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Abstract

Largemouth (LMB: Micropterus salmoides) and Smallmouth Bass (SMB: Micropterus dolo-

mieu) are important species in the recreational fisheries of the Laurentian Great Lakes.

The invasion of the Round Goby (Neogobius melanostomus) into these lakes has changed

several facets of black bass biology, but there is still much to learn about the relationship

between these species. Previous dietary analyses have shown Round Goby to be important

prey for bass, but have been limited by low visual identification rates of dissected stomach

items. Within the present study, DNA barcoding and stable isotope analysis improve prey

identification and provide a more quantitative dietary analysis of adult black bass in Lake

Ontario, comparing the importance of Round Goby as prey between these two species.

Eighty-four LMB (406mm fork length ±4mm SEM) and two hundred sixty-four SMB (422mm

±2mm) obtained as tournament mortalities had prey identified using DNA-based methods.

Round Goby was the most prevalent prey species for both predators. The diet of LMB was

three times more diverse than that of SMB, which almost entirely consists of Round Goby. Our

results provide further support that recent increases in the size of Lake Ontario bass are a

result of Round Goby consumption, and that the effects of this dietary shift on body condition

are greater for SMB. Techniques developed in this study include reverse-oriented dual priming

oligonucleotides used as blocking primers for predator DNA, and an automated design ap-

proach of restriction fragment length polymorphism tests for identifying prey DNA barcodes.

Introduction

North America’s recreational fisheries provide substantial economic benefits for many local

communities [1]. In the Great Lakes region, the economic impact of recreational fisheries is

approximately $8.3 billion per annum [2]. Black bass are among the most popular species for

North American freshwater anglers and the most common target species of a growing element
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of recreational fisheries, competitive fishing events [3,4]. Evidence indicates that the number

of competitive fishing events (tournaments) for bass in the Great Lakes has been increasing in

recent years [5].

Invasive species have had a profound influence on the ecology of the Great Lakes and

St. Lawrence River ecosystems [6]. One prolific invader, the Round Goby (Neogobius melanos-
tomus) [7], has affected many aspects of black bass ecology including: diet [8], body condition

[9], nesting success [10] and population size [11]. Most previous studies in this area have

focused on the interactions between Round Goby and Smallmouth Bass (SMB: Micropterus
dolomieu). There are also important recreational fisheries for Largemouth Bass (LMB: Micro-
pterus salmoides) in areas where Round Goby are now common, such as the Eastern basin of

Lake Ontario and the St. Lawrence River, but there is currently much less known about the

interactions between these two species.

Although previous studies have shown that many Great Lakes piscivores are now including

Round Goby in their diet, quantitative data of diets for different life stages is necessary for a

thorough understanding of the impact of this invasive species on food webs. To date, a thor-

ough quantitative assessment of the diet of large adult bass, using modern DNA-based

approaches, is lacking for populations in the Great Lakes. Furthermore, studies in this area

have relied on a visual approach for taxonomic identification, which has several limitations

compared to DNA-based identification. For example, traditional visual approaches to diet

analysis leave many prey items unidentified and can overlook rare species [12]. Modern DNA-

based approaches greatly increase the success rate of identification and provide more accurate

estimations of dietary contribution [13,14]. Due to sampling limitations, previous studies in

both this area and ongoing assessment programs also contain relatively few large adult bass.

The extent of digestion varies greatly between prey items extracted from fish stomachs [15],

with a large proportion being too degraded for physical identification [16]. Semi-digested soft

tissue usually has intact mitochondrial DNA for PCR amplification of species-specific bar-

codes [17]. Aligning these barcode sequences with known voucher specimens can be used to

increase diet resolution upward of 90% [18,19]. This approach relies on some a priori knowl-

edge of prey, and the use of taxon-specific primers, to amplify a 652bp segment from the 5’

region of cytochrome c oxidase I (COI) [20], which can then be identified with minimal error

using a molecular database [21]. For adult black bass, most prey fall into two categories, fresh-

water fish or crayfish, with each taxa having successfully tested primer cocktails available for

DNA barcoding [22,23]. Using a restriction fragment length polymorphism (RFLP) method to

identify prey [24,25] instead of sequencing by capillary electrophoresis of PCR products [26],

will make it possible to achieve species level resolution of most prey more efficiently. RFLP

tests are useful in diet studies aiming to identify a single clade of prey, and since Round Goby

is expected to be the dominant prey species for LMB and SMB, using an RFLP test will allow

for faster identification. For this study, we will also sequence PCR products that were shown

by RFLP analysis to not be Round Goby to achieve a more complete analysis of bass diets.

The use of barcode analysis to determine the diet of piscivorous fish has the potential to

amplify predator DNA alongside prey due to their genetic similarity [27]. It is therefore possi-

ble that cannibalism could go undetected with this approach [28]. Co-amplification of preda-

tor and prey DNA can also result in ambiguous sequence reads. Predator-specific restriction

enzymes or 3’ carbon spacers can be used to increase purity of prey PCR products when these

cases occur [29,30]. Blocking oligonucleotides can also improve the purity of prey DNA, for

both RFLP and direct sequencing approaches to diet analysis, by selectively limiting PCR

amplification of predator DNA [31]. To the best of our knowledge, DNA barcoding has only

been applied once to identify prey of LMB in South Korea [32], and blocking primers have not

been developed for either species of bass.

Comparison of Largemouth and Smallmouth Bass diets using DNA barcoding and stable isotope analysis
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Stable carbon (δ13C) and nitrogen (δ15N) isotope ratios in animals undergo uniform

enrichment between consumption events [33,34]. Analysis of these variables provides another

modern approach for diet analysis, allowing for an assessment of primary producers [35] and

a measure of trophic position [36]. Combining stable isotope data with a DNA-based approach

can further resolve the energy flow of an ecosystem [37], and provide greater insight of changes

in food web dynamics [38].

The main objective of this study is to assess the impact of the invasive Round Goby on the

trophic ecology of large adult black bass in the Eastern Lake Ontario and the St. Lawrence

River using DNA barcoding and stable isotope analysis. In this study we evaluate the impact of

Round Goby by comparing (1) their relative importance in the diets of LMB and SMB, and (2)

the body condition of bass before and after the Round Goby’s introduction. We hypothesize

that Round Goby comprise a greater proportion of SMB diets because of the similar habitat

preferences between these 2 species [39,40], which has led to a larger increase in the body con-

dition of SMB compared to LMB. Secondary objectives of this study are to determine restric-

tion enzymes for the rapid identification of Round Goby prey, and design blocking primers

to limit PCR co-amplification of bass COI. We predict that DNA barcoding should greatly

increase identification rates of prey and provide superior information to visual taxonomy.

This study takes advantage of competitive fishing events in the region in order to obtain sam-

ples from tournament mortalities. This approach is not only cost effective and efficient, but

also allows unique biological information to be acquired from the largest size class of bass in

these fisheries. These fish make the greatest contribution to the next generation of their popu-

lations [41], but are difficult to sample in large numbers using other approaches.

Materials and methods

Sample collection

Incidental mortalities of 84 LMB and 264 SMB were collected from licenced fishing tournaments

between 2012 and 2015, and stored at -20˚C until further processing. Licenced tournaments

were held by the following organizations: Canadian Bass Anglers Federation, Competitive Sport

Fishing League, Quinte Fishing Series, and Renegade Bass Tour. Bass were angled from across

the Eastern Basin of Lake Ontario and St. Lawrence River for tournaments in the following

Canadian cities: Trenton (44˚05’55.1"N 77˚34’18.0"W), Belleville (44˚09’19.0"N 77˚22’52.2"W),

Deseronto (44˚11’29.7"N 77˚03’09.5"W), Kingston (44˚13’46.0"N 76˚28’38.8"W), Gananoque

(44˚19’17.9"N 76˚09’50.8"W), Rockport (44˚22’57.2"N 75˚55’42.0"W), and Morrisburg (44˚

53’34.7"N 75˚10’45.9"W). Permits for collecting bass for scientific purposes were obtained from

the Ontario Ministry of Natural Resources and Forestry. Before processing, bass were thawed at

room temperature and measured for length and weight. Stomach contents were then dissected,

separated into unique prey items, weighed, photographed, identified, and had soft tissue samples

removed for DNA extraction. Skeletal muscle samples from each bass were also taken for subse-

quent analysis of stable isotope ratios. Stomach contents and skeletal muscle samples were

returned to -20˚C after dissection.

Visual identification

Variation in digestion state of each prey item was categorized according to a five-tier system

for visually assessing diet diversity in piscivorous fish [17], expanded to apply to crayfish

remains. These categories are as follows; (1) empty stomach; (2) digested prey, no intact identi-

fying characteristics; (3) digested prey, identifiable above species level; (4) digested prey, spe-

cies identifiable; and (5) fully intact prey. Prey ranked between (5) and (3) were identified to

the lowest taxonomic unit (LTU) using field guides [42,43] and trained personnel. Prey
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classified between ranks (2) and (4) were identified to the LTU using vertebrae for fish and chi-

tinous body segments for crayfish. Using fresh razorblades and holding trays,�25mg soft tis-

sue samples for DNA-based identification were taken from all prey items (LMB: n = 49; SMB:

n = 287). All visually identified prey underwent our DNA barcoding approach to verify its

accuracy and compare identification success rates.

DNA barcode amplification

Genomic DNA was extracted from frozen tissue samples with the DNeasy Blood and Tissue

Kit (Qiagen) according to the manufacturer’s tissue protocol. When required, quality and con-

centration of DNA extractions were determined with 2% agarose TBE electrophoresis gels run

at 200 V for 0.3 h in a Sub-Cell GT Cell (Bio-Rad Laboratories) or a Nanodrop 1000 spectro-

photometer (Thermo Fisher Scientific). PCRs and restriction digests took place within a T100

Thermal Cycler (Bio-Rad Laboratories).

PCR amplification occurred in 12.5 μl reactions consisting of; 2 μl DNA template; 10% D-

(+)-trehalose; 0.25 mM dNTPs; 0.1 μM forward primers; 0.1 μM reverse primers; 1x DreamTaq

Green Buffer; and 0.3125 U DreamTaq DNA Polymerase (Thermo Fisher Scientific) [23]. The

COI-3 primer cocktail (primers VF2_t1, FishF2_t1, FishR2_t1 and FR1d_t1) was used for prey

visually classified as fish, whereas the orcoCOI primer cocktail (primers orcoCOIF and orco-

COIR) was used for prey visually classified as crayfish (Table 1). The 16S primer cocktail (prim-

ers 16Sar-5’ and 16Sbr-3’) served as a positive control for DNA extraction for both fish and

crayfish prey, as described by Ivanova et al. [23]. The Folmer primer cocktail (primers LCO1490

and HCO2198) was used in the event of poor COI primer specificity for both fish and crayfish

prey (successful 16S amplification, and unsuccessful COI-3 or orcoCOI amplification).

Reaction conditions for the COI-3 and 16S cocktails were: 1 min at 94˚C, 35 cycles of 30 s

at 94˚C, 40 s at 52˚C and 60 s at 72˚C, followed by 10 min at 72˚C [23]. Conditions for the

orcoCOI cocktail were: 2 min at 95˚C, 40 cycles of 30 s at 95˚C, 30 s at 52˚C and 60 s at 72˚C,

followed by 10 min at 72˚C [45]. Conditions for the Folmer cocktail were: 1 min at 95˚C, 5

cycles of 40 s at 94˚C, 40 s at 45˚C and 60 s at 72˚C, 35 cycles of 40 s at 94˚C, 40 s at 51˚C and

60 s at 72˚C, followed by 5 min at 72˚C [48]. Success of all PCRs was evaluated by agarose gel

electrophoresis, as described above, prior to DNA sequencing. In order to limit processing

time and effort, successful COI amplicons of fish prey were first screened for Round Goby (the

suspected dominant prey species) using an in-lab RFLP test.

Round Goby RFLP identification

COI barcode vouchers (n = 2708) from the 112 fish species endemic to the sampling region

[43] were obtained from Barcode of Life Data Systems (BOLD) [49] and analyzed in R using a

Table 1. PCR primers for COI and 16S rDNA.

Name Sequence Reference

VF2_t1 TGTAAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCAC [44]

FishF2_t1 TGTAAAACGACGGCCAGTCGACTAATCATAAAGATATCGGCAC [44]

FishR2_t1 CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA [44]

FR1d_t1 CAGGAAACAGCTATGACACCTCAGGGTGTCCGAARAAYCARAA [23]

orcoCOIF GTGGTAGTTACAGCYCATGC [45]

orcoCOIR CCAGACTCTTGAACTACAAT [45]

16Sar-5’ CGCCTGTTTATCAAAAACAT [46]

16Sbr-3’ CCGGTCTGAACTCAGATCACGT [46]

LCO1490 GGTCAACAAATCATAAAGATATTGG [47]

HCO2198 TAAACTTCAGGGTGACCAAAAAAT [47]

https://doi.org/10.1371/journal.pone.0181914.t001
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script written for this study (see Data Accessibility). Recognition site frequency per species was

computed using a list of 263 commercially available restriction enzymes, and searched for can-

didates based on relative recognition frequencies. A single enzyme, SspI, was found to cleave

all Round Goby COI barcodes and no other species’, yielding 242 and 496bp fragments with

the COI-3 primer cocktail, or 228 and 481bp fragments with the Folmer primer cocktail.

Restriction digest of fish prey PCRs occurred in 12.5 μl reactions consisting of; 5 μl PCR prod-

uct; 1x CutSmart Buffer; and 1 U SspI-HF (New England Biolabs), incubated for 30 min at

37˚C. PCR and restriction digest success was evaluated by running total digest volumes in 2%

agarose gels.

DNA barcode sequencing

To verify that Round Goby populations did not have a variable allele on the RFLP cut site, 16

RFLP-positive Round Goby prey from this study underwent DNA sequencing to complement

the 24 Round Goby barcode vouchers used to design the RFLP test [50]. In addition to the

Round Goby prey, all crayfish prey (n = 10) and RFLP-negative fish prey (n = 45) also had

PCR products purified with the GeneJET PCR Purification Kit (Thermo Fisher Scientific), and

forward sequenced by capillary electrophoresis on an ABI 3730XL DNA Analyser (Applied

Biosystems) in an external facility (TCAG, Canada). Tailed amplicons produced with the COI-

3 cocktail were sequenced with M13 forward primers (Invitrogen); all other PCR products

were sequenced with forward primers used in their amplification reaction. Sequence data was

trimmed and exported from electropherograms using FinchTV (from Geospiza; available at

geospiza.com/finchtv) and identified with BOLD Systems’ nearest neighbour algorithm using

a 1% divergence threshold [49]. In the case of ambiguous results involving few closely related

species, those not endemic to the study region were ruled out as possibilities. BOLD identifica-

tions were corroborated by the top results of a BLASTn search for highly similar sequences on

GenBank [51].

Predator DNA removal

Prey items classified as fish that were identified as the same species as the predator following

DNA sequencing (n = 40) were considered for an alternative predator DNA removal approach

before resequencing. No suitable enzymes for RFLP tests were identified for either species of

black bass; however, BglII and NsiI in parallel digests were identified to both cut COI of only

LMB and SMB. Due to the added complexity of eliminating predator DNA by this restriction

digest approach, it was not favoured over alternative solutions. Three predator-specific anneal-

ing blocking primers were designed for LMB to improve the relative amplification of rare prey

DNA (Table 2). These primers were selected to overlap the 3’ binding sites of reverse primers

for LMB COI, limiting PCR amplification of predator DNA with its C3 spacer and 10x concen-

tration relative to other reverse primers [29]. Dual priming oligonucleotides (DPO) were used

to allow for longer oligonucleotides with unchanged melting temperatures, increasing the

potential length of binding site overlap and allowing for greater target specificity. SMB was not

specifically considered for primer design as a result of its larger sample size, low observed prey

diversity and genetic similarity to LMB.

Table 2. COI blocking primers for LMB (M. salmoides) (I = deoxyinosine, 3 = C3 spacer).

Name Sequence Melting Temperature

COIR-blkMsa ACCAGAATAAGTGCTGGTAAAGA3 55.6˚C

COIR-DPO-blkMsa GGTGGCCAAAGAACCAGAATIIIIICTGGTAAAGA3 55.6˚C

COIR-DPOr-blkMsa GGTGGCCAAAIIIIIAGAATAAGTGCTGGTAAAGA3 48.4˚C

https://doi.org/10.1371/journal.pone.0181914.t002
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Using DNA extracted from bass skeletal muscle and voucher specimens of Round Goby

and Alewife (Alosa pseudoharengus) (Glenora Fisheries Station, Canada), each of the blocking

primers were tested on 100-fold excess mixtures of predator and prey DNA in COI-3 and Fol-

mer PCRs. For each PCR amplicon, 5 μl was digested with NsiI¸ which has one COI recogni-

tion site in both LMB and SMB, producing 179 and 559bp fragments, but no COI recognition

sites in Round Goby or Alewife. Restriction digest conditions were identical to the Round

Goby RFLP protocol, using NsiI-HF (New England Biolabs) in lieu of Ssp-HF. Blocking effi-

ciency was estimated by agarose gel electrophoresis of total digest volumes. DNA extractions

that yielded amplicons sequence-identified as LMB or SMB underwent secondary COI-3 or

Folmer PCRs with 1.0 μM of the most effective blocking primer added to the reaction mix.

Stable isotope analysis

Skeletal muscle samples of approximately 50 mg were taken for stable isotope analysis from 15

LMB and 42 SMB subsampled from the set of tournament mortalities. Samples were freeze-

dried for 24h, ground to a powder, then analyzed for δ13C, δ15N, %C and %N using an Ele-

mental Analyzer (Costech)—Isotope Ratio Mass Spectrometer (Thermo Delta V) at an exter-

nal facility (GLIER, Canada). Standards of acetanilide, bovine, poplar leaf, and glycine with

verified values for δ13C and δ15N were included after every 12th sample in each run. Every 12th

sample was also performed three times to verify consistency of instrumentation, and C:N

ratios used to ensure normalization of the lipid affect across samples [52,53]. Trophic position

(TP) was calculated for each fish with the equation TPconsumer = [(δ15Nconsumer−δ15Nbaseline)/

3.4] + 2, using an δ15N baseline value of 8.5 ‰ [36, 38].

Condition factor

The present study also included data from bass collected by the Ontario Ministry of Natural

Resources and Forestry (OMNRF) assessment programs. A standardized fish community

assessment program, consisting of bottom set gillnetting and bottom trawl tows, has been rou-

tinely conducted by the OMNRF since 1992 at fixed sites throughout the Bay of Quinte and

the Eastern Basin of Lake Ontario [54,55]. Trap netting has also been conducted within the

Bay of Quinte since 2001. The trap net survey follows a standardized Nearshore Community

Index Netting (NSCIN) protocol [56] and program specific details are described by Hoyle and

Yuille [57]. The present study used data for length and weight of 910 SMB from the gillnetting

program as well as 166 SMB and 408 LMB captured in the trap netting program for determin-

ing condition factor. This data was used to show how the size distribution of tournament-sam-

pled bass differs from the size distribution of the bass captured in these programs and to show

how the condition factor has changed in LMB and SMB since the invasion of Round Goby

into Lake Ontario.

Data analysis

First and second order error of the Round Goby RFLP test were estimated using visual and

barcode species identifications to corroborate restriction digest results. Percent index of rela-

tive importance (%IRI) was calculated for each species of prey identified in tournament-sam-

pled bass stomachs, selected as the best measure of dietary importance factors as shown by

Liao et al. [58]. %IRI was calculated as a percent of total importance to provide a comparable

statistic between predator species [59,60], based on the formula IRIi = %Oi
� (%Wi + %Ni). %O

represents the percent occurrence of the prey species out of all bass stomachs, %W the percent

of total weight comprised by the prey species (uncorrected for digestion), and %N the percent

number of the prey species out of the total number of all prey. To contrast the alpha diversity
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of prey between bass species, true diversity profiles showing effective species number were cal-

culated based on numerical prey composition [61–63]. The alpha diversity indices of q = 1 and

q = 2 were specifically stated as they correspond to the more widely known Shannon’s and

Simpson’s indices respectively. Relative weight was estimated using total length for tourna-

ment-sampled LMB (W = 10−5.528 � L3.273) and SMB (W = 10−5.329 � L3.200) [64,65]. Fulton’s

condition factor was used to determine body condition for OMNRF-sampled bass using fork

length [66], and analyzed using ANOVA for differences between species, collection period

(pre- and post-Round Goby introduction) and sampling method.

Results

Sample collection

The data show that tournament mortalities provide a much greater number of large adult bass

for both species when compared to more traditional sampling approaches (gillnet, trap net)

over the same timeframe (Fig 1). During the three years that tournament mortalities were col-

lected for each species, there were 55 LMB and 207 SMB that were greater than 400 mm in

length. Over the same three-year timeframe, the standard assessment approaches used by

OMNRF did not catch any LMB that were greater than 400mm and only caught 14 SMB above

this length. The mean lengths of tournament mortalities (LMB: 406 mm ±4mm for LMB;

SMB: 422 mm ±2mm) were significantly greater than the mean lengths of bass caught by

OMNRF using gillnets and trapnets (LMB: 246 mm ±5mm; SMB: 268 mm ±11mm) (Welch

two sample t-test, SMB: t = -14.326, df = 90.782, P<0.001; LMB: t = -24.493, df = 168.52,

P<0.001).

Visual identification vs DNA barcoding

The results of this study showed the effectiveness of DNA barcoding as a tool to identify prey

in the stomach contents of black bass. Of the 68 prey items visually identified to species in this

study, all 68 returned the same species following identification by DNA barcoding (Table 3).

The DNA approach also greatly increased species identification within bass stomach contents

compared to visual identification (Fig 2, Table 3). Using visual identification, only 10% and

22% of prey could be identified in LMB and SMB respectively. In contrast, the percent of prey

identified using DNA barcoding was 82% in LMB and 97% in SMB. Furthermore, DNA bar-

coding identified several species that were not found using the visual identification approach,

including 5 new prey species for LMB, and 3 new prey species for SMB.

Round Goby RFLP identification

The Round Goby RFLP test designed in this study greatly reduced overall processing costs and

time of DNA barcoding, as 268 of 336 total prey were identified to be Round Goby. Visual

identification and DNA sequencing confirmed the species identity for 119 of the 336 total prey

that underwent the RFLP test (Table 4). All prey classified as fish that failed the Round Goby

RFLP test (n = 44) were identified as a different species upon barcode sequencing. Almost all

(99%) successful DNA extractions could be identified using the BOLD Animal Identification

System (http://boldsystems.org/index.php/IDS_OpenIdEngine), revealing 10 prey species

across both species of bass. Of the 268 Round Goby RFLP identifications, 75 prey items were

confirmed using visual identification (n = 61), DNA sequencing (n = 11) or a combination of

both (n = 3). In designing the RFLP test, all Round Goby COI vouchers (n = 24) were found to

have an SspI recognition site in the same location, whereas no COI vouchers (n = 2684) of the

other 111 fish species contained an SspI recognition site.

Comparison of Largemouth and Smallmouth Bass diets using DNA barcoding and stable isotope analysis
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Fig 1. Comparison of fork length distributions for bass by collection method. Fork length distributions

of (A) LMB and (B) SMB obtained from tournament mortalities (black: n = 348) or OMNRF gillnet and trap net

samples (grey: n = 183) over a three-year period.

https://doi.org/10.1371/journal.pone.0181914.g001
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Predator DNA removal

Blocking primer tests and primer alignment with mitochondrial genomes of LMB (Accession:

NC_008106.1) and SMB (Accession: NC_011361.1) indicate only the 5’ stabilizer segment of

COIR-DPO-blkMsa needs to bind to a DNA template to inhibit its PCR amplification with the

COI-3 or Folmer primer cocktails. Mismatch of the shorter 3’ determiner segment performs

the same function as the C3 spacer, resulting in no elongation when only the 5’ stabilizer has a

correct binding site, as with SMB COI. Primer COIR-DPOr-blkMsa, with reversed stabilizer

(3’) and determiner (5’) orientation to COIR-DPO-blkMsa, demonstrated limited amplifica-

tion with only LMB COI. Previous work has shown elongation arrest blocking primers to have

little success at blocking elongation [29], suggesting that ideal DPO blocking primers should

have a 5’ determiner and 3’ stabilizer, and be positioned relative to functional primers such

that binding site overlap occurs within the 3’ stabilizer (Fig 3). This design necessitates binding

of the entire blocking primer for amplification to be inhibited, as opposed to just the 5’ stabi-

lizer. Templates that bind only to the determiner are hypothesized to function as elongation

arrests due to lack of functional primer overlap.

Blocking primer COIR-DPO-blkMsa was observed to inhibit COI amplification for LMB,

SMB and Alewife, whereas COIR-DPOr-blkMsa and COIR-blkMsa only inhibited amplifica-

tion for LMB. Since it was observed that the Folmer primer cocktail yielded no COI amplicon

for LMB or SMB upon secondary sequencing for 40 prey items, this simpler process of ampli-

fying prey COI in the presence of abundant predator DNA was favoured over the use of block-

ing primers.

Diet composition

Diet analysis of tournament-sampled bass showed that there were significant differences

between the two species. SMB had significantly more prey items per stomach (1.09 ±0.09 SE)

than LMB (0.58 ±0.08) (t = -4.125, df = 270, P<0.001). No significant differences were found

between average prey wet weight of LMB (5.83g ±0.83g) and SMB (4.25g ±0.22g) (t = 1.850,

df = 55, P = 0.070), nor between total wet weight per stomach of SMB (4.62g ±0.36g) and LMB

(3.40g ±0.67g) (t = -1.609, df = 135, P = 0.101). For both species of bass, Round Goby was the

most abundant prey item by all measures (Table 4, Fig 4); however, Round Goby had a 31%

greater index of relative importance for SMB diets than LMB diets (Fig 5). Over 95% of the rel-

ative importance of LMB prey can be attributed to 3 species: Round Goby, Bluegill Sunfish

(Lepomis machrochirus), and Alewife. For both alpha diversity indices q = 1 (Shannon’s) and

q = 2 (Simpson’s), LMB prey (1D = 5.53, 2D = 4.04) are over three times more diverse than

SMB prey (1D = 1.47, 2D = 1.22), with the SMB prey community effectively consisting of one

species (Fig 6).

Table 3. Prey classification and identification success according to the ranking system; (1) empty stomach; (2) digested prey, no intact identifying

characteristics; (3) digested prey, identifiable above species level; (4) digested prey, species identifiable; and (5) fully intact prey. Amplification of

COI or 16S mitochondrial DNA was used as a positive control for DNA extraction.

Class Number Classified Visually Identified DNA Extracted Barcode Identified

LMB SMB LMB SMB LMB SMB LMB SMB

1 46 (55%) 97 (37%) - - - - - -

2 35 175 0 0 27 167 27 167

3 9 49 0 0 9 49 8 48

4 5 63 5 63 5 63 5 63

5 0 0 0 0 0 0 0 0

https://doi.org/10.1371/journal.pone.0181914.t003
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Fig 2. Comparison of bass stomach items identified using visual taxonomy or DNA barcoding.

Comparison of percent stomach items identified (A) and number of species identified (B) in LMB (n = 84) and

SMB (n = 264) using either visual taxonomy or DNA barcoding.

https://doi.org/10.1371/journal.pone.0181914.g002
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Stable isotope analysis

The trophic position of tournament-sampled LMB (4.10 ±0.06 SE) and SMB did not signifi-

cantly differ from each other based on skeletal muscle tissue δ15N (t = 0.591, df = 16, P =

0.563). In terms of food chain bases, LMB were significantly less δ13C enriched at -24.37 ‰

±0.76 (SE) than SMB at -19.88 ‰ ±0.20 (t = 5.682, df = 16, P<0.001).

Condition factor

Within each species of bass, Fulton’s condition factor significantly differed between the pre-

Goby and post-Goby OMNRF populations (ANOVA, LMB: F = 27.714, df = 494, P<0.001;

SMB: F = 225.856, df = 1337, P<0.001) (Fig 7). Post-Goby populations of both species col-

lected by the OMNRF had greater condition factor than pre-Goby populations (Tukey’s post

hoc test, LMB: Q = 5.492, P<0.01; SMB: Q = 12.797, P<0.01). It is noteworthy that there was

no significant difference between LMB and SMB condition factor for pre-Goby populations

(t = 0.302, df = 270, P = 0.763). In post-goby populations, condition factor was significantly

larger for SMB compared to LMB for both the OMNRF bass (t = -2.558, df = 546, P = 0.012)

and the post-Goby tournament-sampled bass (t = -3.017, df = 102, P = 0.003). The post-Goby

tournament-sampled bass also had higher condition factor than both pre-Goby and post-

Goby bass populations sampled by the OMNRF (LMB: Q = (10.504, 6.842), P<0.01; SMB: Q =

(29.674, 15.181), P<0.01).

Discussion

Through the use of DNA barcoding for prey identification and sample collection from com-

petitive fishing tournaments, this study was able to quantify and compare the diets of large

adult LMB and SMB in Eastern Lake Ontario. Our results indicate that DNA barcoding has

much higher resolution than traditional visual approaches for prey identification within stom-

ach contents. Our results also show that collecting tournament mortalities was a very efficient

approach for sampling the large adult bass in these populations that are not frequently cap-

tured using traditional assessment methods.

Using an RFLP test to identify Round Goby reduced processing time and costs within this

study, while maintaining high identification fidelity. The approach left no room for false

Table 4. Abundance of prey within bass stomachs, indicated by occurrence out of all bass, total weight, and total number of prey items identified.

Fish and crayfish data shown below includes all category (2) prey that failed DNA extraction but were visually identifiable as fish or crayfish.

Prey Species Occurrence Weight (g) Number

LMB SMB LMB SMB LMB SMB

Alosa pseudoharengus 5 21 41.9 79.9 6 24

Ambloplites rupestris 1 0 10.3 0 1 0

Ameiurus nebulosus 1 0 13.4 0 1 0

Amia calva 1 0 1.3 0 1 0

Lepomis gibbosus 2 1 24.1 7.8 3 1

Lepomis macrochirus 6 0 72.7 0 7 0

Neogobius melanostomus 15 144 81.6 1110.5 17 251

Notemigonus crysoleucas 1 0 0.3 0 1 0

Orconectes propinquus 2 1 7.2 1.9 3 1

Orconectes virilis 0 1 0 3.5 0 1

Fish 38 166 270.9 1203.3 44 282

Crayfish 3 4 14.8 16.8 5 5

https://doi.org/10.1371/journal.pone.0181914.t004
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Fig 3. Schematic outlining PCR elongation results of DPO blocking primer mismatch for reversed (A-C) and conventional (D-F) determiner and

stabilizer orientation. (A) Annealing to predator DNA, blocking elongation, as shown by COIR-DPOr-blkMsa with LMB in this study. (B) Partial annealing

to non-predator DNA with mismatched 5’ determiner. Blocking primer functions as elongation arrest, not significantly reducing PCR amplification [29]. (C)

No annealing to non-predator DNA due to mismatched stabilizer region [67]. (D) Annealing to predator DNA, blocking elongation, as shown by COIR-DPO-

blkMsa with LMB in this study. (E) Partial annealing to non-predator DNA with mismatched 3’ determiner, blocking elongation, as shown by COIR-DPO-

blkMsa with SMB in this study. (F) No annealing to non-predator DNA due to mismatched stabilizer region [67].

https://doi.org/10.1371/journal.pone.0181914.g003
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negative Round Goby identification, as all negative results were sequenced and identified

using BOLD Systems, and gave no indication of false positives. In this study, 72% of identifica-

tions could be made in-lab using visual and RFLP analysis, leaving only 28% of identifications

requiring DNA barcode sequencing at an external facility. Similar RFLP tests can be easily

applied to other systems in which a large proportion of individuals belong to one species, and

all potential prey species are known in advance. The R script used in this study can be used on

barcode sequences obtained online to identify candidate restriction enzymes for the RFLP

process.

Previous studies have shown that the invasive Round Goby has become an important food

source for bass once it becomes established in waterbodies where bass are present. However,

Fig 4. Percent wet weight of identified prey (LMB: n = 40; SMB: n = 278) from tournament-sampled

LMB and SMB (LMB: n = 84; SMB: n = 264) for each prey species identified (n = 10).

https://doi.org/10.1371/journal.pone.0181914.g004
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early attempts to quantify the importance of Round Goby in bass diets have been limited by

low visual identification rates and small sample sizes of large adult bass. Using modern molec-

ular approaches for diet analysis and tournament-sampled bass from Lake Ontario, our study

was able to identify a greater number and a greater proportion of prey for adult bass than any

previous study. Interestingly, this larger dataset shows a greater frequency of occurrence (86%)

and relative importance (99%) of Round Goby in the diet of SMB in comparison to all previous

studies that have included large adults since the Round Goby’s invasion of the Great Lakes

[8,11,68–70]. Our results also indicate that the largest adults of the SMB population predomi-

nantly feed on Round Goby.

Fig 5. Percent index of relative importance of identified prey (LMB: n = 40; SMB: n = 278) from

tournament-sampled LMB and SMB (LMB: n = 84; SMB: n = 264) for each prey species identified

(n = 10).

https://doi.org/10.1371/journal.pone.0181914.g005
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Since LMB are more tolerant of tournament practices than SMB [71], there are fewer tour-

nament mortalities for LMB, decreasing our sample size relative to SMB. However, using the

described molecular techniques we were able to obtain a high identification rate of prey items

from these fish, and still gained valuable dietary information. Our results indicate that Round

Goby have become an important prey item for LMB as well, but that this species maintains a

more diverse diet than SMB. In the stomachs of LMB, we identified 9 different species, the

most important of which were Round Goby, Bluegill Sunfish and Alewife. A previous study

reported that Round Goby made up 88% by weight of the stomach contents of LMB in this

region [8]. In comparison, the current study found that the percent composition of Round

Goby in LMB stomachs was 29% by weight, with a 68% index of relative importance. The dif-

ferences between our results and previous studies may be attributed to the fact that previous

studies did not use DNA barcoding to identify prey (leading to lower taxonomic resolution

and more unidentified prey items) and did not sample as many large adult bass.

The LMB and SMB collected at tournaments for this study had relative weights that were

significantly greater (115.7% ±2.7% SE and 115.9% ±0.8% respectively) than the standard

weights of these species elsewhere [64,65]. Crane and colleagues also recently reported that

SMB from Lake Ontario had significantly greater mass-at-length following the Round Goby’s

invasion [9]. Results from the present study confirm that there has been a change in the

Fig 6. True diversity profiles (D) of identified prey (LMB: n = 40; SMB: n = 278) from tournament-

sampled LMB and SMB (LMB: n = 84; SMB: n = 264) for each prey species identified (n = 10). Relative

diversity is maximized at order q = 0.9, indicating LMB consume 3.8 times more prey species than SMB.

https://doi.org/10.1371/journal.pone.0181914.g006
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condition factor of SMB following the invasion of Round Goby into Lake Ontario. We also

provide the first evidence that the condition factor in LMB has increased since the Round

Goby’s invasion. Interestingly, the change in condition factor is somewhat less in LMB com-

pared to SMB. This finding is consistent with our diet results showing that LMB still consume

a variety of other species, and have a higher proportion of empty stomachs.

There are many differences in the ecology and behaviour of these two bass species, but the

observed interspecific differences in diet may be largely explained by differences in their habi-

tat preferences and feeding strategies [39,40]. Similar habitat preferences (rock and sand sub-

strate) between SMB and Round Goby [72] may explain why this invasive species has had a

greater influence on the trophic ecology of SMB. In contrast to SMB, LMB are a “sit and wait”

predator with a preference for complex weedy habits, where there is likely more species diver-

sity amongst potential prey.

Stable isotope ratios of carbon and nitrogen provide additional long-term information

about diet and energy flow that is not obtainable from analyses of stomach contents. The tro-

phic position of both LMB and SMB as determined by δ15N ratios did not differ from LMB

(4.02 ±0.34 SD) and SMB (4.08 ±0.18) living in other freshwater Canadian lakes (n = 79,

n = 21) not invaded by Round Goby [73]. On the other hand, lower δ13C enrichment in LMB

indicated a more pelagic food chain basis in contrast to a more benthic basis for SMB, as

Fig 7. Bass condition factors before and after Round Goby invasion. Box plots showing condition factor

for LMB and SMB, separated into pre-Round Goby (dark grey), post-Round Goby (light grey) OMNRF-

sampled populations, and post-Round Goby (white) tournament-sampled populations (from left to right:

n = 158, n = 253, n = 84, n = 757, n = 317, n = 264). Double asterisks (**) indicate p-values between 0.001

and 0.01 (Tukey’s post hoc test).

https://doi.org/10.1371/journal.pone.0181914.g007
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would be predicted in lentic ecosystems such as Lake Ontario [74–76]. These differences sug-

gest that Round Goby occupies the same trophic level as historically dominant prey items,

such as Alewife in Lake Ontario [77], but forms a different benthic basis for energy flow in the

food web. Similar research into the diets of piscivorous fish of the Baltic Sea following the inva-

sion of Round Goby also indicate a consistent predatory fish trophic level, but a new primary

source of carbon [78]. This change from pelagic to benthic feeding in SMB supports our

hypothesis that LMB are not as dependent on Round Goby as SMB.

Using the Folmer primer cocktail to avoid co-amplification of bass with prey DNA negated

the use of blocking primers in this study to obtain higher quality COI barcodes. As DNA could

only be obtained from 41 of 49 LMB stomach items, and 10% of identified prey were the sole

representatives of their species, future DNA analysis on dissected faeces has the potential to

uncover greater diversity in the diet of this generalist predator. In addition to using the Folmer

primer cocktail, blocking primer COIR-blkMsa in tandem with the COI-3 primer cocktail can

be used to inexpensively amplify prey COI barcodes that the Folmer cocktail does not effec-

tively bind to. For the purpose of LMB faecal analysis in Lake Ontario, barcode vouchers from

BOLD Systems suggest non-DPO blocking primer COIR-blkMsa is sufficient to only inhibit

amplification of LMB DNA.

In summary, this is the first quantitative evaluation, using a DNA-based approach, of the

relative importance of the invasive Round Goby in the diets of large adult LMB and SMB from

Eastern Lake Ontario. This molecular approach contributed to a larger sample size of identi-

fied prey than previous studies based on visual identification methods. Our results show that

large adult SMB in Lake Ontario now feed almost exclusively on Round Goby during the sum-

mer months. Although adult LMB also consume large numbers of Round Goby, their diet

remains more diverse than that of SMB. The shift to diets made up largely of Round Goby has

led to an increase in body condition of both bass species, but this change is greater in SMB

than LMB. According to stable isotope data, both bass species still reside at the same trophic

level while maintaining ecologically distinct food chain bases. Future studies examining the

impact of these changes in trophic ecology on important life history traits of these bass species,

such as age at maturity, are warranted.
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