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Abstract

Botswana’s Okavango Delta is a World Heritage Site and biodiverse wilderness. In 2016–

2018, following arrival of the annual flood of rainwater from Angola’s highlands, and using

continuous oxygen logging, we documented profound aquatic hypoxia that persisted for 3.5

to 5 months in the river channel. Within these periods, dissolved oxygen rarely exceeded 3

mg/L and dropped below 0.5 mg/L for up to two weeks at a time. Although these dissolved

oxygen levels are low enough to qualify parts of the Delta as a dead zone, the region is a bio-

diversity hotspot, raising the question of how fish survive. In association with the hypoxia,

histological samples, collected from native Oreochromis andersonii (threespot tilapia), Cop-

todon rendalli (redbreast tilapia), and Oreochromis macrochir (greenhead tilapia), exhibited

widespread hepatic and splenic inflammation with marked granulocyte infiltration, melano-

macrophage aggregates, and ceroid and hemosiderin accumulations. It is likely that direct

tissue hypoxia and polycythemia-related iron deposition caused this pathology. We propose

that Okavango cichlids respond to extended natural hypoxia by increasing erythrocyte pro-

duction, but with significant health costs. Our findings highlight seasonal hypoxia as an

important recurring stressor, which may limit fishery resilience in the Okavango as concur-

rent human impacts rise. Moreover, they illustrate how fish might respond to hypoxia else-

where in the world, where dead zones are becoming more common.

Introduction

In northwest Botswana, the Okavango River forms a vast inland oasis as it flows through the arid

Kalahari. It is one of the world’s largest wetlands, covering 15,000 to 22,000 square kilometers,

depending on season and rainfall. The Okavango is renowned for crystal-clear waters, unhin-

dered and dynamic hydrology, and immense biodiversity, including large numbers of iconic Afri-

can megafauna [1]. The Ramsar Convention on Wetlands recognizes the Okavango as a Wetland
of International Importance and, in 2014, the United Nations Educational, Scientific and Cultural

Organization (UNESCO) designated the Delta as the 1000th World Heritage Site.
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An annual cycle of flooding and drying supports Okavango biodiversity. Delta flooding

begins in November or December as rainwater drains from the forested mountains of Angola.

In Angola, numerous tributaries merge into the Cubango and Cuito Rivers, which merge and

flow across the Zambezi Region of Namibia to Botswana, where the river becomes the Oka-

vango (Fig 1A–1C). After entering Botswana, the river flows through the permanent channels

and adjacent flood plains of the Delta Panhandle for 90 km between Mohembo and Guma,

and then spreads out to fill the alluvial fan of the Delta proper. Because the alluvial fan is

almost flat, dropping just 60 meters over its length, the flood water moves slowly, taking six

months to travel a linear distance of 256 km, from the Namibia-Botswana border to the town

of Maun at the southern end of the Delta [1]. Past Maun, the river continues to Lake Ngami,

the Boteti River, and, in a year with plenty of rain, on to the Makgadikgadi Pans (Fig 1B and

1C). The flood peaks in winter (June to August) creating a vast interconnected wetland of

channels, islands, lagoons, floating papyrus, and flooded grasslands that is navigable only by

small boats and mokoros (canoes) (Fig 1D and 1E).

When the Delta floods, the inundation releases large amounts of dissolved organic matter

(DOM) from the floodplains, which have desiccated during the months-long dry season [2].

The hydrated DOM stimulates composting microbes which, in turn, consume most of the avail-

able dissolved oxygen (DO) and create a broad band of hypoxia at the leading edge of the flood

[1, 2]. This hypoxic band rolls slowly through the Delta such that fishes experience both hypoxic

and normoxic “seasons”. In addition to the effects of DOM-fueled respiration, the floating mats

of Cyperus papyrus and Phragmites mauririanus that dominate the channel margins [3] pro-

mote hypoxia by slowing water flow and trapping organic matter that decomposes rapidly

below water; meanwhile, the bulk of photosynthesis occurs above the water line [4]. All these

features conspire to minimize oxygen availability in the water column during the flood season.

During a survey of the Delta Panhandle in March 2016, we encountered this hypoxic band,

which occurred throughout the water column in the river channel, and extended for a linear

distance of at least 125 km, from Shakawe to Sepopa to Guma, and continuously downstream

from Guma to the Duba Islands, including side channels (Fig 1C). We ended our sampling at

Duba, but the hypoxia likely continued for some distance. Furthermore, in pockets along the

edges of Guma Lagoon, but not elsewhere, hundreds of dead adult tigerfish (Hydrocynus vitta-
tus, a top predator) littered the water’s surface. Despite the hypoxia, no other species were

found dead in the lagoon or beyond. On the contrary, we were able to catch tilapia (Oreochro-
mis and Coptodon sp.) in the hypoxic zone.

Hypoxia is an ecologically relevant feature of many aquatic systems in Africa. Among the

best studied are the papyrus (Cyperus sp.) swamps of East Africa, which exhibit sustained hyp-

oxia with average DO levels below 1.5 mg/L for multi-year periods in some areas [4, 5]. These

low oxygen zones serve as refugia that protect hypoxia-adapted fishes from their less tolerant

predators, and so play a critical role in the maintenance of biological diversity in these systems

[5, 6]. Fishes acclimate to hypoxia through several phenotypically plastic traits, including

increased hemoglobin concentration and hematocrit, enlarged gill surface area, reduced criti-

cal oxygen tension, and small body size [5], along with adaptive behaviors such as aquatic sur-

face respiration and buccal-bubble holding (gulping air at the water’s surface and holding the

bubble in the mouth to enhance oxygenation of the gills) [6]. Fish genera, including Oreochro-
mis and Coptodon, which fall under the common name of “tilapia” are known to be tolerant to

hypoxia and are common native residents of hypoxic African systems [7, 8].

While hypoxia is not universally negative for aquatic species [4], it does induce costs in

many organisms, particularly if onset is rapid and animals are not acclimated. In aquaculture

and natural systems, hypoxia can rapidly cause mortality, disease susceptibility, changes in

gene expression and enzyme activities, and DNA damage, as well as reduce food intake rates–
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an effect that can cause lower body condition [9–12]. Hypoxia also has far-reaching physiolog-

ical effects including suppressed reproductive hormones, reduced gamete production, and

decreased hepatic glycogen along with increased plasma lactate, glucose, and cortisol; these lat-

ter effects derive from induction of anerobic respiration pathways and the stress response [12].

In general, most freshwater organisms require about 5.5 mg/L DO for stress-free living, and

the acute mortality limit is considered to be 3 mg/L [13].

Although hypoxia clearly impacts physiology and performance in fishes and is also a feature

of the annual Okavango flood, the extent and duration of hypoxic events and impacts on

native fish health have never been fully characterized in the Delta. This may be, in part, due to

the remoteness of the region (1 to 2 days of backcountry transport to reach most sites) and the

lack of backcountry infrastructure (e.g. refrigeration, limited laboratory capabilities), which

make physiological studies (e.g. hormones, enzyme activities, gene expression, etc.) logistically

challenging. Therefore, to assess fish health, we employed a histological approach because sam-

ples could be fixed, stored, and transported at ambient temperatures. Additionally, to assess

the duration of flood-related hypoxia, we deployed continuous oxygen loggers in the main

channel of the Okavango River at Guma Lagoon (Fig 1C).

Materials and methods

Site selection and research permits

Five sites for fish collections were selected along the two main river channels in the Okavango

Delta (Fig 1C); they include Guma (GPS coordinates: -18.961702, 22.383521), Xakanaxa (GPS

coordinates: -19.189430, 23.404278), Nxaraga (GPS coordinates: -19.548989, 23.176863),

Fig 1. Geography and character of the Okavango Delta. Map of Africa (A) with rectangle that is enlarged in (B) to show the Okavango watershed

with major rivers in Angola, Namibia, and Botswana; the yellow dotted circle indicates the Okavango Delta and the bent white arrow shows the

Makgadikgadi Pans. Field sites within the Okavango Delta (C) include fish sampling sites shown in blue, major towns in orange, and water quality

monitoring sites in yellow and blue; oxygen dataloggers were located at Guma). The Okavango is a vast wetland characterized by exceptional water

quality and biodiversity (D). Annual flood arrival is marked by a dramatic increase in dissolved tannins that change the water from clear to tea-

colored (E). Photo Credits: TME. Open source map base: https://landlook.usgs.gov/.

https://doi.org/10.1371/journal.pone.0235667.g001
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Chanoga (GPS coordinates: -20.166765, 23.657201), and Lake Ngami (GPS coordinates:

-20.504100, 22.734316). Sampling dates and additional site details are provided in S1 Table.

Procedures used for capturing and euthanizing fish for this study followed ethics protocols at

the University of Botswana Okavango Research Institute and the University of the South. Fish

were euthanized at capture by cervical dislocation. The field research permit (EWT 8/36/4

XXXIII(23)) was approved by Botswana’s Ministry of Environment, Wildlife, and Tourism,

Private Bag BO 199, Gaborone, Botswana.

Water quality monitoring

From 2016–2018, DO, conductivity, and water temperatures were monitored at continuous 15

to 20-minute intervals using miniDOT oxygen loggers (Precision Measurement Engineering,

Vista, CA) and HOBO U24 freshwater conductivity loggers (Onset, Bourne, MA) with associ-

ated company software. The loggers were placed at two sites near Guma camp. At all fish sam-

pling sites, field conductivity, temperature, and pH were measured with a hand-held PCS

Testr 35 (Oakton, Vernon Hills, IL). Field DO and temperature were measured with a hand-

held YSI model #55 meter (Yellow Springs, OH). All instruments were routinely calibrated as

recommended by the manufacturers. Nitrate and nitrite were assessed using Hach Nitrate and

Nitrite Test Strips (Cat. 27454–25; Loveland, CO). All conductivity data were corrected to

25˚C and presented as specific conductance.

Fish and tissue sample collections

Adults of three species, Oreochromis andersonii (threespot tilapia) (n = 162), Coptodon rendalli
(redbreast tilapia) (n = 29), and Oreochromis macrochir (greenhead tilapia) (n = 32) were col-

lected using 10 cm gill nets placed in shallow channels at each of the five fish sampling sites in

the Okavango Delta (Fig 1). Sampling was repeated twice at each site during the flood season

(January—July 2016). Nets were set for two to 14 hours (overnight), so not all fish were alive

when removed from the net. Fish were euthanized by cervical dislocation, weighed, and mea-

sured to obtain total length (TL) (snout to tail tip) and standard length (SL) (snout to caudal

peduncle).

Fish were dissected in the field to confirm sex, determine gonad width and reproductive

stage (1–5, with 1 being early gamete formation and 5 indicating that a fish was close to spawn-

ing), and obtain fresh liver, spleen, and gonad weights. For each animal, gonad widths were

measured with calipers at the widest part and averaged to corroborate field gonad staging.

Hepatosomatic (HSI), spleen somatic (SSI), and gonadosomatic (GSI) indices were calculated

as the ratio of organ weight (mg) to body weight (g), multiplied by 100. Organ biopsies were

fixed in 10% formalin and subsequently processed for standard paraffin histology. Additional

liver samples and dorso-lateral muscle samples (3–10 g) were either oven-dried at 60˚C (Lake

Ngami samples only) or salted with non-iodized table salt and ambient-air-dried (all other

samples) for later x-ray florescence elemental analysis for heavy metals.

Histology and pathological scoring

Fixed samples were transported back to the United States in 10% formalin, transferred to 70%

ethanol, dehydrated through graded ethanol solutions, infiltrated with paraffin wax for four

hours in a vacuum oven at 56˚C, embedded, sectioned at 7 μm, and stained with hematoxylin

and eosin (H&E) [14]. Toluidine blue staining distinguished mast cells from other granulo-

cytes [15–17]. To quantify iron accumulation in livers, spleens, and gonads, we stained addi-

tional sections with Perl’s Prussian blue [18] and developed a scoring index, defined in Figs 2–
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4. Geographic and seasonal variation in hepatic and splenic iron content was visualized in a

mosaic plot and assessed statistically using Pearson’s chi square.

Similarly, inflammation and cellular damage in liver, spleen, and gonad tissues was scored

and categorized as described in S2 Table. Geographic and seasonal variation in hepatic and

splenic inflammation was also visualized in a mosaic plot and assessed statistically using Pear-

son’s chi square. For all liver and spleen sections, we noted the color of the granulocytes and

other pathological features that occurred in the samples, including vacuoles, hyaline droplets,

white spaces, parasites, fat cells, lymphocytes, fluid-filled cysts, congested blood vessels,

occluded splenic ellipsoids, and hepatocytic glycogen depletion. Finally, histological gonad

stage was determined for males by noting the presence/absence of spermatogonia, spermato-

cytes, spermatids, and spermatozoa, and for females by measuring the diameter of the largest

oocyte in the section under the 10x objective of the microscope.

Aquaculture comparison samples

To obtain reference tissues with normal histology, we collected samples from Nile-blue tilapia

hybrids (Oreochromis niloticus/aureus) (n = 5) raised in aquaculture facilities at the University

of Georgia (UGA), Athens, Georgia. UGA fish were fed a diet containing supplementary iron

and they exhibited elevated splenic iron in some individuals, suggesting that tilapia sequester

excess iron in their spleens as shown for many fish species [19]. This feature is relevant to the

interpretation of the present study. To compare the effects of salt-drying and oven-drying on

heavy metal content in muscle and liver tissues, duplicate muscle and liver samples were taken

from each UGA fish and processed as described above. Additionally, we obtained samples

from three-spot tilapia (Oreochromis andersonii) (n = 3 for liver, 2 for spleen) from a small

aquaculture facility (Hatty Farm) in Pandamatenga, Botswana. Samples were processed simi-

larly to those from the Okavango fishes.

X-ray fluorescence (XRF) spectroscopy

Oven- and salt-dried liver and muscle samples from all Okavango tilapia, along with salt- and

oven-dried samples from UGA (n = 5), were milled to a fine powder at 50 Hz for 2 minutes;

0.5 g of each sample was pressed into a 1 cm diameter mold under consistent pressure to pro-

duce 0.5 mm thick pellets. Using a Bruker Tracer III-SD, we evaluated heavy metal burdens in

pellets from all sampled fish. Measurements were collected at 40 keV and 10 mA for 360 sec-

onds, without an additional filter allowing measurement of all elements ranging from Mg to

U.

Data analysis

Data were managed in Microsoft Excel. Water quality data from loggers and handheld devices

were plotted using Excel. All statistical analyses were completed using JMP 14 (SAS Institute,

2018, Cary, North Carolina, United States). Frequencies of inflammation and iron accumula-

tion among fish were compared across collections using Pearson’s chi square analyses and

visualized in mosaic plots. Mean spleen-somatic index (SSI) of fishes from each collection

were compared using one-way Welch’s analysis of variance (ANOVA) for samples with

unequal variances, followed by Games-Howell multiple comparisons. Differences among

groups were considered significant when p� 0.05.
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Fig 2. Iron category definitions for liver (hepatopancreas) sections stained with Perl’s Prussian blue iron stain. Categories 1–7 reflect the

degree of iron staining in liver sections, with 7 representing the most iron. Category 7 was only observed in Lake Ngami fish. Higher resolution

images are available in S1 Fig.

https://doi.org/10.1371/journal.pone.0235667.g002
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Results

Water quality

Okavango water quality was ultra-fresh with conductivity values as low as 23 μS/cm in the Pan-

handle, and rising as water moves downstream, to Nxaraga (82–142 μS/cm), Xakanaxa (76–

88 μS/cm), Chanoga (142–300 μS/cm), and Lake Ngami (400–538 μS/cm), with significant var-

iation depending on season and flood water volume (S1 Table and Fig 5). At Guma, the flood

brought elevated tannins and solute loads that caused a 2.7 to 3.7-fold increase in aquatic con-

ductivity (Figs 1E and 5). This rise in conductivity then declined as water levels rose and salts

were diluted (Fig 5). Water temperature varied seasonally from 16 to 32˚C and was consistent

(generally within 1˚C) throughout the water column in the channel and lagoons, due to the

Fig 3. Iron category definitions for spleen sections stained with Perl’s Prussian blue iron stain. Categories 1–6 reflect the degree of iron staining

in spleen sections, with 6 representing the most iron. Category 6 was only observed in Lake Ngami fish. Higher resolution images are available in S2

Fig.

https://doi.org/10.1371/journal.pone.0235667.g003
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Fig 4. Iron category definitions for gonad sections stained with Perl’s Prussian blue iron stain. Categories 1–4 reflect the degree of iron staining

in testis and ovary sections, with 4 representing the most iron. Category 4 was only observed in Lake Ngami fish, which were all male. Unlike liver

and spleen, gonadal iron staining was infrequently observed and less abundant, with little evidence of concurrent inflammation. Additionally,

among females, gonadal iron, if present at all, appeared to depend on oocyte developmental stage, with iron moving from the interstitium into
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shallowness of the Delta (rarely deeper than 4 meters) (S1 Table and Fig 5). Like conductivity,

pH increased slightly from north to south, ranging from 6.1 to 6.7 at Guma, 6.6 to 7.8 at Xaka-

naxa and Nxaraga, and 8.7 to 9.4 at Chanoga (S1 Table and Fig 5). Arrival of tannic flood

waters was usually accompanied by a decrease in pH, particularly in the downstream areas.

Nitrate and nitrite concentrations were usually zero, with occasional measurements of 1 to 2

mg/L NO3-N and up to 0.03 mg/L NO2-N (S1 Table).

As expected, dissolved oxygen levels in the Delta followed a seasonal pattern defined by

flood dynamics. Based on Guma logger data from 2016–2018, hypoxia initiated in the lagoon

approximately 45 days after flood-water levels began to rise and persisted for 3.5 to 5 months

(Fig 5). During the hypoxic period, DO at Guma rarely exceeded 3 mg/L and periodically per-

sisted below 0.5 mg/L for up to two weeks (Fig 5). Therefore, tilapia sampled during the hyp-

oxia were surviving at DO levels that were well below those expected to support life [13]. In

addition to being long-lasting, the band of hypoxia moved slowly through the Delta. For exam-

ple, in March 2016, the band, characterized by uniform hypoxia and tannins, was detectable at

Guma and the Duba Islands, but would not reach Nxaraga until May (S1 Table).

In addition to seasonal variation in dissolved oxygen concentrations, there was diurnal vari-

ation, with DO changing by up to 2 mg/L within the day. Interestingly, daily DO patterns

tracked with temperature and sunrise/sunset sometimes, but not always. At times, both peaks

and troughs in DO levels were observed during the night and from midday to late afternoon

(Fig 5). This variation suggests that photosynthesis was not the main determinant of DO.

Instead, ecosystem respiration likely outpaces photosynthesis in terms of DO levels during the

hypoxic periods [2].

Fish demographics

Catch rates for each of the three species of fish varied by site and time of year. Adult Oreochro-
mis andersonii females and males were captured at all sites and times, except Lake Ngami,

which was sampled just once and yielded only males (S1 Table). We made several attempts to

fish Lake Ngami on additional occasions, but low water associated with drought conditions

hindered boat access. Likewise, adult Coptodon rendalli and O. macrochir males and females

were captured at all sites except Lake Ngami during at least one sampling visit, but with smaller

sample sizes than O. andersonii (S1 Table). Size ranges and other morphometric data are pro-

vided in S1 Table. Although fish exhibited hepatic and splenic pathologies, they appeared to be

reproducing normally, with all stages of seasonally appropriate gamete production and gonad

development represented. Signs of gonadal inflammation were generally minor or non-exis-

tent, so we focused our analytical efforts on the liver and spleen. Of the three organ-somatic

indexes measured, only spleen-somatic index (SSI) differed significantly among collections,

with SSI increasing at Nxaraga, Xakanaxa, and Chanoga as the flood season progressed (Fig 6).

Inflammation and cellular damage

Liver. Although fish appeared healthy at capture, histological liver analysis revealed

medium or high levels of inflammation, cellular damage, and fibrosis in 94% of sampled fish

(n = 221) (Figs 7 and 8A and S2 Table). Normal tilapia liver (functionally a hepatopancreas)

consists of bundles of exocrine pancreatic acinar cells, clustered around blood vessels or bile

ducts, and embedded within the hepatocytic parenchyma (Fig 7A). Additionally, in healthy

oocytes as the oocytes developed. For these reasons, we did not include gonadal iron in the more extended pathology analysis. Higher resolution

images are available in S3 Fig.

https://doi.org/10.1371/journal.pone.0235667.g004
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fish, granulocytes occur sparsely in many tissues and play a monitoring and phagocytic role as

first-line, immunological defenders [20]. We confirmed sparse hepatic granulocytes in four of

Fig 5. Abiotic conditions in Guma Lagoon. Dissolved oxygen (DO) and temperature collected with data loggers and by hand (“field”) at Guma Lagoon Camp

dock and on a tree island approximately 3 km downstream on the opposite side of Guma lagoon (A). Similarly collected specific conductance (SC) and field pH

are shown in (B). Orange arrows indicate flood arrival, based on first observed rise in water level. Water depth at Guma Lagoon Camp dock and rainfall (B) are

monitored daily at Guma Lagoon Camp. Example daily resolution data for water temperature and DO during post-flood hypoxia (C) show that temperature

followed an expected diurnal pattern with lows occurring just before sunrise and highs in the mid to late afternoon. The daily DO pattern was less predictable,

sometimes tracking with temperature, but not always. At times, both peaks and troughs in DO levels were observed during the night and from midday to late

afternoon. This variation suggests that photosynthesis was not the main determinant of DO. Ecosystem respiration likely outpaces photosynthesis in terms of

oxygen levels during the hypoxic periods [2].

https://doi.org/10.1371/journal.pone.0235667.g005

PLOS ONE Hypoxia and inflammation in Okavango fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0235667 July 30, 2020 10 / 23

https://doi.org/10.1371/journal.pone.0235667.g005
https://doi.org/10.1371/journal.pone.0235667


the five control samples from UGA Aquaculture-raised Oreochromis niloticus-aureus hybrids.

But, granulocyte numbers escalate, along with lymphocytes and macrophages, when fish are

challenged by pathogens, parasites, contaminants, or hypoxia [21–23]. Hence, in the Okavango

fish, we observed profuse aggregations of mast cells and granulocytes, both intact and degranu-

lating, surrounding most or all acinar cell clusters (Figs 7 and 8A).

Interestingly, the hematoxylin and eosin staining characteristics of granulocytes varied by

genus in this study (Fig 7). In threespot and greenhead tilapia, most granulocytes were baso-

philic and abundant, although small numbers of eosinophilic granulocytes with blue or pink

granules and double lobed nuclei (neutrophils) were also sometimes observed. In redbreast

tilapia, granulocytes were usually eosinophilic and more moderate in number, although 10%

of sampled redbreast tilapia exhibited basophilic granulocytes with occasional eosinophilic

nuclei. In fishes, leukocyte staining characteristics have been established to vary by genus and

their influx is frequently associated with chronic inflammation [15, 16].

Fig 6. Mean (+/- 1 SE) spleen-somatic index (SSI) was elevated in fish collected later in the flood season, compared

with fish collected earlier in the year, before hypoxic conditions began. Data suggest that hypoxic exposure is

associated with splenomegaly, as is expected during hypoxia-induced polycythemia. SSI = ((spleen weight (mg)/fish

weight (g))�100). Collections not connected by the same letter at the bottom of the graph are significantly different,

based on one-way Welch’s analysis of variance (p< 0.0001) for samples with unequal variance, followed by Games-

Howell post-hoc comparisons.

https://doi.org/10.1371/journal.pone.0235667.g006
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In addition to granulocytic infiltration in the livers of Okavango tilapia, the walls of hepatic

blood vessels and bile ducts were frequently thickened or replaced by fibrosis (Figs 7 and 8A

and S2 Table). In more advanced cases, fibrosis worsened and was associated with lymphocytic

Fig 7. Normal and pathologic hepatic histology. Normal liver histology for Oreochromis mossambicus collected in South Africa (A)

followed by representative hepatic inflammatory pathologies observed in three species of Okavango tilapia: Oreochromis andersonii (B-G),

Coptodon rendalli (H-J), and Oreochromis macrochir (K-M). Sequentially magnified images of the same histological section are shown in

K-M. Macroscopically, melanomacrophage aggregates appear as pigmented dots on the liver (B). Inflammation was characterized by

species-specific aggregations of basophilic (C-G, K-M) or eosinophilic (F, J) granulocytes (�) that surrounded acinar cell clusters. Some

individuals exhibited both basophilic and eosinophilic granulocytes, such as the threespot tilapia shown in (F). Purple mast cells (>) were

distinguished from other granulocytes (�) by staining with toluidine blue (G). Other common pathological features, observed in all three

species, included thickened blood vessel and bile duct walls (D, E, H), fibrosis (D, E, F, J), dilated or congested blood vessels and sinusoids

(I), large melanomacrophage aggregates (m) (C, D, G, H, J-M), and varying degrees of brown, intracellular ceroid pigment accumulation

within hepatocytes (E, H, I, K, L). In more advanced cases, fibrosis worsened and was associated with fluid filled hepatic cysts (c) (E),

lymphocytic infiltration (p) (F, L, M), vacuolar degeneration (v) (C, D, F), glycogen depletion (D), and cellular destruction (d) (I) that

originated within acinar bundles and then moved out to surrounding hepatocytes, resulting in total loss of acinar clusters (D, E, F, I, J). All

scale bars are 100 μm. Higher resolution images are available in S4 Fig.

https://doi.org/10.1371/journal.pone.0235667.g007
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infiltration, pyknotic nuclei, glycogen depletion, vacuolar degeneration of hepatocytes, and

necrosis. In a manner similar to that reported for autoimmune pancreatitis [24], cellular dis-

ruption and destruction originated within acinar bundles but moved out to surrounding hepa-

tocytes after acinar bundles became necrotic, apoptotic, or replaced with fibrosis (Fig 7).

Hyaline droplets and vacuolation were sometimes observed and fluid-filled hepatic cysts were

common (Fig 7). Finally, acinar bundle inflammation was often associated with large melano-

macrophage aggregates (MMAs) with varying degrees of hemosiderin, ceroid, or lipofuscin

accumulation within the cytoplasm of hepatocytes (Fig 7).

Spleen. Concomitant with hepatopancreatic inflammation and cellular damage, splenic

inflammation was also widespread, affecting 91% of all sampled fish (Figs 8B and 9 and S2

Fig 8. Mosaic plot comparing the percentages of fish from each collection that exhibited varying degrees of inflammation and cellular damage in liver (A) and

spleen (B). Collections are presented chronologically for each site in relation to the timing of flood arrival (FA) and predicted decline in dissolved oxygen. The

ranges of dissolved oxygen concentrations measured during the collection are shown in blue font on the x-axis, although it is important to recognize that these

measurements represent a point in time during the highly dynamic flood season (DO means and sample sizes provided in S1 Table). Inflammation categories

are defined in S2 Table. The width of each column within the plot is proportional to sample size; total sample sizes for each collection are also provided above

each column. Data from comparative farmed fish, from “Hatty Farm” and “UGA Aquaculture,” are also shown.

https://doi.org/10.1371/journal.pone.0235667.g008
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Table). Additionally, the degree of hepatic and splenic inflammation among individual fish

was significantly correlated (p< 0.0001). Inflamed spleens showed varying degrees of granulo-

cyte infiltration, thickened blood vessel walls, thickened and occluded ellipsoids, fibrosis, hya-

line droplet accumulation, cellular disruption and destruction, vacuolation, and the presence

of fluid-filled cysts (Figs 8B and 9). Although MMAs are common findings in normal fish

spleens (Fig 9A), their number and size were increased in most Okavango fishes, along with

often substantial intracellular ceroid and/or lipofuscin accumulation (Figs 8B and 9 and S2

Table).

Relationship between inflammation/cell damage and timing of the flood and associated

hypoxia. The mosaic plot shown in Fig 8 and associated Pearson’s chi-square indicate that

the distribution of inflammation categories differed significantly across collections (p<0.0001

for both liver and spleen). At Guma, the only site where we collected continuous oxygen data,

inflammation severity in livers and spleens increased as the hypoxic season progressed

between March and June. An opposite trend occurred at Xakanaxa, in association with more

rapid oxygen recovery after flood arrival (Fig 8). Although hypoxic conditions were detected at

Nxaraga during both collections, we observed some reduction in liver inflammation severity

between March and June, while spleen inflammation frequency remained unchanged. At Cha-

noga, fish exhibited marked inflammation and cellular damage during both collections, which

were both taken well before flood arrival, during times of normoxia. We were not able to stay

in Botswana long enough to sample fish after the flood reached Chanoga. With the exception

of one fish, the control fish from UGA exhibited no or low levels of inflammation or cellular

damage in livers and spleens. Oxygen levels in the UGA tanks averaged 6.3 mg/L during our

visit. The fish from Hatty Farm in Botswana did exhibit elevated splenic pathology and one of

three fish had medium hepatic inflammation. Oxygen levels in the Hatty Farm tanks were

around 4 mg/L at mid-day during our visit. These values are low but not hypoxic.

Fig 9. Normal and pathologic splenic histology. Normal splenic histology for Oreochromis andersonii (A) followed by representative

splenic inflammatory pathologies observed in three species of Okavango cichlids. Sections shown are from Oreochromis andersonii (B-E)

and Coptodon rendalli (F), including sequentially magnified images of the same histological section (B, C). Inflammation was

characterized by varying degrees of granulocytic infiltration (�), thickened blood vessel walls (B-D, F), congested blood vessels (D),

fibrosis (B-E), cellular disruption and destruction, vacuolation (E, F), fluid-filled cysts (c) (E), and increased number and size of

melanomacrophages (m) (B-F). All scale bars are 100 μm. Higher resolution images are available in S5 Fig.

https://doi.org/10.1371/journal.pone.0235667.g009
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Iron accumulation

Perl’s Prussian blue staining of liver and spleen samples indicated that melanomacrophage

aggregates and associated granules of brown pigment were often iron-rich (Figs 2–4 and 10)

and the presence of elevated iron concentrations was confirmed for Lake Ngami fish using x-

ray fluoroscopy (see details below). In comparison with UGA and Hatty farmed tilapia, fishes

with elevated hepatic iron were observed at all Okavango sites, with significant variation

among sites and collection dates (p< 0.0001), suggesting a seasonal factor in iron accumula-

tion (Fig 10A). Additionally, elevated iron was significantly correlated with increased

Fig 10. Mosaic plot comparing the percentages of fish from each collection that exhibited iron staining category 1–7 for liver (A) and category 1–6 for spleen (B).

Collections are presented chronologically for each site in relation to the timing of flood arrival (FA) and predicted decline in dissolved oxygen. The ranges of

dissolved oxygen concentrations measured during the collection are shown in blue font on the x-axis, although it is important to recognize that these measurements

represent a point in time during the highly dynamic flood season (DO means and sample sizes provided in S1 Table). Iron categories are defined in Figs 2 and 3,

with “1” representing the lowest level of iron deposition. The width of each column within the plot is proportional to sample size; total sample sizes for each

collection are also provided above each column. Data from comparative farmed fish, from “Hatty Farm” and “UGA Aquaculture,” are also shown.

https://doi.org/10.1371/journal.pone.0235667.g010

PLOS ONE Hypoxia and inflammation in Okavango fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0235667 July 30, 2020 15 / 23

https://doi.org/10.1371/journal.pone.0235667.g010
https://doi.org/10.1371/journal.pone.0235667


inflammation in liver tissues (p = 0.048); a similar trend was observed for spleen samples, but

the correlation did not reach significance (p = 0.069).

Liver. The highest levels of hepatic iron occurred in fishes from Lake Ngami in January,

Guma in March and June, Nxaraga in March, and Chanoga in June (Fig 10A). At Guma, more

than the other sites, sampling coincided most precisely with flood-induced hypoxia, which

established at the end of February, an estimated 45 days after flood arrival (Fig 5A). The Guma

data suggest that hypoxia was a driver of iron accumulation, which then declined in the liver,

as DO recovered post-flood. This pattern was repeated at Nxaraga and Xakanaxa. But, at Cha-

noga, which is far downstream from the other sites, we observed greatly elevated hepatic iron

during June, compared with March, even though the flood and predicted hypoxia would not

arrive for another month at least.

Spleen. Fish from UGA Aquaculture (n = 5) exhibited the full range of spleen iron catego-

ries but without associated inflammation or iron accumulation in the liver, suggesting that the

spleen is preferred over the liver as an iron storage site and that excess iron storage is normal

for the spleen, as has been shown for many fish [19]. UGA fish were also fed an iron-enriched

diet, which could contribute to splenic iron storage. Hatty Farm fish (n = 2) did not exhibit

any accumulated iron in spleen tissues. We note that sample sizes for UGA and Hatty Farm

were low. Compared with UGA and Hatty Farm fish, elevated splenic iron was observed in

fish from Lake Ngami and Guma, and to a lesser extent at Nxaraga for both collections and

Chanoga in June. At Guma, the marked elevation in splenic iron observed in March was even

more prevalent in June, despite increasing oxygen, flood recovery, and declining hepatic iron

(Fig 10B).

X-ray fluorescence to evaluate heavy metals

During fieldwork, liver and muscle samples were dried in salt to preserve them for later heavy

metal analysis. However, later testing revealed that salting removed 80–100% of the metals,

which were presumably and unintentionally discarded with the brine, and rendered all sam-

ples un-usable for heavy metals analysis, except those from Lake Ngami, which were oven-

dried. In the Lake Ngami samples, iron concentrations were significantly higher (100-fold) in

liver compared to muscle (p< 0.0001). Whereas, in oven-dried samples from the UGA fish,

the difference between liver and muscle iron was just 6-fold higher in liver (p< 0.0001). More-

over, compared with UGA fish, Lake Ngami fish livers contained significantly more iron

(24-fold higher), but muscle iron content was similar. Other elements qualitatively identified

in Okavango fish from all sampled sites included nickel, copper, arsenic, selenium, and zinc,

but none of these were elevated in Lake Ngami fish compared with UGA fish.

Discussion

In this study, we report dramatic levels of inflammation and iron accumulation in livers and

spleens of three fish species sampled throughout the Okavango Delta during the annual flood

season. This is a new, and quite unexpected discovery in the Okavango, and as such, it is

important to determine the cause. Our data and the work of others indicate that the flood

brings marked changes in water conductivity, pH, and dissolved oxygen [25]. Most notably, as

the leading edge of the flood traverses the Delta, it brings with it a deep band of hypoxia that

lingers for months in the Panhandle. In the more southern reaches of the Delta, the hypoxic

band rolls through, but possibly with more variability [25].

At Guma, where March sampling coincided most closely with arrival and progression of

hypoxia, we observed elevated iron accumulation that seems to precede increased inflamma-

tion in the liver and spleen of resident cichlids. Moreover, fish collected at Guma in March
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exhibited much greater variance around the mean SSI, suggesting the population was in a tran-

sitional state, as the hypoxia and flood had arrived at Guma just prior to the fish collection. As

we moved downstream, to Nxaraga and Xakanaxa, the pattern of iron accumulation repeated,

although the over-all degree was less than that observed at Guma. It is possible that we missed

peak iron accumulation at Nxaraga and Xakanaxa, or the duration of hypoxia was less extreme

than at Guma. This consideration is supported at Nxaraga, where Cawley et al (2012) reported

that channel water mixes dynamically with water in adjacent flood plains and wetlands, and

the mixing may hasten DO (and iron) recovery [2]. In comparison, the river at Guma is more

channelized and a lack of water mixing may delay DO recovery. Further downstream, at Cha-

noga in June, we observed elevated tissue iron concentrations in fish even before flood arrival.

This could occur if hypoxia-exposed fish with high iron loads escaped downstream and joined

the sampled population at Chanoga. We did not sample Chanoga after flood arrival, so direct

effects of the flood and any associated hypoxia on resident fish at Chanoga are currently

unknown.

The observations at Chanoga highlight several additional factors that could affect the etiol-

ogy and timeline of the observed pathology but have not yet been sufficiently characterized:

site differences in mixing, water flow rate, interactions with adjacent wetlands, fish movement,

and fish age. Considered together, these variable factors suggest that hypoxia exposure is a

dynamic and moving target in the Delta and, therefore, variation of these factors among sites

should result in variable fish responses. Additionally, the progression, duration, and regression

of the observed pathology is completely unknown. So, after the hypoxia passes, we do not

know how long it takes for fish to recover or even if they do. From our limited observations,

accumulated iron does appear to lessen in tissues over time, with spleen recovery lagging

behind liver. However, the reduction may not be absolute. Additionally, a spleen recovery lag

may be related to the spleen’s normal role as an iron storage depot [19, 26]. Moreover, the

cycle of iron accumulation and dissipation from the liver and spleen likely repeats with each

flood season, potentially creating cumulative stress pathologies associated with iron excess that

would be most evident in older fish. The presence of non-reversible fibrosis in many fish in

this study suggests that fish accumulate permanent damage over time.

As shown in Figs 2–4 and 10, the highest iron loads were detected in Lake Ngami fish col-

lected in January 2016, following the 2015 flood season. How fish from Lake Ngami fit broader

patterns for the Okavango is difficult to assess because water quality in the lake differs substan-

tially from the rest of the Delta. In 2015–2016, the flood did not reach Lake Ngami and the

lake became isolated and subject to considerable drying, concomitant with elevated conductiv-

ity (~400–538 μS/cm) and pH (8.7–9.4). We lack oxygen data collected in 2015 or early 2016

for the lake. However, daytime field measurements obtained from monitoring records in

2008–2010 and our measurements taken in mid-2016 and 2017 indicate DO concentrations

between 1.76–13.7 mg/L. This wide variation does not occur in the rest of the Delta and is

likely due to high phytoplankton loads supported by nutrient inputs from livestock, which use

the lake in higher numbers than other areas of the Delta that are mainly protected as national

parks. Additionally, an unpublished 2008–2010 field survey of dissolved iron, performed along

a transect in the Delta by staff at the Okavango Research Institute, indicated that iron in Lake

Ngami varied from <0.1 to 1.86 mg/L, while the maximum dissolved iron upstream in Maun

was 0.25 mg/L. These data suggest there is significant iron enrichment in Lake Ngami that

likely influences iron metabolism in the resident fish. For these reasons, the fish in Lake

Ngami could be considered separately from fish in the main Okavango Delta.

The hypothesis that hypoxia caused the observed pathologies is supported by several lines

of evidence. Among vertebrates, fishes exhibit especially diverse responses to hypoxia because

aquatic habitats are vulnerable to substantial variation in oxygen availability. These include
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mechanisms that increase oxygen uptake (increased gill surface area and surface breathing),

promote oxygen delivery (increased red blood cell production and blood vessel proliferation),

decrease metabolic demands, and favor anaerobic metabolism [27]. For example, in East Afri-

ca’s Lake Victoria, cichlids exposed to hypoxia improve oxygen transport by increasing hemo-

globin-oxygen affinity [28]. These physiological responses are regulated by hypoxia signaling

pathways that are strongly conserved across animal taxa [29]. In addition to increased red

blood cell production, mammals and fishes also elevate circulating leukocyte numbers (neutro-

phils and other granulocytes) in response to hypoxia [28, 30–32]. These hematological changes

are common in fish exposed to hypoxia as well as in tobacco smokers and people or livestock

living at high altitude [33–35]. Both smoking and high altitude living recapitulate aspects of

chronic hypoxia in terrestrial environments.

Erythropoietin (Epo) is one key hypoxia-induced gene that promotes hemoglobin, red

blood cell production, and associated elevations in hematocrit. Epo has been studied in several

fish species, including pufferfish (Takifugu rubripes), rainbow trout (Oncorhynchus mykiss),
carp (Ctenopharyngodon idellus), and eel (Anguilla anguilla) (reviewed by [29]). Other impor-

tant master genes in the hypoxic responses of fishes (and other vertebrates) include hypoxia-

inducible factors (at least three isoforms of Hif-α and Hif-1β), insulin-like growth factor bind-

ing protein (igfbp), neuronal nitric oxide synthase (nNOS), and protein carbonyl (PC) [36,

37]. In both adults and larvae of multiple species, including Atlantic croakers (Micropogonias
undulates), zebrafish (Danio rerio), and Nile tilapia (Oreochromis niloticus), low oxygen

induces elements of hypoxia signaling pathways within a few hours of exposure across diverse

tissues, including liver, brain, eye, heart, spleen, gill, testis, kidney, swim bladder, and red

blood cells [36–38].

These findings illustrate that elevated red blood cell production (polycythemia) and associ-

ated iron recycling are common responses to hypoxia in fishes, as they are in mammals. In

both groups of vertebrates, long-lasting hypoxia-induced polycythemia can lead to splenomeg-

aly, arterial congestion, blood vessel wall thickening, increased hemolysis, and/or hemochro-

matosis [34, 39–42]. With increased red blood cell recycling, the resulting iron excess can

accumulate as hemosiderin in the liver, pancreas, and spleen where it can induce nonspecific

inflammation and fibrosis [41, 43–45]. As part of the inflammatory response, the accumulated

iron attracts macrophages that remove excess red blood cells, promote iron recycling, and

sequester iron, all in an effort to defend tissues against iron overload and related cellular toxic-

ity [21, 46, 47].

In fishes, iron rich macrophages bundle into easily viewed melanomacrophage aggregates

(MMAs) in the liver, head kidney, and spleen, and these were frequently macroscopically visi-

ble in the livers of the Okavango fishes (Fig 7B). Together with hemosiderin, MMAs typically

contain ceroid and lipofuscin (lipoproteins that accumulate in the wake of cellular destruction

and necrosis), and melanin, which aids in the removal of cellular debris [21, 41, 48]. To

enhance their management of cellular damage, MMAs tend to attract granulocytes and lym-

phocytes and are frequent in fishes affected by chronic inflammation [21, 48]. Although

MMAs naturally increase with age, MMA abundance in fish organs is considered a reliable

biomarker of fish stress caused by aquatic hypoxia and/or chemical pollution [21, 41, 48].

Many of the outcomes associated with chronic hypoxic exposure, including inflammation,

granulocyte infiltration, cellular damage, arterial congestion, blood vessel wall thickening, for-

mation of abundant MMAs, iron accumulation, and splenomegaly, were observed in the Oka-

vango cichlids in this study. These features suggest that the Okavango fish survive extended

hypoxia through a polycythemic mechanism; the increased red blood cell production leads to

multi-organ hemochromatosis, which in turn, stimulates inflammation, tissue destruction,

and fibrosis. The observed inflammation may also be a direct response to hypoxia itself [49].
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Hypoxia is a notable cellular feature of many pathological processes that attract granulocyte

and macrophage infiltration, including cancer, wound healing, and atherosclerosis [50]. Thus,

these findings in Okavango fishes are aligned with more universal vertebrate responses to tis-

sue hypoxia and iron toxicity. In future studies, data on hematocrit and blood hemoglobin

concentrations would be essential for testing this hypothesis.

Although hypoxia clearly impacts Okavango fish health, the presence of several genus-spe-

cific granulocyte cell types showing variable staining characteristics suggests more than one

underlying cause of the observed inflammation. Elevated granulocyte numbers were previously

reported for Okavango threespot tilapia, collected in June under normoxic conditions in the

Panhandle [22]. In that study, 60% of fish (n = 15) exhibited acinar bundle granulocyte invasion

and hepatopancreatic steatosis in association with elevated parasite loads. In our collections,

parasites were present in some fish, but were not required for the observed pathologies. None of

our fish exhibited hepatopancreatic steatosis. Moreover, the granulocytes observed in the previ-

ous Panhandle study were distinctly eosinophilic [22], whereas our threespot tilapia samples

presented primarily basophilic granulocytes. These differences suggest that the cause of inflam-

mation in our study was distinct from the scenario previously reported in the Panhandle [22].

Although hypoxia is clearly a significant factor in Okavango ecology, it is not the only water

quality factor that could affect fish health. A variety of heavy metals have been detected in

water samples from the Delta Panhandle, including iron, nickel, copper, arsenic, selenium,

and zinc, along with titanium, cadmium, lead, barium, and antimony [22, 51]. Contamination

by pesticides and phthalates have also been reported in the Okavango [52–54]. Generally

speaking, contaminant levels are low, but they likely fluctuate with changing flood conditions,

such as decreases in pH that influence bound and free fractions of contaminants in the water

column and sediments. In particular, iron levels in the environment are likely to contribute to

iron accumulation in tissues. Likewise, contaminants like arsenic can induce inflammatory

effects resembling those observed in this study, although at mg/L doses, which are much

higher than the μg/L arsenic concentrations previously observed in the Delta [51, 55]. Taken

together, we conclude that hypoxia is likely the main cause of the observed pathology in Oka-

vango fishes, but we cannot rule out the synergistic effects of other co-stressors.

To date, population-level effects of the hypoxic stress have not been measured in Okavango

fishes, but life spans of individual fish may be shortened. Perhaps more importantly, our find-

ings identify seasonal hypoxia as a recurring natural stressor that may limit ecosystem resil-

ience as human impacts rise. Given that fish health is already compromised by natural

recurring hypoxia, they could be less able to overcome additional challenges from invasive spe-

cies, upstream agriculture, contaminants, biodiversity losses, timber harvesting, sedimenta-

tion, frequent wildfires, overfishing, water diversion, dam construction, and climate change,

all of which are progressing vividly in the Okavango [1]. Understanding the timing and impact

of flood-induced hypoxia on Okavango fisheries can inform management decisions that pro-

mote sustainability of this exceptional and irreplaceable resource.

Additionally, an intact and ecologically functioning Okavango is essential to the wellbeing

and economic security of the people of Botswana. In the form of tourism dollars, local natural

resource use, and regional ecosystem services, the region contributes at least 7–8% of the coun-

try’s gross domestic product [56, 57]. This estimation is based on limited available economic

data: in 2006 (the most recent year for which specific data are available), the Okavango Ramsar

site contributed 2.6% of Botswana’s gross domestic product (GDP), in the form of tourism dol-

lars, local natural resource use, and regional ecosystem services [56]. In 2019, tourism alone

contributed 10.4% of Botswana’s GDP with about half coming from the Okavango Delta [57].

Taken together, these data suggest that total resources of the Delta currently provide at least

7–8% of Botswana’s GDP.
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24. Klöppel G, Lüttges J, Sipos B, Capelli P, Zamboni G. Autoimmune pancreatitis: Pathological findings.

JOP. 2005; 6: 97–101. PMID: 15650292

25. Tubatsi G, Bonyongo MC, Gondwe M. Water quality dynamics in the Boro-Thamalakane-Boteti river

system, northern Botswana. African Journal of Aquatic Science. 2014; 39(4): 351–360, https://doi.org/

10.2989/16085914.2014.960791

26. Standal H, Rørvik KA, Lien H, Andersen O. Effects of acute iron overload on Atlantic salmon (Salmo

salar) and rainbow trout (Oncorhynchus mykiss). Biological Trace Element Research. 1997; 59(1–3):

13–22. https://doi.org/10.1007/BF02783225 PMID: 9522042

27. Mandic M, Regan MD. Can variation among hypoxic environments explain why different fish species

use different hypoxic survival strategies? Journal of Experimental Biology. 2018; 221. https://doi.org/10.

1242/jeb.161349.

28. Rutjes HA, Nieveen MC, Weber RE, Witte F, Van den Thillart GE. Multiple strategies of Lake Victoria

cichlids to cope with lifelong hypoxia include hemoglobin switching. Am. J. Physiol. Integr. Comp. Phy-

siol. 2007; 293: R1376–R1383.

29. Xiao W. The hypoxia signaling pathway and hypoxic adaptation in fishes. Science China Life Sci-

ences.2015; 58: pp. 148–155. https://doi.org/10.1007/s11427-015-4801-z PMID: 25595051

30. Choukèr A, Demetz F, Martignoni A, Smith L, Setzer F, Bauer A, et al. Strenuous physical exercise

inhibits granulocyte activation induced by high altitude. J. Appl. Physiol. 2004; 98: 640–647. https://doi.

org/10.1152/japplphysiol.00036.2004 PMID: 15333608

31. Li W, Wang R, Xie H, Zhang J, Jia Z. Changes of pathological and physiological indicators affecting

drug metabolism in rats after acute exposure to high altitude. Exp. Ther. Med. 2015; 9: 98–104. https://

doi.org/10.3892/etm.2014.2049 PMID: 25452782

32. Valenzuela A, Silva V, Tarifeño E, Klempau A. Effect of acute hypoxia in trout (Oncorhynchus mykiss)

on immature erythrocyte release and production of oxidative radicals. Fish Physiology and Biochemis-

try. 2005; 31(1): 65–72. https://doi.org/10.1007/s10695-005-5288-5.

33. Calverley PM, Leggett RJ, McElderry L, Flenley DC. Cigarette smoking and secondary polycythemia in

hypoxic cor pulmonale. Am. Rev. Respir. Dis. 2015; 125: 507–510.

34. Liu YS, Huang H, Zhou SM, Tian HJ, Li P. Excessive iron availability caused by disorders of interleukin-

10 and interleukin-22 contributes to high altitude polycythemia. Front. Physiol. 2018; 9: 548. https://doi.

org/10.3389/fphys.2018.00548 PMID: 29872401

35. Giri A, Bharti VK, Kalia S, Ravindran V, Ranjan P, Kundan TR, et al. Seasonal changes in haematologi-

cal and biochemical profile of dairy cows in high altitude cold desert. Indian J. Anim. Sci. 2017; 87: 723–

727.

36. Rahman MS, Thomas P. Molecular and biochemical responses of hypoxia exposure in Atlantic croaker

collected from hypoxic regions in the northern Gulf of Mexico. PLoS ONE. 2017; 12(9). https://doi.org/

10.1371/journal.pone.0184341.

PLOS ONE Hypoxia and inflammation in Okavango fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0235667 July 30, 2020 22 / 23

https://doi.org/10.1016/j.fsi.2005.01.012
https://doi.org/10.1016/j.fsi.2005.01.012
http://www.ncbi.nlm.nih.gov/pubmed/15978838
https://doi.org/10.1016/j.molimm.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24613788
https://doi.org/10.1007/978-1-4939-7113-8_14
https://doi.org/10.1007/978-1-4939-7113-8_14
http://www.ncbi.nlm.nih.gov/pubmed/28836204
http://www.ncbi.nlm.nih.gov/pubmed/28836204
http://stainsfile.info/StainsFile/stain/pigment/perls.htm
https://doi.org/10.1046/j.1365-2761.2003.00485.x
http://www.ncbi.nlm.nih.gov/pubmed/14575368
https://doi.org/10.1016/j.vetimm.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23200434
http://www.ncbi.nlm.nih.gov/pubmed/15650292
https://doi.org/10.2989/16085914.2014.960791
https://doi.org/10.2989/16085914.2014.960791
https://doi.org/10.1007/BF02783225
http://www.ncbi.nlm.nih.gov/pubmed/9522042
https://doi.org/10.1242/jeb.161349
https://doi.org/10.1242/jeb.161349
https://doi.org/10.1007/s11427-015-4801-z
http://www.ncbi.nlm.nih.gov/pubmed/25595051
https://doi.org/10.1152/japplphysiol.00036.2004
https://doi.org/10.1152/japplphysiol.00036.2004
http://www.ncbi.nlm.nih.gov/pubmed/15333608
https://doi.org/10.3892/etm.2014.2049
https://doi.org/10.3892/etm.2014.2049
http://www.ncbi.nlm.nih.gov/pubmed/25452782
https://doi.org/10.1007/s10695-005-5288-5
https://doi.org/10.3389/fphys.2018.00548
https://doi.org/10.3389/fphys.2018.00548
http://www.ncbi.nlm.nih.gov/pubmed/29872401
https://doi.org/10.1371/journal.pone.0184341
https://doi.org/10.1371/journal.pone.0184341
https://doi.org/10.1371/journal.pone.0235667


37. Pelster B, Egg M. Hypoxia-inducible transcription factors in fish: expression, function and interconnection

with the circadian clock. Journal of Experimental Biology. 2018; 221. https://doi.org/10.1242/jeb.163709.

38. Li HL, Gu XH, Li BJ, Chen X, Lin HR, Xia JH. Characterization and functional analysis of hypoxia-induc-

ible factor HIF1a and its inhibitor HIF1an in tilapia. PLoS ONE. 2017; 12(3). https://doi.org/10.1371/

journal.pone.0173478.

39. Kam HY, Ou LC, Thron CD, Smith RP, Leiter JC. Role of the spleen in the exaggerated polycythemic

response to hypoxia in chronic mountain sickness in rats. J. Appl. Physiol. 2017; 87: 1901–1908.

40. Villafuerte FC, Corante N. Chronic mountain sickness: Clinical aspects, etiology, management, and

treatment. High Alt. Med. Biol. 2016; 17: 61–9. https://doi.org/10.1089/ham.2016.0031 PMID: 27218284

41. Fournie JW, Summers JK, Courtney LA, Engle VD, Blazer VS. Utility of splenic macrophage aggregates

as an indicator of fish exposure to degraded environments. Journal of Aquatic Animal Health. 2001; 13

(2): 105–116, https://doi.org/10.1577/1548-8667(2001)013<0105:UOSMAA>2.0.CO;2

42. Paffett-Lugassy N, Hsia N, Fraenkel PG, Paw B, Leshinsky I, Barut B, et al. Functional conservation of

erythropoietin signaling in zebrafish. Blood. 2007; 110(7): 2718–2726. https://doi.org/10.1182/blood-

2006-04-016535 PMID: 17579187

43. Atarashi M, Izawa T, Miyagi R, Ohji S, Hashimoto A, Kuwamura M, et al. Dietary iron supplementation

alters hepatic inflammation in a rat model of nonalcoholic steatohepatitis. Nutrients. 2018; 10: 175.

44. Whittaker P, Hines FA, Robl MG, Dunkel VC. Histopathological evaluation of liver, pancreas, spleen,

and heart from iron-overloaded Sprague-Dawley rats. Toxicol. Pathol. 1996; 24: 558–563. https://doi.

org/10.1177/019262339602400504 PMID: 8923676

45. Zhabyeyev P, Das SK, Basu R, Shen M, Patel VB, Kassiri Z, et al. TIMP3 deficiency exacerbates iron

overload-mediated cardiomyopathy and liver disease. Am. J. Physiol. Circ. Physiol. 2018; 314: H978–

H990.

46. Theurl I, Hilgendorf I, Nairz M, Tymoszuk P, Haschka D, Asshoff M, et al. On-demand erythrocyte dis-

posal and iron recycling requires transient macrophages in the liver. Nat. Med. 2016; 22: 945–951.

https://doi.org/10.1038/nm.4146 PMID: 27428900

47. Hayashi H, Tatsumi Y, Wakusawa S, Shigemasa R, Koide R, Tsuchida K, et al. Inclusion bodies of

aggregated hemosiderins in liver macrophages. Med. Mol. Morphol. 2017; 50: 205–210. https://doi.org/

10.1007/s00795-017-0163-x PMID: 28631037

48. Leknes IL. Melano-macrophage centres in the liver of platyfish, Xiphophorus maculatus, Poeciliidae:

Teleostei. Zoology. 2004; 107: 201–204. https://doi.org/10.1016/j.zool.2004.07.002 PMID: 16351938

49. Egners A, Erdem M, Cramer T. The response of macrophages and neutrophils to hypoxia in the context

of cancer and other inflammatory diseases. Mediators Inflamm. 2016; 2016: 1–10.

50. Semenza GL. Oxygen sensing, hypoxia-inducible factors, and disease pathophysiology. Annu. Rev.

Pathol. Mech. Dis. 2013; 9: 47–71.

51. Mladenov N, Wolski P, Hettiarachchi GM, Murray-Hudson M, Enriquez H, Damaraju S, et al. Abiotic

and biotic factors influencing the mobility of arsenic in groundwater of a through-flow island in the Oka-

vango Delta, Botswana. Journal of Hydrology. 2014; 518(PC): 326–341. https://doi.org/10.1016/j.

jhydrol.2013.09.026.

52. Mmualefe LC, Torto N, Huntsman-Mapila P, Mbongwe B. Supercritical fluid extraction of pesticides in

sediment from the Okavango Delta, Botswana, and determination by gas chromatography with electron

capture detection (GC-ECD) and mass spectrometry (GC-MS). Water SA. 2008; 34(3): 405–410.

53. Shunthirasingham C, Mmereki BT, Masamba W, Oyiliagu CE, Lei YD, Wania F. Fate of pesticides in

the arid subtropics, Botswana, Southern Africa. Environmental Science and Technology. 2010; 44(21):

8082–8088. https://doi.org/10.1021/es1024788 PMID: 20939577

54. Bartsch PW, Edwards TM, Brock JW. Prevalence of eight phthalate monoesters in water from the Oka-

vango Delta, Northern Botswana. Bulletin of Environmental Contamination and Toxicology. 2019; 103

(2): 274–279. https://doi.org/10.1007/s00128-019-02630-0 PMID: 31101930

55. Ahmed MK, Habibullah-Al-Mamun M, Parvin E, Akter MS, Khan MS. Arsenic induced toxicity and histo-

pathological changes in gill and liver tissue of freshwater fish, tilapia (Oreochromis mossambicus).

Experimental and Toxicologic Pathology. 2013; 65(6), 903–909. https://doi.org/10.1016/j.etp.2013.01.

003 PMID: 23375191

56. Turpie J, Barnes J, Arntzen J, Lange G, Nherera B, Buzwani B. Economic value of the Okavango Delta,

Botswana, and implications for management. Report to IUCN-Botswana the Department of Environ-

mental Affairs, Gaborone, Botswana, 2006. [Cited 2020 March 29]. Available from: https://www.car.org.

bw/wp-content/uploads/2016/06/Final-ODMP-Economic-Valuation-Report.pdf.

57. World Travel and Tourism Council (WTTC). Botswana 2019 annual research: Key highlights, 2019.

[Cited 2020 March 29]. Available from: https://www.wttc.org/economic-impact/country-analysis/

country-data/.

PLOS ONE Hypoxia and inflammation in Okavango fishes

PLOS ONE | https://doi.org/10.1371/journal.pone.0235667 July 30, 2020 23 / 23

https://doi.org/10.1242/jeb.163709
https://doi.org/10.1371/journal.pone.0173478
https://doi.org/10.1371/journal.pone.0173478
https://doi.org/10.1089/ham.2016.0031
http://www.ncbi.nlm.nih.gov/pubmed/27218284
https://doi.org/10.1577/1548-8667(2001)013<0105:UOSMAA>2.0.CO;2
https://doi.org/10.1182/blood-2006-04-016535
https://doi.org/10.1182/blood-2006-04-016535
http://www.ncbi.nlm.nih.gov/pubmed/17579187
https://doi.org/10.1177/019262339602400504
https://doi.org/10.1177/019262339602400504
http://www.ncbi.nlm.nih.gov/pubmed/8923676
https://doi.org/10.1038/nm.4146
http://www.ncbi.nlm.nih.gov/pubmed/27428900
https://doi.org/10.1007/s00795-017-0163-x
https://doi.org/10.1007/s00795-017-0163-x
http://www.ncbi.nlm.nih.gov/pubmed/28631037
https://doi.org/10.1016/j.zool.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16351938
https://doi.org/10.1016/j.jhydrol.2013.09.026
https://doi.org/10.1016/j.jhydrol.2013.09.026
https://doi.org/10.1021/es1024788
http://www.ncbi.nlm.nih.gov/pubmed/20939577
https://doi.org/10.1007/s00128-019-02630-0
http://www.ncbi.nlm.nih.gov/pubmed/31101930
https://doi.org/10.1016/j.etp.2013.01.003
https://doi.org/10.1016/j.etp.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23375191
https://www.car.org.bw/wp-content/uploads/2016/06/Final-ODMP-Economic-Valuation-Report.pdf
https://www.car.org.bw/wp-content/uploads/2016/06/Final-ODMP-Economic-Valuation-Report.pdf
https://www.wttc.org/economic-impact/country-analysis/country-data/
https://www.wttc.org/economic-impact/country-analysis/country-data/
https://doi.org/10.1371/journal.pone.0235667

