.1997.

http://www.cienciasmarinas.com.mx/index.php/cmarinas
https://www.mdpi.com/2076-2607/11/6/1532
https://doi.org/10.1016/S1001-0742(10)60615-8

