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Research Highlights 18 

 The Great Barrier Reef (GBR) is chronically exposed to agricultural pesticides 19 

 Estrogenic effects of such exposure were examined on two fisheries species 20 

 Altered transcription levels of liver vitellogenin (vtg) were found in both species 21 

 Levels of vtg were strongly associated with sugarcane run-off containing pesticides 22 

 These results are of concern for fishery resources exposed to agricultural run-off 23 

 24 
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ABSTRACT 25 

The Great Barrier Reef (GBR) is chronically exposed to agricultural run-off containing 26 

pesticides, many of which are known endocrine disrupting chemicals (EDCs).  Here, we 27 

measure mRNA transcript abundance of two EDC biomarkers in wild populations of 28 

barramundi (Lates calcarifer) and coral trout (Plectropomus leopardus and P. maculatus).  29 

Transcription levels of liver vitellogenin (vtg) differed significantly in both species amongst 30 

sites with different exposures to agricultural run-off; brain aromatase (cyp19a1b) revealed 31 

some differences for barramundi only.  Exposure to run-off from sugarcane that contains 32 

pesticides is a likely pathway given (i) significant associations between barramundi vtg 33 

transcription levels, catchment sugarcane land use, and river pesticide concentrations, and (ii) 34 

consistency between patterns of coral trout vtg transcription levels and pesticide distribution 35 

in the GBR lagoon.  Given the potential consequences of such exposure for reproductive 36 

fitness and population dynamics, these results are cause for concern for the sustainability of 37 

fisheries resources downstream from agricultural land uses. 38 

 39 

Keywords: endocrine disruption, aromatase, vitellogenin, pesticides, Lates calcarifer, 40 

Plectropomus leopardus, juvenile, sequential hermaphrodite, barramundi, coral trout. 41 

 42 
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1. Introduction 43 

Exposure to endocrine-disrupting chemicals (EDCs) can alter endocrine processes and 44 

disrupt reproductive development in wildlife and humans (United Nations Environment 45 

Programme and the World Health Organization, 2013).  The physiological responses of fish 46 

to EDCs have been well studied, mostly in freshwater environments (Jobling and Tyler, 47 

2003) and to a lesser extent in coastal and marine systems (Matthiessen et al., 2002; Porte et 48 

al., 2006).  Sources of EDCs that affect endocrine function in fish include sewage treatment 49 

plants (STPs) (Lavado et al., 2004), industrial waste (Colborn et al., 1993), pulp and paper 50 

mills (Milestone et al., 2012), livestock waste (Kolodziej et al., 2004), and agricultural land 51 

uses (Sellin et al., 2009).  Recent studies have demonstrated that reproductive success is 52 

compromised in wild endocrine-disrupted fish (Harris et al., 2011; Lange et al., 2011), and 53 

can ultimately impact on the sustainability of wild fish populations (Kidd et al., 2007). 54 

The Great Barrier Reef (GBR) World Heritage Area is exposed to fluxes of pesticides 55 

discharged from the GBR catchment (Kroon et al., 2012; Smith et al., 2012) as a result of 56 

large-scale agricultural development mainly in the central and southern zones (Brodie et al., 57 

2012).  Land uses in the adjacent 423,000 km
2
 catchment comprise rangeland cattle grazing 58 

(75%), conservation areas (13%), forestry (5%) and sugarcane (1.3%), with a small urban 59 

(0.5%) and mining (0.3%) footprint (Brodie et al., 2012).  Transport of agricultural pesticides 60 

from Queensland’s rivers to the GBR lagoon occurs predominantly in riverine flood plume 61 

waters during the summer wet season, though pesticide contamination of GBR waters is 62 

chronic, widespread and year-round (Kennedy et al., 2012; Smith et al., 2012).  Many of the 63 

agricultural pesticides detected in GBR rivers are well-known EDCs and include herbicides 64 

(e.g. 2,4-D, atrazine and its metabolite desethyl atrazine, pendimethalin, simazine), 65 

organophosphates (e.g. chlorpyrifos), organochlorines (e.g. dieldrin, endosulfan, lindane), 66 

and insecticides (e.g. fipronil, permethrin) (Smith et al., 2012; United Nations Environment 67 

Programme and the World Health Organization, 2013).  Given that low but chronically sub-68 

lethal concentrations of agricultural pesticides persist in the GBR waters throughout the year, 69 

the potential for exposure of GBR fish populations to EDCs, and associated impacts on 70 

reproductive fitness and population dynamics, is likely to be high. 71 

In contrast to gonochoristic development in well-established model fish species for testing 72 

and assessing EDCs (Knacker et al., 2010), functional hermaphroditism is common amongst 73 

tropical marine fish (Sadovy de Mitcheson and Liu, 2008).  However, the effects of EDCs on 74 
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patterns of adult sex change in fish, and more specifically on development pathways between 75 

testicular and ovarian differentiation post-zygotically, has not been examined.  In fish, sex 76 

change in each direction is mediated by the aromatase pathway (Kroon et al., 2005), with the 77 

aromatase enzyme catalysing the irreversible conversion of testosterone (T) into estradiol 78 

(17β-E).  Two isoforms of the aromatase gene have been documented in fish, namely the 79 

gonadal (cyp19a1a) and brain (cyp19a1b) isoform (Tchoudakova and Callard, 1998).  Recent 80 

studies have reported that exposure to estrogenic compounds can alter aromatase cyp19a1 81 

activity in both brain and ovaries in fish (Chung et al., 2011; Guyon et al., 2012; Kroon et al., 82 

In review; Mills et al., 2014).  Hence, in the GBR region exposure to estrogenic compounds 83 

in agricultural run-off may modulate aromatase cyp19a1 expression and function, 84 

compromising natural patterns of sex change in tropical marine fish species. 85 

In this study, we examine whether exposure to agricultural run-off could cause estrogenic 86 

effects in wild populations of the protandrous barramundi (Lates calcarifer) and the 87 

protogynous coral trout (Plectropomus leopardus and P. maculatus).  Specifically, we test the 88 

prediction that exposure to agricultural run-off results in an increase in transcription levels of 89 

brain aromatase (cyp19a1b) and liver vitellogenin (vtg) in juvenile barramundi and coral 90 

trout.  Vitellogenin, the precursor of fish egg-yolk protein, is a well-established biomarker of 91 

exposure to estrogenic compounds in the environment (Wheeler et al., 2005).  The vtg gene is 92 

present in livers of both sexes, but its transcription is generally absent or low in males due to 93 

low concentrations of circulating endogenous estrogen.  To test this prediction, wild fish were 94 

collected in nine river catchments (for L. calcarifer) and around five reef islands (for P. 95 

leopardus and P. maculatus) (Fig.1) with a variety of exposures to agricultural run-off.  All 96 

fish collected were smaller than the smallest length at which female gonadal features are first 97 

recognizable (Kailola et al., 1993), and were collected during the species’ non-breeding 98 

seasons.  Hence, altered levels of brain cyp19a1b aromatase and liver vtg transcripts could be 99 

attributed to environmental exposure to estrogenic compounds.100 
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Fig. 1 Collection sites in the Great Barrier Reef region for (a) barramundi (Lates calcarifer) and (b) coral trout (Plectropomus leopardus and P. 101 

maculatus).  Names of the nine river catchments, five reef islands and major towns are given.  Agricultural land use in the catchments 102 

discharging into the collection sites ranged from 0% (Ducie and Embley rivers) to 98% (Haughton River) (see Supplementary material Table 103 

A.1 for more detail on main land uses). (colour reproduction in print)104 
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(a)         (b) 105 

 106 
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2. Material and methods 107 

2.1 Study species 108 

The distributions of barramundi and coral trout overlap with that of agricultural pesticides 109 

in the GBR catchment and lagoon (Kennedy et al., 2012; Smith et al., 2012).  Moreover, the 110 

hermaphroditic life history, behaviour and demography of these species suggest they may be 111 

susceptible to impacts from exogenous estrogenic compounds, including endocrine disruption 112 

by agricultural pesticides.  The species are of ecological, commercial and recreational 113 

importance to the GBR region, and to the Indo-West Pacific region in general (Kailola et al., 114 

1993).  In the following species descriptions, all information is from Kailola et al. (1993) and 115 

references therein, unless otherwise noted. 116 

Barramundi.  Barramundi (Lates calcarifer) (Bloch) (Family Latidae) inhabits rivers and 117 

estuaries in the Indo-West Pacific region.  In North Queensland, Australia, spawning occurs 118 

in and around river entrances prior to until the start of the summer wet season (November to 119 

January).  Post-larvae enter coastal wetlands from December onwards, and either return to the 120 

estuary or coastal waters or migrate upstream into freshwater habitats after 3 to 6 months.  In 121 

these habitats, juveniles mature as males (≥250 mm total length, TL) over the next 2-4 years.  122 

During the subsequent breeding seasons, males move downstream to spawn in estuarine or 123 

upper tidal-sections of rivers.  Protandrous sex change occurs in the 680-900 mm TL 124 

following the breeding season; all fish larger than 1000 mm TL are females. 125 

Coral Trout.  Coral trout (Plectropomus leopardus (Lacépède) and P. maculatus (Bloch)) 126 

(Family Serranidae) inhabit the Western Pacific, from southern Japan to northern Australia 127 

and from Thailand and Singapore to Fiji.  On the GBR, spawning occurs in aggregations on 128 

reefs from September to December.  Following a pelagic phase of about 3 to 4 weeks, larvae 129 

settle in shallow waters on reef habitats at about 20 mm TL (Leis, 1987).  Juveniles of both 130 

species first differentiate as immature females (Adams, 2003), and female gonadal features 131 

are first recognizable at 205 mm standard length (SL) for P. leopardus and 200 mm SL for P. 132 

maculatus, respectively.  Juveniles mature into females in their 2
nd

 or 3
rd

 year, with length at 133 

50% maturity being 320 to 360 mm fork length (FL) for P leopardus (Ferreira, 1995) and 300 134 

mm SL for P. maculatus (Ferreira, 1993), respectively.  Both species are protogynous 135 

hermaphrodites, with males derived from both immature and mature females (Adams, 2003); 136 

most fish ≥600 mm FL are male (Ferreira, 1993, 1995). 137 
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2.2 Field collections 138 

To determine whether exposure to agricultural run-off could cause estrogenic effects in 139 

wild populations of barramundi and coral trout, collection locations were chosen with a 140 

variety of exposures to agricultural pesticides (Kennedy et al., 2012; Smith et al., 2012).  141 

Collections were conducted in nine river catchments (for L. calcarifer, n=58) (Fig. 1a, 142 

Supplementary material Table A.1.a) and around five reef islands (for P. leopardus and P. 143 

maculatus, n=42) (Fig. 1b, Supplementary material Table A.2.a) during and immediately 144 

following the summer wet season of 2010/2011 and 2011/12.  Specifically, barramundi were 145 

collected using monofilament gill nets (50 mm stretched mesh) from March to June 2011, 146 

and from March to April 2012, and coral trout were captured on coral rubble using either a 147 

fence net (and a 10% solution of the anaesthetic clove oil) or spear guns, from April to June 148 

2011, and during April 2012.  The nine rivers and five reefs have a variety of exposures to 149 

agricultural runoff (Kennedy et al., 2012; Schroeder et al., 2012; Smith et al., 2012; Waters et 150 

al., 2014), with agricultural land use upstream of the river collection sites ranging from 0% 151 

(Ducie and Embley rivers) to 98% (Haughton River) (Supplementary material Table A.1.a).  152 

Agricultural land uses are absent on the five reef islands.  Following capture, fish were 153 

euthanaesed by gill slitting and cervical dislocation, measured (mm, TL), weighed (g), and 154 

dissected to preserve brain and liver tissues in RNA later (Ambion) within 30 min ± 4 SE 155 

(barramundi) and 12 min ± 1 SE (coral trout), respectively.  The whole brain and a sub-set of 156 

liver tissues were cut into small pieces and preserved in RNA later in duplicate.  Samples 157 

were kept on ice until delivery to the laboratory, transferred to 4°C for 24 hrs and 158 

subsequently stored at -20°C for as long as several months until further processing. 159 

To determine putative maximum levels of brain cyp19a1b and liver vtg transcription in 160 

these species, mature females and males in breeding condition were collected from locations 161 

that were not exposed to agricultural run-off.  For barramundi, two females and three males 162 

were collected from the Wenlock River in November 2011 (Supplementary material Table 163 

A.1.b).  For coral trout, three females and three males caught on the northern GBR were 164 

sourced alive from a wholesaler in the live reef fish trade in Cairns in September 2010 and 165 

2011 (Supplementary material Table A.2.b).  Breeding condition of these mature females and 166 

males was confirmed through the presence of running eggs and running milt, respectively.  167 

These putative maximum transcription levels were used for comparative purposes only and 168 

not included in any of the statistical analyses. 169 
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2.3 Gene isolation 170 

Sequences for cyp19a1b (AY684259) and β actin (GU188683) were obtained for 171 

barramundi from the National Center for Biotechnology Information database.  Species-172 

specific gene sequences for vtg were isolated for both barramundi and coral trout, and for 18-173 

S and cyp19a1b for coral trout, following procedures described in (Kroon et al., 2014) using 174 

primers designed against other perciforme fish (Supplementary material Table A.3).  Briefly, 175 

putative target sequences were PCR amplified using Qiagen’s mastermix and the degenerate 176 

primers, screened for amplicon size via gel electrophoresis, cloned using Invitrogen’s TOPO 177 

TA kit, and sequenced (Sanger chemistry, Macrogen) for confirmation of their identity.  178 

Partial coding sequences for vtg were identified for barramundi (Kroon et al., 2014; GenBank 179 

accession number JX847108) and coral trout (Supplementary material Fig. A.1; Genbank 180 

accession number JX847109).  Both sequences have homology to vitellogenin B as 181 

determined by a BLASTn search.  For coral trout, partial coding sequences were identified 182 

for 18-S (Genbank accession number KC577817) and cyp19a1b (Genbank accession number 183 

KC577818).  For coral trout, we apply the species-specific gene sequences for P. leopardus 184 

to both P. leopardus and P. maculatus, as the two species are known to hybridize in the GBR 185 

(Frisch and Van Herwerden, 2006; Frisch and Hobbs, 2007). 186 

2.4 mRNA extraction 187 

RNA extractions did not focus on particular sections of either brain or liver tissue.  To 188 

extract RNA from brain and liver samples, approximately 25 mg of tissue was homogenized 189 

in Qiagen’s RLT with 1% added beta-mercaptoethanol using MP biomedical’s FAST PREP 190 

system and lysing matrix E tubes.  One ml of TRIzol (Invitrogen) was then added to the 191 

homogenate.  The manufacturer’s protocol was followed through the collection of the 192 

aqueous phase.  The aqueous phase was then purified using Qiagen’s RNeasy cleanup 193 

procedure.  Following extraction, samples were DNase treated using Ambion’s turbo DNA 194 

Free, and integrity was maintained by addition of Ambion’s Super RNAsin.  Samples were 195 

quantified and checked for purity using a Nanodrop and checked for integrity using the 196 

Shimatzu MultiNA or Agilent’s bioanalyzer.  Fish were not included if RNA purity (as 197 

determined by the 260/280 ratio of at least 2.0, measured spectrophotometrically) or RNA 198 

integrity (as determined by the 28s to 18s ratio, measured via the bioanalyzer, minimum RIN 199 

of 7.0 (Aglient)) was considered insufficient.  RNA was then reverse transcribed into cDNA 200 

using Invitrogen’s superscript III cDNA synthesis kit. 201 
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2.4 Quantitative PCR 202 

Species-specific gene sequences were obtained as described above.  Quantitative PCR on 203 

brain and liver samples from barramundi and coral trout were conducted by investigators who 204 

were unaware of the sample group allocation during the study and when assessing its 205 

outcomes.  In the qPCR reactions, we used and designed primers using IDT DNA’s RealTime 206 

PCR software, with dual labelled 6’FAM – ZEN – Iowa Black probes (Supplementary 207 

material Table A.4).  Primer specificity was confirmed via a MEGABLAST search (Zhang et 208 

al., 2000), and PCR to ensure a single product.  Transcription levels were measured using an 209 

absolute quantification protocol on Applied Biosystems Fast 7500 system using Taqman 210 

chemistry following the manufacturer’s protocols and reagents.  An added primer annealing 211 

step was included in the reaction performed at specific temperatures (see Supplementary 212 

material Table A.4, including PCR efficiencies).  A serial dilution (1:10) of plasmid DNA 213 

from the gene isolation step was used in a standard curve, which was generated using Applied 214 

Biosystems software.  Each sample was measured in triplicate, and the mean Ct for each was 215 

compared against the standard curve for each gene product to derive an ‘absolute’ value.  To 216 

account for differences in the cDNA synthesis, each ‘absolute’ value for the target gene was 217 

divided by the ‘absolute’ value of the reference gene.  No amplification was measured in the 218 

no template control or in the no reverse transcriptase controls.  Transcription levels of 219 

cyp19a1b and vtg were normalised using β-actin in barramundi and 18-S in coral trout.  β-220 

Actin in barramundi does not respond to xenoestrogens in brain or liver (Kroon et al., 2014), 221 

and did not vary significantly among our field sites (ANOVA; F1,41=0.87, p=0.46).  222 

Similarly, in coral trout 18-S did not differ significantly among our field sites (ANOVA, 223 

F1,40=1.43, p=0.25).  No amplification was measured in the NTC, or in the RNA only 224 

controls. 225 

2.5 Data analyses 226 

Differences in levels of transcript abundance among nine rivers (barramundi) and among 227 

five reefs (coral trout) were examined, using ANOVA and Tukey’s HSD test, after log(x+1) 228 

transformation to obtain normality and homogeneity of variance (Zar, 1999). 229 

For barramundi, detected differences in vtg transcription levels were further examined 230 

quantitatively to see whether they could be explained using catchment-specific covariates, 231 

namely (i) agricultural land use upstream of the collection sites, and (ii) pesticide 232 
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concentrations in the rivers where fish were collected.  To identify the most predictive land 233 

use variables, we first determined the proportion of the major land uses (conservation, 234 

forestry, grazing, and sugarcane) by creating drainage layers from SRTM 90 m Digital 235 

Elevation Data (http://srtm.csi.cgiar.org/) to generate catchments for each individual 236 

collection site.  The proportions of residential land uses (both urban and rural) were also 237 

determined, but were found to be too small (<2.5%) and without enough variation (mostly 238 

0%) for further inclusion in the analyses.  These catchments were subsequently intersected 239 

with, and dissolved by the most recently available land use data from Queensland Land Use 240 

Mapping Program 2009 (all GBR catchments) and 1999 (Ducie and Embley catchments) 241 

(http://www.nrm.qld.gov.au/science/lump/).  A 2013 audit of agricultural land use on Cape 242 

York (Queensland Department of Agriculture Fisheries and Forestry, 2013) shows no major 243 

changes in land uses in the Ducie and Embley rivers since 1999.  Land-use proportions were 244 

used given the large difference in the size of the nine catchments upstream of the collection 245 

sites.  Next, we used Random Forests (Breiman, 2001) which are ensemble methods for 246 

regression (and classification) that fit a large number of decision trees to get better and more 247 

stable predictive performance.  Partial dependence plots were used to examine the marginal 248 

effect of a predictor variable (i.e. upstream land use) on the response (i.e. relative vtg 249 

transcription) after accounting for the (average) effects of the other variables.  Those 250 

variables identified as most predictive where subsequently included in a generalized additive 251 

model (Wood, 2006) to characterise the nature of the relationship between upstream land use 252 

and relative vtg transcription more explicitly. 253 

To examine whether aquatic exposure to pesticides used in the most predictive land uses 254 

(sugarcane, forestry) could explain the detected patterns in vtg transcription, we used 255 

pesticide data from the GBR Catchment Loads Monitoring Program (Turner et al., 2013).  256 

This program has both end-of-system and sub-catchment monitoring sites.  End-of-system 257 

sites are defined as the lowest point in a river or creek which does not have tidal influence.  258 

Sub-catchment sites are located on rivers that have different drainage basins to the major 259 

river for those catchments, and were selected to provide specific water quality data on various 260 

land uses.  Pesticide data were available for nine GBR rivers, four of which were common 261 

with the present study (i.e. North Johnstone, Haughton, Herbert, and Tully).  First, we 262 

examined whether the concentrations of aqueous pesticides at 8 end-of-system and 1 sub-263 

catchment (North Johnstone) monitoring sites in the nine GBR rivers are associated with 264 

http://srtm.csi.cgiar.org/
http://www.nrm.qld.gov.au/science/lump/
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sugarcane and forestry land uses upstream from these monitoring sites. 95
th

 percentile 265 

concentrations were determined based on water samples (n=806) collected in the nine GBR 266 

rivers during the 2010-2011 monitoring year (Turner et al., 2013).  Pearson correlations were 267 

conducted on log-transformed pesticide concentration data and square root transformed land 268 

use (%) data.  Second, we examined whether the detected patterns in vtg transcription in the 269 

four GBR rivers are related to concentrations of aqueous pesticides at end-of-system sites in 270 

these rivers.  95
th

 percentile concentrations were determined based on water samples (n=232) 271 

collected in the four rivers in the six months prior to fish collection (Turner et al., 2012; 272 

Turner et al., 2013; Wallace et al., 2014).  Pearson correlations were conducted on log(x+1) 273 

transformed vtg transcription data and non-transformed pesticide concentration data.  For 274 

both analyses, pesticide concentrations below the limits of detection (<0.01 µg/L) were 275 

included at half the detection limit (i.e. 0.005 µg/L).  The statistical significance of both sets 276 

of Pearson correlations were tested in one direction given that we were interested in positive 277 

effects only. 278 

For coral trout, detected differences were further examined qualitatively to see whether 279 

they are likely due to exposure to estrogenic compounds in the environment, potentially 280 

derived from one of the major land uses in the GBR catchment.  First, to examine whether 281 

any of the five reefs were exposed to riverine flood plumes (potentially containing estrogenic 282 

compounds) in the months prior to our fish collections, we collated salinity information from 283 

subsurface moorings (IMOS, 2013) and remote sensing imagery (Brando et al., 2011).  284 

Second, to examine whether any of the five reefs were exposed to agricultural pesticides in 285 

the years during and prior to our fish collections, we collated pesticide concentration 286 

information from grab sampling conducted during the two years of collection, and the four 287 

years prior (Bentley et al., 2012; Kennedy et al., 2011). 288 

 289 

3. Results 290 

3.1 Barramundi 291 

We were unable to collect young-of-the-year barramundi, despite extensive collection 292 

efforts in various Wet Tropics rivers during the 2010/11 wet season.  We subsequently 293 

collected fish up to 650 mm TL during both 2010/11 and 2011/12 wet seasons, as all 294 
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barramundi first mature into males before changing into females from 680 mm TL onwards 295 

(Kailola et al., 1993). 296 

3.1.1. Abundance of brain cyp19a1b and liver vtg transcripts 297 

Brain cyp19a1b and liver vtg transcripts were detected in all barramundi, including low 298 

transcription levels in fish from rivers without any (Ducie and Embley rivers) or minor 299 

(Daintree River) agricultural development upstream.  Based on insufficient RNA purity 300 

and/or integrity, 14 brain cyp19a1b samples (one from the Embley, Wenlock, Mulgrave, 301 

Russsell, and Tully each, four from the North Johnstone, and five from the Haughton), and 302 

three liver vtg samples (two from the Embley and one from the Haughton) were excluded.  303 

Linear regression revealed that transcript abundance of neither brain cyp19a1b nor liver vtg 304 

was significantly affected by barramundi size (cyp19a1b: F1,44=1.76, p=0.19; vtg: F1,56=0.81, 305 

p=0.37) or weight (cyp19a1b: F1,43=0.99, p =0.32; vtg: F1,55=0.24, p =0.63).  Transcript 306 

abundance of both brain cyp19a1b and liver vtg showed large variations both within and 307 

between rivers (Figure 2a, b).  Analyses revealed some evidence of differences in brain 308 

cyp19a1b transcript abundance between river catchments, with higher transcription levels in 309 

two rivers with intensive agriculture (North Johnstone and Haughton) compared to one with 310 

minor agriculture (Daintree; One-way ANOVA, F7,37=3.03, p-=0.01, Figure 2a).  For liver 311 

vtg transcript abundance, differences among river catchments were much more pronounced 312 

with significantly higher levels (up to eight orders of magnitude) in rivers with intensive 313 

agriculture (i.e. Tully, Herbert and Haughton) compared to those without any or minor 314 

agriculture (i.e. Embley, Daintree; One-way ANOVA, F7,49=16.46, p<0.0001, Figure 2b).315 
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Fig. 2.  Relative levels of (a) brain aromatase (cyp19a1b) and (b) liver vitellogenin (vtg) 316 

transcript abundance in individual barramundi (Lates calcarifer) collected in 2010/2011 and 317 

2011/12, against individual rivers discharging into the Great Barrier Reef presented from 318 

north (left) to south (right).  Statistical significances for post-hoc comparisons between rivers 319 

are indicated through different letters (p<0.05, One-way ANOVA); the Ducie River had only 320 

one replicate and was excluded from these analyses.  Reproductively mature females (RF) 321 

and males (RM) in breeding condition collected from a location without any upstream 322 

agricultural land use (Wenlock) have been included for comparative purposes only.  Du = 323 

Ducie, Em = Embley, Da = Daintree, Mu = Mulgrave, Ru = Russell, NJ = North Johnstone, 324 

Tu = Tully He = Herbert, Ha = Haughton. 325 
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Transcript abundance of cyp19a1b in mature female and male barramundi in breeding 327 

condition, collected from a location not exposed to agricultural runoff, were not higher than 328 

levels measured in male barramundi collected outside the breeding season (Figure 2a).  In 329 

contrast, all vtg transcription levels in male barramundi were lower than maximums 330 

determined on mature females in breeding condition (Figure 2b).  The functional significance 331 

of the observed levels of vtg transcription in mature breeding males is unknown, but could be 332 

related to increasing concentrations of circulating endogenous estrogen in anticipation of 333 

male-to-female sex change that occurs immediately after the breeding season (Guiguen et al., 334 

1995). 335 

3.1.2. Relationship with upstream agricultural land uses 336 

Given the more pronounced differences among river catchments in liver vtg transcript 337 

abundance, compared to brain cyp19a1b, the remaining analyses for barramundi focusses on 338 

examining whether the detected differences in vtg transcription levels could be explained 339 

using catchment-specific covariates.  The proportions of sugarcane, followed by forestry, 340 

upstream from the collection sites were identified by the variable importance criteria in 341 

Random Forests as the most predictive land use variables for vtg transcription.  The 342 

proportions of grazing and conservation were equally predictive but had lower importance.  343 

Using a generalized additive model, a combined non-linear (sugarcane) and linear (forestry) 344 

model (log(vtg+1) ~ s(sugarcane) + forestry) explained most of the variability in vtg 345 

transcription (Table 1; R
2
 adjusted = 0.67, deviance explained = 70.4%).  In this model, the 346 

sugarcane term was the most important and predictive land use variable (p <0.0001), while 347 

the forestry term was not significant (p=0.099). 348 

3.2.3 Relationship with aqueous pesticide concentrations 349 

The strong association between vtg transcription and upstream agricultural land uses could 350 

be derived through exposure to the commercial pesticide formulations registered for use in 351 

sugarcane (n=47) and forestry (n=39) in the GBR catchment (Supplementary material Table 352 

A.5) (Shaw et al., 2011).  In our study rivers, a total of 24 pesticides registered for use in 353 

sugarcane and/or forestry, and two breakdown products, were detected during the three years 354 

prior to and during our fish collections (2009-2012) (Supplementary material Table A.5) 355 

(Shaw et al., 2010; Shaw and Muller, 2005; Turner et al., 2012; Turner et al., 2013; Wallace 356 

et al., 2014; Kroon, unpublished).  Many of these pesticides, including some of the additives 357 
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in commercial formulations such as solvents, surfactants, or preservatives, are well known 358 

EDCs (Cox and Surgan, 2006; United Nations Environment Programme and the World 359 

Health Organization, 2013).  In GBR rivers the concentrations of at least five of these 360 

aqueous pesticides, namely ametryn, atrazine and its breakdown product desethyl atrazine, 361 

diuron, hexazinone, and imidacloprid, are directly related to the proportion of sugarcane, but 362 

not to that of forestry land use upstream (Table 2).  Finally, levels of vtg transcription in 363 

barramundi increase significantly with concentrations of four of these aqueous pesticides, 364 

namely ametryn, diuron, hexazinone and imidacloprid, as well as with simazine (Table 3, 365 

Figure 3). 366 

3.2 Coral trout 367 

3.2.1. Abundance of brain cyp19a1b and liver vtg transcripts 368 

The 42 coral trout individuals collected at the five reefs (Supplementary material Table 369 

A.2.a) comprised 22 P. leopardus (172 mm TL ± 9 SE, range 102-238 mm TL), and 20 P. 370 

maculatus (165 mm TL ± 12 SE, range 89-244 mm TL).  Coral trout brains frequently had 371 

degraded RNA, and most samples were unusable for qPCR.  Combined with the 14 372 

barramundi brain samples that were excluded based on insufficient RNA purity and/or 373 

integrity, we suspect that the RNA later reagent did not penetrate the brain tissue well 374 

enough. 375 

Liver vtg transcripts were detected in all coral trout, including low transcription levels in 376 

fish from reef islands without exposure to agricultural runoff such as Lizard.  Based on 377 

insufficient RNA purity and/or integrity, six liver vtg samples (one from Lizard, Heron, and 378 

One Tree each, and three from Orpheus) were excluded.  Linear regression revealed that 379 

transcript abundance of liver vtg was not significantly affected by coral trout size (F1,34=0.29, 380 

p=0.60) or weight (F1,33=1.22, p =0.28).  Transcript abundance of liver vtg was significantly 381 

higher (up to four orders of magnitude) in fish from reef islands in the central and southern 382 

areas (Orpheus, Heron and One Tree Islands) compared to those in the northern area (Lizard 383 

Island) (One-way ANOVA, F3,31=5.95, p=0.003, Fig. 4).  Compared to liver vtg transcript 384 

abundance in mature coral trout in breeding condition collected in the northern GBR, 385 

transcription levels were lower in all juveniles than the likely maximum in mature females, 386 

and higher in most juveniles (except Lizard) than that in mature males.387 
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Table 1 388 

Results of a general additive model, namely a combined non-linear (sugarcane) and linear 389 

(forestry) model (log(vtg+1) ~ s(sugarcane) + forestry), to characterise the nature of the 390 

relationship between detected differences in liver vitellogenin (vtg) transcript abundance in 391 

barramundi (Lates calcarifer) collected in nine river catchments, and the most predictive land 392 

use variables upstream from collection sites.  edf = effective degrees of freedom, Ref.df = 393 

original degrees of freedom before deductions for smoothing fits. 394 

 395 

vtg edf Ref.df F  value p

s(Sugarcane) 5.4 5.92 15.24 <0.0001

Estimate Std Error t  value p

Forestry -0.06 0.04 -1.68 0.099

Approximate significance of smooth terms:

Parametric coefficients:

 396 
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Table 2 397 

Results of Pearson r correlations to examine relationships between pesticide concentrations in nine rivers discharging into the Great Barrier Reef 398 

and upstream sugarcane and forestry land use.  95
th

 percentile concentrations were determined based on water samples (n=806) collected at eight 399 

end-of-system and one sub-catchment sites in the nine GBR rivers during the 2010-2011 monitoring year.  Pearson correlations were conducted 400 

on log-transformed pesticide concentration data and square root transformed land use (%) data.  The statistical significance was tested in one 401 

direction given that we were interested in positive effects only.  PSII = photosystem II inhibiting, n.r. = pesticide not registered for particular 402 

land use, n/a = not applicable, values in bold are statistically significant. 403 
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Pearson r p Pearson r p

PSII herbicides

Ametryn Sugarcane; Shrub nuts, fruits and berries 0.818 0.004 n.r. n/a

Atrazine
Grazing lands; Sugarcane; Forestry; Cereal; Hay and 

silage; Oil seed and oleaginous fruit; Vegetable and fruit
0.749 0.010 0.290 0.224

Desethyl Atrazine
Grazing lands; Sugarcane; Forestry; Cereal; Hay and 

silage; Oil seed and oleaginous fruit; Vegetable and fruit
0.834 0.003 0.113 0.386

Desisopropyl Atrazine
Grazing lands; Sugarcane; Forestry; Cereal; Hay and 

silage; Oil seed and oleaginous fruit; Vegetable and fruit
0.530 0.142 0.066 0.433

Diuron

Sugarcane; Cereal; Hay and silage; Beverage and spice; 

Oil seed and oleaginous fruit; Cotton; Tree fruit; Vine fruit; 

Shrub nuts, fruits and berries

0.941 <0.001 0.414 0.134

Hexazinone Grazing lands; Sugarcane; Forestry; Hay and silage 0.925 <0.001 0.423 0.129

Simazine

Forestry; Beverage and spice crops; Oil seeds and 

oleaginous fruits; Tree fruit crops; Tree nuts; Vine fruits 

crops; Shrub nuts; Fruits and berries crops; Vegetables and 

fruit

n.r. n/a 0.053 0.447

Other herbicides

Metolachlor
Sugarcane; Cereal; Oil seeds and oleaginous fruits; Cotton; 

Vegetables and fruit; 
-0.007 0.986 n.r. n/a

Insecticides

Imidacloprid Sugarcane; Oil seeds and oleaginous fruits; Cotton 0.731 0.013 n.r. n/a

Pesticides
Registered for use

(Shaw et al. 2011)

Sugarcane Forestry

 404 
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Table 3 405 

Results of Pearson r correlations to examine relationships between liver vitellogenin (vtg) 406 

transcript abundance in barramundi (Lates calcarifer) and concentrations of individual 407 

pesticides in four rivers discharging into the Great Barrier Reef.  95
th

 percentile 408 

concentrations were determined based on water samples (n=232) collected at end-of-409 

catchment sites in the four rivers in the six months prior to fish collection.  Pearson 410 

correlations were conducted on log(x+1) transformed vtg transcription data and non-411 

transformed pesticide concentration data.  The statistical significance was tested in one 412 

direction given that we were interested in positive effects only.  Results for Mean, Median 413 

and Maximum are also presented to demonstrate robustness of relationships irrespective of 414 

basic statistical descriptors for pesticide concentrations.  PSII = photosystem II inhibiting, - = 415 

correlation not possible (pesticide values were the same across all four basins), values in bold 416 

are statistically significant. 417 

 418 

 

Pesticides
95

th 

percentile
Mean Median Maximum

PSII herbicides

Ametryn Pearson r - 0.578 - 0.494

p - <0.001 - 0.003

Atrazine Pearson r -0.082 -0.088 -0.095 -0.042

p 0.336 0.326 0.313 0.415

Desethyl atrazine Pearson r -0.07 -0.078 -0.014 -0.018

p 0.360 0.345 0.237 0.464

Desisopropyl atrazine Pearson r -0.0138 -0.121 -0.138 -0.024

p 0.237 0.267 0.237 0.451

Diuron Pearson r 0.532 0.616 0.418 0.713

p 0.002 <0.001 0.012 <0.001

Hexazinone Pearson r 0.689 0.677 0.509 0.653

p <0.001 <0.001 <0.001 <0.001

Simazine Pearson r - 0.577 - 0.523

p - <0.001 - 0.002

Other herbicides

Metolachlor Pearson r 0.267 0.262 - 0.187

p 0.081 0.085 - 0.166

Insecticides

Imidacloprid Pearson r 0.496 0.394 0.357 0.527

p 0.003 0.017 0.029 0.002  419 
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Fig. 3.  Relative levels of liver vitellogenin (vtg) transcript abundance in individual barramundi (Lates calcarifer) against pesticide 420 

concentrations in four rivers discharging into the Great Barrier Reef.  (a) ametryn, (b) atrazine, (c) desethyl atrazine, (d) desisopropyl atrazine, 421 

(e) diuron, (f) hexazinone, (g) imidacloprid, (h) metolachlor, and (i) simazine.  Maximum pesticide concentrations are presented for ease of 422 

reference, and were determined based on water samples (n=232) collected at end-of-catchment sites in the four rivers in the six months prior to 423 

fish collection (● = Haughton, ○ = Herbert, ■ = North Johnstone, □ = Tully).  Pearson correlations were conducted on log(x+1) transformed vtg 424 

transcription data and non-transformed pesticide concentration data.  The statistical significance was tested in one direction given that we were 425 

interested in positive effects only.  See Table 3 for results Pearson r correlations for 95
th

 percentile, Mean, and Median to demonstrate robustness 426 

of relationships irrespective of basic statistical descriptors for pesticide concentrations. 427 
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Fig. 4.  Relative levels of liver vitellogenin (vtg) transcript abundance in individual coral 431 

trout (Plectropomus leopardus and P. maculatus) collected in 2010/2011 and 2011/12, 432 

against individual coastal reefs in the Great Barrier Reef lagoon, presented from north (left) 433 

to south (right).  Statistical significances for post-hoc comparisons between rivers are 434 

indicated through different letters (P<0.05, ANOVA); Dunk Island had only one replicate and 435 

was excluded from these analyses.  Reproductively mature females (RF) and males (RM) in 436 

breeding condition collected from a northern location not exposed to agricultural run-off have 437 

been included for comparative purposes only. 438 
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3.2.2. Relationship with aqueous pesticide concentrations 440 

The detected difference in liver vtg transcript abundance could be due to exposure to 441 

estrogenic compounds in the environment, potentially derived from one of the major land 442 

uses in the GBR catchment.  This difference between reef islands was not examined against 443 

land use in nearby catchments, however, as the reef areas affected by riverine flood plumes 444 

depend on the prevailing wind and current conditions.  Therefore, we examined whether any 445 

of the five reefs were exposed to riverine flood plumes (potentially containing estrogenic 446 

compounds) in the months prior to our fish collections.  Indeed, subsurface moorings 447 

recorded salinity levels dropping below 35 ppt at Lizard in March/April 2011, at Orpheus in 448 

February/March 2011, and at Heron and One Tree in December 2010 (IMOS, 2013).  No 449 

moorings are present at Dunk Island, however, salinity levels below 35 ppt were documented 450 

in the period November 2010-April 2011 (associated with Severe Tropical Cyclone Yasi in 451 

February 2011) using remote sensing imagery (Brando et al., 2011).  These riverine flood 452 

plumes are likely to have contained agricultural run-off in the central and southern sections of 453 

the GBR (Dunk, Orpheus, Heron, and One Tree), but not in the northern section (Lizard) 454 

(Schroeder et al., 2012; Waters et al., 2014).  Hence, juvenile coral trout on the central and 455 

southern reefs may have been exposed to estrogenic compounds in riverine flood plumes, 456 

including the commercial pesticide formulations registered for use in the GBR catchment 457 

(Supplementary material Table A.5) (Shaw et al., 2011).  Indeed, at least ten pesticides were 458 

consistently detected at Dunk and Orpheus Island in 2010/11 (Kennedy et al., 2011) and 459 

2011/12 (Bentley et al., 2012) (Supplementary material Table A.6), including known EDCs 460 

such as atrazine, desethyl atrazine, and simazine (United Nations Environment Programme 461 

and the World Health Organization, 2013).  Furthermore, uptake of pesticides by exposed 462 

coral trout is realistic, as demonstrated by the presence of lindane in P. maculatus flesh and 463 

liver samples collected on the GBR (Olafson, 1978).  Hence, while acknowledging the 464 

incompleteness of pesticide data sets for the five reef islands sampled, the patterns of liver vtg 465 

transcript abundance in coral trout appear to be consistent with the distribution of agricultural 466 

pesticides in the GBR lagoon, particularly with higher maximum concentrations in the central 467 

and southern GBR lagoon (Kennedy et al., 2012). 468 

4. Discussion 469 

Our findings clearly indicate that exposure to estrogenic compounds occurs in coastal fish 470 

in rivers discharging into the GBR lagoon, and that this is strongly associated with run-off 471 
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from sugarcane land use in the GBR catchment.  Moreover, altered liver vtg transcript 472 

abundance in coral reef fish further suggest that this exposure extends out into the GBR 473 

lagoon itself.  First, the significantly altered vtg transcription levels in both barramundi and 474 

coral trout provide strong evidence that wild populations in the central and southern GBR 475 

zones are exposed to estrogenic compounds in the environment.  Second, the strong and 476 

significant associations between liver vtg transcript abundance in barramundi, the extent of 477 

upstream sugarcane land use, and pesticide concentrations provide multiple lines of evidence 478 

that agricultural pesticide formulations with endocrine disrupting capabilities are a prime 479 

candidate for causing the observed disruption of normal vtg transcription levels.  Third, the 480 

consistent exposure of at least some reef islands to agricultural pesticides (Bentley et al., 481 

2012; Kennedy et al., 2011), transported by riverine flood plume waters during the summer 482 

wet season (Kennedy et al., 2012; Smith et al., 2012), further strengthens this assertion.  To 483 

the best of our knowledge, this is the first study to quantify such associations between an 484 

indicator of endocrine disruption in coastal and marine fishes and agricultural land use in 485 

upstream catchments. 486 

Other potential sources of EDCs present in the GBR region, such as STPs (Lavado et al., 487 

2004), industrial waste (Colborn et al., 1993), and intensive animal production (Kolodziej et 488 

al., 2004), do not match the occurrence and spatial patterns of altered vtg transcription 489 

documented here.  The GBR catchment contains a relatively small total population 490 

(1,165,115 people in 2012) of which approximately 60% live in significant urban areas, all 491 

outside the catchments of our sampled rivers (Great Barrier Reef Marine Park Authority, 492 

2014).  Coastal STPs servicing smaller urban centres are present in six of the ten rivers 493 

sampled, with barramundi collected outside the area of influence of four (Embley, North 494 

Johnstone, Russell, Herbert) and downstream of only two (Mulgrave, Tully).  Most of the 495 

STPs that release into the marine environment treat urban and industrial sewage to the most 496 

stringent treatment standards (i.e. tertiary treatment) (Great Barrier Reef Marine Park 497 

Authority, 2014).  The contribution of these STPs to the total discharge and to the overall 498 

pesticide loads released into the GBR lagoon is minor (<5%) (Kroon et al., 2013).  499 

Furthermore, estrogenic compounds still present in tertiary-treated STP effluents are likely to 500 

have a minimal impact in downstream freshwater environments (Kumar et al., 2012), and 501 

ostensibly even less in downstream marine environments.  Thus, in the GBR region most 502 

contributions to contaminant loads by STPs are relatively small and highly localised 503 
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compared to those by agricultural diffuse sources
 
(Kroon et al., 2013).  Populations not 504 

connected to STPs but serviced by on-site wastewater treatment systems are likely to 505 

introduce some EDCs into the environment (Stanford and Weinberg, 2010).  Steroid 506 

estrogens, potentially derived from such systems, have not been detected in the Daintree, 507 

Herbert, Tully, or Russell rivers during sampling campaigns for EDCs in 2012/13 (Kroon, 508 

unpublished) and 2013/14 (Smith, unpublished).  Highly industrialised areas occur around 509 

urban centres outside our sampled rivers (Great Barrier Reef Marine Park Authority, 2014), 510 

but could potentially be influencing water quality around the four reefs in the central and 511 

southern sections of the GBR lagoon.  Finally, intensive animal production occurs in only 512 

three of the ten rivers sampled (Mulgrave, North Johnstone, Herbert).  Irrespective, some of 513 

the highest vtg transcription levels were measured on barramundi from rivers without a STP 514 

(Haughton) or intensive animal production (Tully), and not in those with both (Mulgrave).  515 

Thus, the pattern of estrogenic exposure in barramundi and coral trout more closely reflects 516 

that of agricultural land use and pesticide run-off, although some influence from other point 517 

sources cannot be completely excluded. 518 

In commercial pesticide formulations, both the active ingredients and additives can be 519 

estrogen agonists and induce Vtg synthesis in fish (Xie et al., 2005).  Induction of vtg 520 

transcription and synthesis have been documented in vivo following aqueous exposure at 521 

environmentally relevant concentrations to several pesticides detected in our rivers and 522 

around our reefs.  This includes exposure to analytical grade pesticides such as bifenthrin (Jin 523 

et al., 2009; Wang et al., 2007), diazinon (Yoo et al., 2007), fipronil (Beggel et al., 2012), 524 

pendimethalin (Ngamniyom and Panyarachun, 2012), permethrin (Jin et al., 2008; Nillos et 525 

al., 2010), tebuconazole (Sancho et al., 2010), as well as commercial pesticide formulations 526 

such as and 2,4-D (Xie et al., 2005) and Atradex WG (Kroon et al., In review).  While 527 

additives are currently not monitored in the GBR rivers, aqueous exposure to widely used 528 

pesticide surfactants such as alkylphenol ethoxylates (Ying et al., 2002) can induce vtg 529 

transcription and synthesis in juvenile and male fish in vivo at environmentally relevant 530 

concentrations (Li et al., 2012; Schlenk et al., 2012; Xie et al., 2005).  Even when individual 531 

contaminants are present at or below no-observed effect concentrations, exposure to mixtures 532 

of xenoestrogenic compounds can still result in significant vtg induction in male fish (United 533 

Nations Environment Programme and the World Health Organization, 2013).  Hence, the 534 

altered levels of vtg transcription documented in barramundi and coral trout are most likely 535 
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due to exposure to the complex mixtures of commercial pesticide formulations present in 536 

GBR rivers (Smith et al., 2012) and lagoon waters (Kennedy et al., 2012) rather than any 537 

individual contaminant in particular. 538 

Putative maximum levels of liver vtg transcription in mature females in breeding condition 539 

were, as expected, magnitudes higher than those of juvenile and male fish.  Transcript and 540 

synthesis of vtg is controlled by estrogen with plasma Vtg concentrations increasing to 541 

maximum levels during vitellogenesis in females (Wheeler et al., 2005).  Surprisingly, 542 

relatively high levels of vtg transcripts were detected in mature male barramundi (but not in 543 

coral trout) in breeding condition, collected from a location in the Wenlock river not exposed 544 

to agricultural run-off.  It is unknown whether these levels relate to circulating endogenous 545 

estrogen, or environmental exposure to estrogenic compounds.  Seasonal variation in plasma 546 

concentrations of an estrogen metabolite, immunologically closely related with 17β-E, has 547 

been demonstrated in both male and transitional barramundi (Guiguen et al., 1995).  Thus, 548 

plasma estrogen and Vtg could correlate with the occurrence of natural sex change, as has 549 

been demonstrated for the protandrous black porgy, Acanthopagrus schlegeli (Lee et al., 550 

2001).  Determining baseline transcription (and ideally protein) levels in different life history 551 

stages of our study species would provide context to these high vtg transcript levels in mature 552 

male barramundi, and to our overall results more generally. 553 

Transcript abundance of brain cyp19a1b aromatase in barramundi showed some evidence 554 

of differences among river catchments, but could not be determined in coral trout due to 555 

sample degradation.  While detected differences in brain cyp19a1b transcription levels were 556 

not as pronounced, they showed a similar pattern to that in liver vtg with higher transcription 557 

levels in two rivers with intensive agriculture compared to one with minor agriculture.  558 

Exposure to agricultural run-off containing estrogenic compounds could possibly modulate 559 

cyp19a1b transcript abundance in fish.  For example, transcription levels of brain cyp19a1b 560 

strongly increase following in vivo exposure of fish to estrogenic compounds such as 17α-561 

ethynylestradiol, 17β-E, bisphenol and nonylphenol (Chung et al., 2011; Guyon et al., 2012; 562 

Kroon et al., In review; Mills et al., 2014).  Furthermore, in barramundi putative regulation of 563 

brain cyp19a1b transcript abundance includes up-regulation by estrogen response element 564 

(ERE) and progesterone response element (PRE) (Gardner et al., 2005; Gardner et al., 2003).  565 

In contrast to vtg, however, barramundi cyp19a1b also possesses non-estrogen response 566 

elements (Gardner et al., 2005; Gardner et al., 2003), potentially explaining the different 567 
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patterns in vtg and cyp19a1b transcription levels.  Whether exposure to agricultural run-off 568 

containing pesticides may compromise the species’ natural patterns of sexual development 569 

and differentiation trough alteration of brain cyp19a1b transcription remains to be 570 

determined. 571 

Our results reveal the occurrence of altered transcription levels of endocrine associated 572 

genes in wild fish at an unprecedented spatial scale of up to (at least) 200 km of coastline for 573 

barramundi, and potentially up to a 1,000 km of reef for coral trout.  Comparable increases in 574 

liver vtg induction have been reported in males of other fish species, however, these were 575 

collected only a few kilometres downstream of point sources such as STPs (Jobling and 576 

Tyler, 2003).  Despite only comprising approximately 1.3% of the total land use in the GBR 577 

catchment, sugarcane land use contributes most of the pesticides discharged into the GBR 578 

lagoon (Brodie et al., 2012; Kroon et al., 2013).  Our study thus suggests that a relatively 579 

small area of diffuse agricultural pollution (5,700 km
2
, Brodie et al., 2012) can result in 580 

increased levels of liver vtg transcription in fish 10s to 100s of kilometres removed from the 581 

diffuse source. 582 

The ecological implications of exposure to estrogenic compounds, and altered levels of 583 

transcription in endocrine associated genes, in wild barramundi and coral trout are currently 584 

unknown.  Continuous exposure to estrogenic compounds is highly likely given that 585 

detectable concentrations of agricultural pesticides have been found at all of the central and 586 

southern GBR sampling sites in fresh, estuarine and marine waters throughout the year 587 

(Kennedy et al., 2012; Smith et al., 2012).  Previous work has demonstrated that exposure to 588 

environmentally relevant estrogen concentrations can alter patterns of sexual differentiation, 589 

sexual maturation and reproductive fitness in fish (United Nations Environment Programme 590 

and the World Health Organization, 2013).  Whether exposure patterns in the GBR are 591 

sufficient to ultimately influence population dynamics of these sequential hermaphrodites, or 592 

other fish species, remains to be determined.  Irrespective, our results clearly suggest that 593 

estrogenic compounds commonly used in agriculture have the potential for negatively 594 

impacting ecologically, commercially and recreationally important fish species.  Given the 595 

potential consequences of such exposure, these results are cause for concern for fish 596 

populations in the GBR catchment and lagoon, and the sustainability of fisheries resources 597 

downstream from agricultural land uses around the world. 598 

 599 
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Table A.1 840 

Collection information for barramundi (Lates calcarifer).  (a) Similarly-sized, maturation stage barramundi collected during the non-breeding 841 

season in nine rivers with a variety of exposures to agricultural run-off.  (b) Reproductively mature females and males in breeding condition (i.e. 842 

with running eggs and milt, respectively) collected during the breeding season in a location of the Wenlock river not exposed to agricultural run-843 

off.  Collection rivers and dates, with proportion of main land uses upstream from collection sites, and number and measurements for 844 

barramundi, are given.  In the Mulgrave and Russell rivers, barramundi were collected at three and two different locations, respectively. 845 

 846 

a 847 

Mean ± SE Min Max Mean ± SE Min Max

Ducie Apr-12 97 0 0 0 1 357 n/a n/a 505 n/a n/a

Embley Apr-12 94 0 0 0 6 389 ± 3 379 400 628 ± 17 600 710

Daintree Mar-11 67 23 10 0 12 362 ± 54 295 460 565 ± 269 260 1081

Mulgrave Mar, Apr-11 82, 83, 82 1, 1, 1 5, 5, 5 10, 9, 10 3 379 ± 43 345 427 625 ± 245 430 900

Russell Mar-11 62, 67 0, 0 17, 29 10, 0 7 475 ± 31 340 555 1407 ± 200 680 1810

North Johnstone Jun-11 53 0 40 1 9 315 ± 48 192 350 344 ± 105 82 425

Tully Mar-12 72 3 5 13 8 368 ± 20 264 445 605 ± 83 220 1000

Herbert Mar-11 27 5 62 4 2 483 ± 51 447 519 1258 ± 470 925 1590

Haughton May-11 1 0 73 25 10 302 ± 17 240 421 327 ± 65 145 860

Fish

Conser-

vation

Collections

Rivers Dates

Main land uses (%)

Forestry Grazing
Sugar-

cane
Number

Size (mm, TL) Weight (g)

 848 

 849 

b 850 
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Mean ± SE Min Max Mean ± SE Min Max

Males Nov-11 97 0 0 0 3 477 ± 12 453 492 1307 ± 139 1070 1550

Females Nov-11 97 0 0 0 2 670 ± 15 655 685 3427 ± 250 3178 3677

Collections Main land uses (%) Fish

Sex Dates
Conser-

vation
Forestry Grazing

Sugar-

cane
Number

Size (mm, TL) Weight (g)

851 
 852 



Research Paper, Marine Environmental Research 

 

42 

 

Table A.2 853 

Collection information for coral trout (Plectropomus leopardus and P. maculatus).  (a) Similarly-sized, maturation stage coral trout collected in 854 

five coastal reefs during the non-breeding season with a variety of exposures to agricultural run-off.  (b)  Reproductively mature females and 855 

males (P. leopardus only) in breeding condition (i.e. with running eggs and milt, respectively) collected during the breeding season on northern, 856 

outer reefs not exposed to agricultural run-off.  Collection reefs and dates, and number and measurements for coral trout, are given. 857 

 858 

a 859 

Mean ± SE Min Max Mean ± SE Min Max

Dunk Island Apr-12 1 154 48

Heron Island May-11 8 201 ± 33 145 237 115 ± 54 35 185

Lizard Island May-11 7 165 ± 18 138 187 60 ± 17 43 78

One Tree Island May-11 10 141 ± 46 102 238 50 ± 57 15 180

Orpheus Island Apr-11,-12, Jun-11 16 172 ± 56 89 244 89 ± 65 10 200

Fish

Number
Size (mm, TL) Weight (g)

Collections

Reefs Dates

 860 

 861 

b 862 

Mean ± SE Min Max Mean ± SE Min Max

Males Sep-12 3 585 ± 6 576 595 2987 ± 116 2800 3200

Females Sep-10, Sep-12 3 398 ± 3 392 402 907 ± 79 800 1060

Sex Dates

Collections Fish

Number
Size (mm, TL) Weight (g)

 863 
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Table A.3.  Primers used in degenerate PCR for isolating brain and liver from barramundi (Lates calcarifer) and coral trout (Plectropomus 864 

leopardus, P. maculatus).  Degenerate primers were designed against other Perciforme fish and used for all three (perciforme) species.  865 

Sequences identified were deposited in GenBank under accession numbers JX847108 (barramundi vitellogenin, 240 bp), JX847109 (coral trout 866 

vitellogenin, 300 bp), KC577817 (coral trout 18-S rRNA, 238 bp), and KC577818 (coral trout cytochrome p450 19a1b, 734 bp). 867 
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Gene (isoform) Primer name Ta range (°C) Primer sequence (5’-3’)

Brain isoform cyp19a1b F 54 - 58 5’-ATGAAGGGGATGCTGCCTCT-3’

Brain isoform cyp19a1b R 54 - 58 5’-TTTGGCTGTGGAGCTCACAC-3’

Liver isoform vtg A F 50 - 54 5’-ATCTGAACCAMTGYCARGARAA-3’

Liver isoform vtg A R 50 - 54 5’-GAGGATGCYCCYCTBAAGTTT-3’

Liver isoform vtg A F2 51- 55 5’- AGCAGGAWTCWAAGARCCTVAG-3’

Liver isoform vtg A R2 51- 55 5’-AAACTTVAGRGGRGCATCCTC-3’

Liver isoform vtg A F2 50 - 54 5’-CAGCAGGAWTCWAAGARCCTVAG -3’

Liver isoform vtg A R3 50 - 54 5’-  TGTCCATGTASAGCTGMAGA-3’

Liver isoform vtg B F 44 - 48 5’-ATGTCWGCRTCATCTGAAAT-3’

Liver isoform vtg B R 44 - 48 5’-GAATCTCAABTTCAATCTTCTC-3’

Liver isoform vtg B F2 50 - 54 5’-AGTACAGTGGCATCTGGC-3’ 

Liver isoform vtg B R2 50 - 54 5’-CAKGTCCTTGGTCTTGGTCA-3’

Liver isoform vtg B F3 50 - 54 5’-GTCTACTCTTACATGAARGCCATG-3’

Liver isoform vtg B R3 50 - 54 5’-TCCCTCAGTYCTCACTCC-3’

Liver isoform β actin F 51 - 55 5’- TGGGATGACATGGAGAAGATCTG-3’

Liver isoform β actin R 51 - 55 5’- TCTGGGCAACGGAACC-3’

Brain/liver isoform 18-S F 50 - 54 5’-CCTCCGGGTACCCAAC-3’

Brain/liver isoform 18-S R 50 - 54 5’-TTGCTGCGTTCTTCATCGA-3’

Brain isoform cyp19a1b F 47 - 51 5’-GYAACTACTAYAACAACAAATAYGG-3’

Brain isoform cyp19a1b R 47 - 51 5’-CATGAAGAARAGGCTGATGGA-3’

Brain isoform cyp19a1b F2 50 - 54 5’- AMARCTACTTTGANACMTGGCA-3’

Brain isoform cyp19a1b R2 50 - 54 5’- TGCCAKGTNTCAAAGTAGYTKT-3’

Brain isoform New cyp19a1b F 38 - 54 5’-AACTACTAYAACAACAAATA-3’

Brain isoform New cyp19a1b R 50 - 54 5’-TCAAAGTAGYTKTKRATTTT-3’  868 
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Table A.4.  Primers and PCR conditions used in quantitative PCR reactions.  L.c. primers were used for barramundi (Lates calcarifer); P. l. 869 

primers were used for coral trout (Plectropomus leopardus and P. maculatus). 870 

Gene name Forward Probe Reverse Annealing T (°C) PCR efficiency

cyp19a1b ACAGTCAGATATACCAGGTCC CCTCGCCATTAATCCACAC CTTGCTGTTCCGATCCCAGTCCA 51 108

vtg  (L.c.) GCTCAGCTTTTGACACCTG TGTTGGTAAAGTGTTTGCACCGGC GATTCCCCTGTAGATGTTCAG 60 100

β actin  (L.c.) TGGGTTTGTGCAGTTGTG TTCTCCATGTCATCCCAGTTGGTCAC CTCGTTGTAGAAGGTGTGATG 51 88

vtg  (P.l.) TTCGATAGACTGAGCTACCGCTTC AGCCATTGTTGCCAAAGCCCGCACCTA CCTCAGTTCTCACTCCAAGCTCAA 58 85

18-S  (P.l.) TCAATGTCTCCAGTAGCGTTC CACCCCTCCCACCTCGTCTC CAAGTTTGACTCTGACCTCCG 52 90871 
 872 
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Table A.5 873 

Agricultural pesticides, registered for use in sugarcane (^), forestry (*), both (no symbol), or 874 

other (
$
) agricultural land uses in the Great Barrier Reef catchment, detected in water grab 875 

and passive samples collected in seven of our nine river catchments from 2009 to 2012  .  876 

Only those pesticides that had a confirmed detection or non-detection in one or more rivers 877 

have been included. Y = detected, n.d. = not detected, - = not analysed for; pesticides shaded 878 

in grey are known endocrine disrupting chemicals. 879 

Pesticides Daintree Mulgrave Russell
North 

Johnstone
Tully Herbert Haughton

3,4-Dichloroaniline
$ n.d. - - - Y - -

2,4-D - - - - Y Y Y

Alpha-cypermethrin* - - - - - - -

Aminopyralid* - - - - - - -

Amitrole* - - - - - - -

Aldicarb^ - - - - - - -

Ametryn^ n.d. n.d. n.d. n.d. Y Y Y

Asulam^ - - Y - - - -

Atrazine n.d. Y Y Y Y Y Y

Benomyl
$ - - - - - - -

Bifenthrin - - - n.d. Y n.d. n.d.

Bromacil
$ n.d. - - n.d. Y Y Y

Carbaryl* - - - - - - -

Carbofuran^ - - - - - - -

Carfentrazone-ethyl* - - - - - - -

Chlorothalonil
$ - - - - Y - -

Chlorpyrifos - n.d. Y Y Y Y Y

Clethodim* - - - - - - -

Clopyralid* - - - - - n.d. n.d.

Desethyl Atrazine Y n.d. n.d. Y Y Y Y

Desisopropyl Atrazine Y n.d. n.d. Y Y Y Y

Diazinon^ Y - - n.d. Y Y n.d.

Dicamba - - - - n.d. n.d. Y

Dimethoate* - - - - - n.d. n.d.

Diquat - - - - - - -

Diuron^ Y Y Y Y Y Y Y

Fenamiphos^ - - - n.d. n.d. n.d. n.d.

Fipronil̂ - - - n.d. n.d. n.d. n.d.

Fluazifop-P* - - - - - - -

Fluometuron
$ n.d. Y Y n.d. n.d. n.d. n.d.

Fluroxypyr - - - - n.d. Y Y

Glyphosate - - - - - - -

Halosulfuron-methyl̂ - - - - - - -

Haloxyfop-P* - - - - Y Y Y

Hexazinone n.d. Y Y Y Y Y Y

River catchments

880 
881 
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Pesticides Daintree Mulgrave Russell
North 

Johnstone
Tully Herbert Haughton

Imazapic^ n.d. - - - - Y -

Imidacloprid^ Y - - Y Y Y Y

Ioxynil̂ - - - - - - -

Isoxaben* - - - - - - -

Isoxaflutole^ - - - - - - -

MCPA^ - - - - - n.d. Y

Metolachlor^ Y - - n.d. Y Y Y

Metribuzin
$ n.d. - - - Y - -

Metsulfuron-methyl* n.d. - - - Y n.d. -

MSMA^ - - - - - - -

Oryzalin* - - - - - - -

Oxadiazon* - - - - - - -

Oxyfluorfen* - - - - - - -

Paraquat - - - - - - -

Pendimethalin n.d. - - n.d. Y Y Y

Permethrin^ - - - n.d. Y n.d. Y

Picloram - - - - n.d. n.d. n.d.

Piperonyl butoxide
$ - - - - Y - -

Prometryn
$ Y n.d. n.d. n.d. Y Y Y

Propazin-2-hydroxy
$ n.d. - - - Y Y Y

Propiconazole
$ - - - - Y - -

Prothiophos
$ - n.d. Y Y Y - -

Pyriproxyfen* - - - - - - -

Simazine* Y Y Y Y Y Y Y

Sulfometuron- - - - - - - -

Tebuconazole^ - - - Y Y n.d. n.d.

Tebufenozide* - - - - - - -

Tebuthiuron
$ Y n.d. n.d. Y Y Y Y

Terbacil* - - - - - - -

Terbutryn^ n.d. - - n.d. Y Y Y

Terbutylazine
$ n.d. - - - n.d. Y Y

Trichlorfon^ - - - - - - -

Triclopyr* - - - - - Y Y

Trifloxysulfuron sodium^- - - - - - -

Trifluralin^ - - - n.d. Y n.d. n.d.

River catchemts

882 
 883 
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Table A.6 884 

Agricultural pesticides, registered for use in sugarcane (^), forestry (*), both (no symbol), or other (
$
) agricultural land uses, detected in passive 885 

samplers at the five reef islands from 2008/09 to 2011/12.  (a) number of detects, and maximum concentration (in brackets) for agricultural 886 

pesticides, and (b) total number of passive samples deployed and analysed, at the five reef islands.  Limits of detection are given in italic/bold in 887 

top row for sampling each year; n/a = not available, n.d. = below detection limit, - = not analysed for particular pesticide, and ? = unknown limit 888 

of detection; pesticides shaded in grey are known endocrine disrupting chemicals.  For 2010-11 and 2011-12, limits of detection present a range, 889 

reflecting changes in sampling rates and differences in sensitivities on the different instruments.  For Lizard Island, passive sampler information 890 

from a nearby reef (Pixies Pinnacle) is given for 2006/07 and 2009/10. 891 

 892 

a 893 
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Ametryn^ Atrazine Bromacil
$

Desethyl 

Atrazine

Desiso-

propyl 

Atrazine

Diuron^
Fluome-

turon
$

Hexa-

zinone

Imida-

cloprid^

Meto-

lachlor^
Prometryn

$ Simazine*
Tebu-

thiuron
$

Terbutryn^

2006-07 <0.3 <0.3 ? ? ? <0.3 <0.3 <0.3 - ? <0.3 <0.3 <0.3 ?

Lizard <1.0 1 (0.34) n.d. 1 (0.05) <1.0 2 (0.59) n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Dunk n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Orpheus n.d. n.d. n.d. n.d. n.d. 3 (0.67) n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Heron n.d. n.d. n.d. n.d. n.d. 2 (0.69) n.d. n.d. n.d. n.d. n.d. n.d. n.d.

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

2007-08 <0.3 <0.3 ? ? <25 <0.3 <0.3 <0.3 - <10 <0.3 <0.3 <0.3 -

Lizard n.d. n.d. n.d. 1 (1.9) 1 (1.1) >1 (1.8) n.d. n.d. n.d. n.d. n.d. 1 (0.2)

Dunk n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Orpheus n.d. ? (2.7) n.d. ? (0.9) n.d. ? (4.5) n.d. ? (1.9) n.d. n.d. n.d. ? (0.7)

Heron n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

2008-09 <0.3 <0.3 ? ? <25 <0.3 <0.3 <0.3 - <10 <0.3 <0.3 <0.3 -

Lizard n.d. n.d. n.d. n.d. n.d. 3 (2.5) n.d. n.d. n.d. n.d. n.d. n.d.

Dunk n.d. 1 (1.1) n.d. n.d. n.d. 3 (3.2) n.d. 3 (2.3) n.d. n.d. n.d. 2 (0.46)

Orpheus n.d. 1 (1.4) n.d. 1 (0.74) n.d. 5 (1.7) n.d. 2 (0.26) n.d. n.d. n.d. 4 (0.8)

Heron n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

2009-10 <0.3 <0.3 <0.3 ? <0.3 <0.3 <0.3 <0.3 - <0.3 <0.3 <0.3 <0.3 ?

Lizard n.d. n.d. - n.d. n.d. n.d. - n.d. - - n.d. n.d. -

Dunk n.d. 1 (3.0) n.d. n.d. n.d. 7 (5.9) n.d. 4 (2.6) n.d. n.d. n.d. 2 (1.6) n.d.

Orpheus n.d. 3 (2.2) - n.d. n.d. 4 (100) - 1 (0.86 ) - - n.d. 2 (2.8) -

Heron n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

2010-11 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.08 - 2 <0.04 - 2 <0.08 - 2 <0.04 - 2 <0.04 - 4 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 0.4

Lizard n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Dunk 1 (2.2) 4 (1.8) n.d. n.d. n.d. 4 (4.8) n.d. 4 (2.3) - n.d. n.d. 1 (0.45) 1 (0.44) -

Orpheus 3 (0.47) 6 (2.6) 1 (0.18) 3 (0.48) n.d. 6 (4.4) n.d. 6 (0.98) - 2 (0.10) 2 (0.13) n.d. 5 (3.0) -

Heron n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

2011-12 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.08 - 2 <0.04 - 2 <0.08 - 2 <0.04 - 2 <0.04 - 4 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 2 <0.04 - 0.4

Lizard n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Dunk 1 (0.12) 2 (0.30) n.d. n.d. n.d. 2 ( 6.0) n.d. 2 (1.5) 1 (1.1) 2 (0.07) n.d. 1 (0.02) 2 (0.38) n.d.

Orpheus 4 (0.08) 9 ( 0.77) 1 (0.03) 2 (0.15) n.d. 9 (3.7) n.d. 8 (0.76) - 10 (0.20) n.d. 6 (0.13) 8 (0.42) n.d.

Heron n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

One Tree n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Reef Island

Pesticides (ng/L)

894 
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b 895 

Number Dates Notes

2006-07

Lizard 4 Sep 06 - Mar 07 At Pixies Pinnacle, ~35km

Dunk 4 n/a

Orpheus 6 Jun 06 - Apr 07

Heron 2 Jan 07 - Feb 07

One Tree n/a

2007-08

Lizard 5 Jul 07 - Feb 08, Apr 08 At Lizard Island

Dunk 1 May - Jun 07

Orpheus 2 May 07, Mar - Apr 08

Heron n/a n/a

One Tree n/a n/a

2008-09

Lizard 3 May 08 - Nov 08 At Lizard Island

Dunk 4 Aug 08 - Apr 09

Orpheus 7 May 08 - Mar 09

Heron n/a n/a

One Tree n/a n/a

2009-10

Lizard 5 May 09 - Apr 10 At Pixies Pinnacle, ~35km

Dunk 7 May 09 - Apr 10 Except Nov - Dec 09

Orpheus 4 May 09 - Apr 10 Except Nov 09 - Feb 10

Heron n/a

One Tree n/a

2010-11

Lizard n/a n/a

Dunk 4 May 10 - Dec 10

Orpheus 7 Apr 10 - Mar 11 Except Jun 10

Heron n/a n/a

One Tree n/a n/a

2011-12

Lizard n/a n/a

Dunk 3 Jul 11  - Apr 12 Except Oct - Nov 11, Feb 12

Orpheus 9 May 11 - May 12

Heron n/a n/a

One Tree n/a n/a

Reef Island

Passive sampler sets deployed and analysed

 896 

 897 
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Figures 898 

Fig. A.1.  Alignment of species-specific sequences for vtg in coral trout (Plectropomus leopardus), identified in the present study with other 899 

Perciformes in Genbank (20 September, 2012).  The newly derived vtg sequences are compared to the Perciformes Morone americana 900 

(accession number DQ020121), Morone saxatilis (accession number HQ846510), Dicentrarchus labrax (accession number JQ283442), Pagrus 901 

major (accession number AB181839), and Thunnus thynnus (accession number GU217572). 902 

 903 


