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Abstract
In the Northeast USA, the aquaculture of macroalgae is a rapidly growing industry. Within this region, there are no established
regulations for farm siting or methods of pathogen detection on macroalgae cultivated or harvested for human consumption.
Bacterial pathogens from natural and anthropogenic sources may persist in coastal waters and can potentially contaminate
macroalgae. During the winter growing season, sugar kelp Saccharina latissima and adjacent water were sampled from three
sites of kelp aquaculture located in adjacent bays of ME, USA. Membrane filtration onto selective media detected Escherichia
coli, Vibrio parahaemolyticus, and Vibrio alginolyticus in kelp and water samples at all sites, however plate counts were very low.
The foodborne pathogens Salmonella enterica ser. Typhimurium, V. parahaemolyticus, and enterohemorrhagic E. coli O157:H7
were detected on enriched kelp samples from 83%, 78%, and 56% of sampling events, respectively, using molecular methods.
Even with low bacterial levels, this frequency of detection confirms the risk of foodborne pathogens present on kelp and
recommends the development of best management practices to control microbial growth during kelp harvest and processing.
Bacterial plate counts from kelp samples often varied from those of water, indicating the importance of sampling the kelp directly,
and that the association between bacterial pathogens on kelp and in the surrounding water should be further investigated. This
study provides the first food safety assessment of sea vegetables in this region with the goal of providing data to enable the
expansion of its industry.
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Introduction

Humans have consumed wild macroalgae for thousands of
years and now cultivate many species through aquaculture
processes (Wells et al. 2016). Aquaculture of macroalgae is
dominant in the Asia-Pacific region where nori (Pyropia) and
kelp (Saccharina japonica, Undaria pinnatifida) have been
grown since the mid-twentieth century. Aquaculture has more

recently spread into North Atlantic countries, especially with-
in the northeast region of the USA with the culture of sugar
kelp (Saccharina latissima; Hafting et al. 2015; Cole et al.
2017). This region’s market for edible macroalgae, termed
sea vegetables, cultivated through aquaculture practices or
harvested from wild beds, is growing in popularity due to
macroalgal nutrient content, culinary potential, and sustain-
able farming practices.

Macroalgae harvested from coastal waters may grow near
potential sources of bacterial human pathogens, but the risk of
pathogen contamination has not been assessed. Food safety
within the USA is regulated by the US Food and Drug
Administration (FDA) which identifies bacterial contamina-
tion as a large concern, as 3.6 million foodborne illnesses are
estimated to be caused each year by bacterial pathogens within
the country (Scallan et al. 2011). Currently, the FDA addresses
sea vegetables only through the approval of dried brown and
red macroalgal species for the use of seasonings, spices, and
flavorings and does not recognize these species as produce
(U.S. FDA 2018). Guidelines for the detection of acceptable
levels of human pathogens on sea vegetables are lacking yet
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are becoming increasingly necessary as the industry expands
within the USA. As kelp and other sea vegetables from new
and established farms or wild harvest companies continue to
enter the edible products market, best management practices
for harvest, transport, storage, and processing must be further
established to ensure food safety.

Fecal coliforms are natural bacterial colonizers of mamma-
lian digestive tracts and are therefore often found in estuarine
and coastal environments. While fecal coliforms, such as
Escherichia coli, are not necessarily pathogens themselves,
they are indicators of fecal contamination. Therefore, presence
of fecal coliforms in water or food indicates risk of contami-
nation by gastrointestinal pathogens (Savichtcheva and Okabe
2006; Wu et al. 2011; Nevers et al. 2016; NSSP 2017).
Bacterial pathogens of concern include the enterohemorrhagic
E. coli strain O157:H7 that causes hemorrhagic colitis in
humans and nontyphoidal Salmonella which is the leading
cause of US hospitalizations and deaths from gastroenteritis
(Labbé and Garcia 2013). Dominant pathways for human
specific fecal contamination to coastal waters are often due
to point source discharges of treated and untreated sewage,
especially in the presence of combined wastewater-
stormwater systems, while various nonpoint sources of gener-
al fecal contamination include terrestrial, agricultural, and
stormwater runoff (Kay et al. 2008; Wyer et al. 2010).
Increased watershed surface runoff and river discharges are
linked to snowmelt and large precipitation events, leading to
a seasonal effect of fecal pollution that can also be associated
with increased coastal use in the summer months (Lipp et al.
2001; Tilburg et al. 2015). Additionally, fecal coliform abun-
dance is correlated with increased human population, land
development, and impervious coverage of a watershed
(Mallin et al. 2000; Shehane et al. 2004).

Food safety concerns are also presented by Vibrio bacteria
which naturally inhabit estuarine and coastal waters, and of
which some species are human pathogens, including Vibrio
parahaemolyticus which is an important bacterial cause of
foodborne gastroenteritis in the USA. (Newton et al. 2012).
This bacterium presents a well-known concern within the wild
harvest or aquaculture of bivalves as it can bioaccumulate with-
in their tissue in concentrations up to 100-fold higher than sur-
rounding waters and is often responsible for bivalve harvest
closures in areas similar to where macroalgae may be harvested
(DePaola et al. 1990; Xu et al. 2015). Seasonal trends in Vibrio
abundance are well-documented with concentrations increasing
as water temperatures rise and are generally not detected during
winter months (Maugeri et al. 2004; Turner et al. 2009). Rapid
ocean warming has stimulated the growth of Vibrio within the
North Atlantic, and consequently cases of infection are increas-
ing within this region (Baker-Austin et al. 2013).

Research on bacterial pathogen contamination of sea veg-
etables is limited, particularly on species farmed in US waters.
A few European studies failed to detect gastrointestinal

pathogens on wild-collected macroalgae, including
Laminaria (Liot et al. 1993; Moore et al. 2002; Gupta et al.
2010; Duinker et al. 2016), while Vibrio was detected on wild
macroalgae in Japan (Mahmud et al. 2006, 2008). A recent
study on S. latissima and Alaria esculenta farmed in Norway
found no enterococci, coliforms, pathogenic Vibrio, or
Listeria monocytogenes through plating methods (Blikra
et al. 2019). To our knowledge, no studies have examined
presence of bacterial pathogens onmacroalgae harvested from
the Northern Atlantic coast of the USA.

This study assesses the risk of bacterial contamination of
sugar kelp S. latissima farmed for human consumption at
nearshore aquaculture sites in ME, USA. Realtime PCR was
utilized on kelp samples for sensitive and specific detection of
the pathogens E. coli O157:H7, Salmonella enterica serovar
Typhimurium, and V. parahaemolyticus on kelp samples,
while plating methods similar to those employed by regulato-
ry agencies for water testing were used for bacterial quantita-
tion from kelp and source water. Findings from this study will
be valuable for future development of food safety protocols to
regulate and expand this region’s sea vegetable industry.

Materials and methods

Sampling sites

Saco and Casco Bays are located on the southern coast of ME.
They are parts of watersheds which serve some of the most
populated areas of the state and are subject to various nonpoint
and point anthropogenic or natural pollution sources. Samples
were collected from two coastal sites of kelp aquaculture in
Casco Bay (CB I and II), one being a commercial farm that
supplies kelp to the food industry and the other being an ed-
ucational lease for a local school, and another site in Saco Bay
(SB) which was established for research purposes (Fig. 1).
Kelp was grown on 200 m longlines suspended 2 m below
the water surface (Flavin et al. 2013). Portions of Casco Bay
and the majority of Saco Bay are closed to bivalve aquaculture
for several reasons including proximity to wastewater treat-
ment plant outfalls which indicate increased risk for bacterial
pollution, actual elevated fecal coliform levels based on water
sampling, and insufficient water quality data. Both bays are
large however and there are several successful bivalve and
kelp aquaculture farms located in the open areas of Casco
Bay (ME DMR 2018a).

Sample collection

In the Northeast USA, kelp farms are seeded in October or
November and grow throughout the winter until harvest at any
time in March–May. Site CB I was sampled on 7 events dur-
ing the typical growing season from February 6 to May 24,
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2018, while CB II was sampled a total of 4 times, correspond-
ing with the sampling at CB I from April 23 to May 24, 2018.
The SB site was sampled 9 times from February 22 toMay 22,
2018. Frequency of sampling depended onweather conditions
and was therefore limited prior to the end of March. During
each sampling event, 2–4 blades of sugar kelp were taken
from 2–4 areas on the longline. The longline was generally
sampled at 4 points, except for at the CB II site where it was
collected at 2–3 points due to a smaller biomass of kelp on the
longline. At each point of kelp collection, 300 mL of surface
water (SW) was collected using sterile Whirl-Pak bags and
from 2 m depth (DW) using Niskin. All samples were collect-
ed using aseptic technique and placed on ice (< 2 °C) during
the 30 min transport back to the lab where they were kept at
temperature and processed within 3 h of return.

Kelp processing and microbiological enrichment

The kelp blades from each sampling replicate were cut hori-
zontally along the blade into sections weighing approximately
2 g (fresh tissue weight). Any holdfast or fouled tissue was
avoided as this would not be consumed by humans. The 2 g
sections were compiled into five bunches each weighing 8 g.
Each 8 g kelp bunch was placed within a sterile Seward
Stomacher bag with 100 mL of autoclaved, filtered (0.35

μm) seawater, and stomached for 1 min using a Lab-Blender
80 (Tekmar) Stomacher to dislodge bacteria (Sharpe and
Jackson 1972). After stomaching, the kelp tissue was
discarded resulting in a 100 mL bacterial seawater suspension
from each kelp sampling replicate. Two of these bacterial sea-
water suspensions were processed for real-time PCR analysis
(qPCR) and 3 for membrane filtration and plating (see
“Membrane filtration and plating” below).

For qPCR analysis, each stomached bacterial seawater sus-
pension was aliquoted into 50-mL volume and centrifuged at
5000 rpm for 20 min to pellet bacterial cells. The 3 most com-
pact pellets from each kelp replicate were chosen to avoid loss
of sample when supernatants were discarded. Pellets were
suspended in 3 mL of either universal pre-enrichment broth
((UPEB) Criterion-Hardy Diagnostics) for the enrichment of
E. coli O157:H7 and S. Typhimurium, sterile alkaline peptone
water ((APW) HiMedia Laboratories) for the enrichment of
V. parahaemolyticus, or sterile phosphate-buffered saline
(PBS) solution for preservation by freezing. UPEB- and
APW-enriched samples were incubated at 37 °C for 18 h.
Following enrichment, each solutionwas frozen at− 80 °C until
DNA extraction. The samples in PBS were frozen immediately
after resuspension to preserve for further analysis if required. To
control for potential background amplification resulting from
environmental contamination of media, media-only controls

Fig. 1 Map of the Northeast USA
with sampling region of ME
marked by arrow. The close-up
image shows 3 sites of kelp
aquaculture in southern ME that
were sampled during February–
May 2018. In Casco Bay (CB;
northern bay), site CB I is marked
by the rhombus and CB II by the
circle. These sites are approxi-
mately 2.5 km away from each
other. In Saco Bay (SB; southern
bay), site SB is marked by the
square. SB is approximately
32 km south of the CB sites
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consisting of sterile APW, UPEB, or FSWwere incubated at 37
°C for 18 h and then subjected to DNA isolation and qPCR
analysis. If background amplification was detected, baseline Ct

values used for determination of positive detection in test sam-
ples were adjusted accordingly. While the enrichment step aids
in detection of microbes present in low numbers by supporting
microbial resuscitation and growth, it should be noted that this
prevents bacterial quantitation. qPCR methods were therefore
used for highly effective presence/absence detection of bacterial
pathogens, and results were operationally similar to those from
traditional PCR. The use of qPCR on enriched samples was
chosen over traditional PCR because of its increased sensitivity
for detecting microbes that are present in low abundances
(Postollec et al. 2011).

DNA extraction and qPCR analysis

Bacterial DNAwas isolated from each enriched sample using
the DNeasy Blood and Tissue Kit (Qiagen) according to man-
ufacturer’s protocol. DNA extracts were purified using the
DNeasy PowerClean Pro Cleanup Kit (Qiagen) according to
manufacturer’s protocol to remove potential seaweed-
associated inhibitors that might interfere with downstream
amplification.

A StepOnePlus Real-Time PCR (qPCR) system (Applied
Biosystems by Thermo Fisher Scientific) was used for target
DNA amplification and robust detection of PCR products.
qPCR reactions were single-plex with SYBR green detection
chemistry, using PowerUP SYBR green Master Mix (Applied
Biosystems by Thermo Fisher Scientific), and forward and
reverse primers specific to pathogen: eaeA-F (ATGCTTAG
TGCTGGTTTAGG) and eaeA-R (GCCTTCATCATTTC
GCTTTC) for E. coli O157:H7 (Fukushima et al. 2003);
iroB-F (ATACGCCCTGGCACATCAAA) and iroB-R
(AACCGGCTCTCCGTCATTTT; Bäumler et al. 1997; this
study); trh-F (GGCTCAAAATGGTTAAGCG) and trh-R
(CATTTCCGCTCTCATATGC; Fukushima et al. 2003). The
amplification program was as follows: 50 °C for 2 min, 95 °C
for 2 min, and 45 cycles of 95 °C for 15 s, annealing temper-
ature specific to primer for 15 s (47 °C, 55 °C, 55 °C, respec-
tively), and 72 °C for 1 min, followed with a melt curve of 95
°C, 60 °C, and 95 °C. Standard curves were not used for
quantitation due to sample enrichment. Genomic DNA isolat-
ed from pure cultures of V. parahaemolyticus, E. coli
O157:H7, and S. enterica ser. Typhimurium were run as pos-
itive controls.

Membrane filtration and plating

The remaining three stomached bacterial seawater sus-
pensions from each kelp replicate were vacuum-filtered
in 50- and 100-mL volumes onto 0.2 μm gridded mem-
brane filters (Whatman). Filters were placed in 50-mm

petri dishes with either m-TEC media (Neogen
Acumedia) to enumerate coliforms (Dufour et al. 1981)
or TCBS media (Neogen Acumedia) to enumerate
Vibrio species (Kobayashi et al. 1963). The SW and
DW samples were similarly processed. All plates were
incubated at 37 °C for 24 h and then counted. As per
manufacturer’s instructions for the m-TEC media, absor-
bent pads soaked with 2 mL of urea substrate made
with 2 g urea and 10 mg phenol red (Sigma Aldrich)
in 100 mL water were added to the new 50-mm petri
dishes, and the membrane filters from the original petri
dishes were transferred to sit on top of the pads. After
20 min, all yellow and yellow-green to yellow-brown
colonies were counted as urease-negative, thermotolerant
E. coli. For the TCBS media, green colonies were
counted as presumptive V. parahaemolyticus and yellow
colonies as presumptive Vibrio alginolyticus, according
to manufacturer’s protocol. Plating data are presented as
colony forming units (cfu) per 100 mL and generally
represent the counts from the 100 mL filter volume
plates. In the case of the 100 mL plates having growth
too numerous to count, the counts from the 50-mL filter
volumes were calculated to cfu per mL. These plating
procedures were used in order to remain consistent with
current state of ME water quality monitoring procedures
for bivalve aquaculture (ME DMR 2018a).

Data analysis

qPCR methodology increased sensitivity and specific de-
tection of the pathogenic species, however data is presented
as presence/absence due to the demonstrated need for mi-
crobiological enrichment which prevented quantitation
(Online Resource A). A sampling event was marked posi-
tive for the pathogen if the pathogen DNAwas detected in at
least one sampling replicate. Plate count data were not nor-
ma l and cou ld no t e f f e c t ive ly be t r ans fo rmed .
Nonparametric Kruskal-Wallis tests were run for each bac-
terial group (V. parahaemolyticus, V. alginolyticus, and
E. coli) to test for significance of sampling site (SB, CB I,
CB II) and for significance of sample type (kelp, SW, DW).
If statistical significance was found, Dunn multiple compar-
isons were run post hoc. Additionally, a general linear
mixed effects model with a negative binomial distribution
for each bacterial group was utilized to test significance of
sample type with sampling site and date incorporated as
crossed random factors. Estimated marginal means tests
were used for post hoc analysis. All statistical analyses were
performed with the R version 3.5.2. Environmental data
were not collected in great enough quantities to perform
detailed statistical analyses and were therefore used for
solely qualitative interpretations.
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Results

Pathogen detection through qPCR

A preliminary study revealed that qPCR-mediated detection
of pathogens on kelp was enhanced when samples were sub-
jected to a microbiological enrichment step. Therefore, kelp
samples were enriched prior to DNA isolation, which enabled
us to detect (but not quantitate) the presence of specific path-
ogens. The qPCR methods used were effective in detecting all
target pathogens on kelp throughout the duration of sampling.
Salmonella Typhimurium was detected most frequently on
samples from 83% of the 18 sampling events (Table 1). This
bacterium was detected on all the events at both CB sites, and
it was present on just over half of the events at SB but its
presence did not appear to follow a temporal trend (Table 2).
Of 50 kelp samples collected throughout the season, 60%
were positive for S. Typhimurium. Vibrio parahaemolyticus
was also frequently detected, during 78% of all sampling
events. Vibrio parahaemolyticus was detected in 52% of all
sampling replicates throughout the season and was present at
all sites with no temporal pattern. Escherichia coli O157:H7
was detected on 56% of all sampling events, in greatest fre-
quency at the CB I site. Of all sampling replicates, E. coli
O157:H7 was present in 46% of them. In contrast to the other
pathogens, E. coli O157:H7 was not present at CB II and SB
in May. It was rare for the pathogen of interest to be detected
in all sampling replicates per sampling event. All 3 replicates
of the sampling event were positive for V. parahaemolyticus
on 3 events, compared with on just 2 events for S.
Typhimurium and 1 for E. coliO157:H7. This could infer that

there was a greater number of target bacterial cells present
prior to enrichment during these sampling events.

Pathogen detection through plating

E. coli

On kelp, plating detection of E. coli from all sampling events
averaged 4 ± 2 cfu/100 mL (mean ± standard error; Fig. 2),
specifically 4 ± 2 cfu/100 mL at CB I, 11 ± 6 cfu/100 mL at
CB II, and 1 ± <1 cfu/100 mL at SB (Fig. 3). Throughout the
season, E. coli abundance on kelp was generally low (0–4 cfu/
100 mL; Fig. 4) and not consistent as just 55% of sampling
events (n = 20) had detection (Table 3). There was a prominent
E. coli presence (34 ± 20 cfu/100 mL) on April 23 at CB II.
Concentrations reached 10–13 cfu/100 mL on 2 other events,
however on the other 7 sampling events with detection on kelp,
levels did not exceed 8 cfu/100 mL. In SW, E. coliwas detected
on 65% of sampling events, but the mean concentration from all
sampling events was still low at 2 ± 1 cfu/100 mL. Escherichia
coliwas present in water at DW the most frequently, during 80%

Table 1 Percent of sampling events (n = 8 (SB), 6 (CB I), 4 (CB II);
total n = 18) and kelp sampling replicates (n = 24 (SB), 17 (CB I), 9 (CB
II); total n = 50) in which each pathogen was detected through qPCR
methods

Pathogen Site Events positive
for each
pathogen (%)

Replicates positive
for each
pathogen (%)

E. coli O157:H7 SB 50 29

CB I 83 86

CB II 25 22

All 56 46

S. enterica ser.
Typhimurium

SB 56 25

CB I 100 65

CB II 100 89

All 83 60

V. parahaemolyticus SB 88 50

CB I 67 41

CB II 75 78

All 78 52

Table 2 Proportion of samples determined positive through qPCR
methods for each pathogen per sampling event and per site. Samples
taken in triplicates on all events except for 4/29, 5/16, and 5/24 at site C
and 5/24 at site B

Sampling
event

Site Proportion
samples
positive
for E. coli
O157:H7

Proportion
samples
positive for S.
Typhimurium

Proportion
samples positive
for
V. parahaemolyticus

Mar 20 SB 1/3 1/3 2/3

Mar 20 CB I 1/3 3/3 2/3

Apr 4 CB I 1/3 1/3 0/3

Apr 11 SB 1/3 2/3 3/3

Apr 19 SB 3/3 1/3 2/3

Apr 23 SB 2/3 0/3 1/3

Apr 23 CB I 1/3 2/3 3/3

Apr 23 CB
II

2/3 3/3 3/3

Apr 29 CB I 1/3 2/3 1/3

Apr 29 CB
II

0/2 2/2 0/2

May 1 SB 0/3 1/3 2/3

May 8 SB 0/3 0/3 0/3

May 16 CB I 0/3 2/3 1/3

May 16 CB
II

0/2 1/2 2/2

May 17 SB 0/3 1/3 1/3

May 22 SB 0/3 0/3 1/3

May 24 CB I 2/2 1/2 0/2

May 24 CB
II

0/2 2/2 2/2
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of sampling events, and in the largest abundance, averaging 7 ± 5
cfu/100 mL for all events. The maximum E. coli concentration
recorded was 97 ± 70 cfu/100 mL in DW on April 19 (SB),
contrasting with all other detections in both water sample types
which ranged from 0–13 cfu/100 mL. Bacterial concentrations
did not significantly differ between water collected from the
surface and at 2 m (Kruskal-Wallis p value > 0.05).

Sample type (SW, DW, kelp) had no significant effect on
E. coli concentration, determined by both statistical models
(Kruskal-Wallis p value > 0.05; negative binomial generalized
linear mixed-effects model (NB GLM-E) p value > 0.05).
Escherichia coli detection in both water types was similar to that
on kelp, all in low concentrations of 0–12 cfu/100 mL except for
the noted spikes. Furthermore, the mean count of E. coli from all
sampling events on kelp was just 2 cfu/100 mL greater than SW
and 2 cfu/100 mL less than DW. Notably, the maximum E. coli
detection in DW (April 19, SB) was paired with minimal detec-
tion on kelp. In contrast, there was little detection in water when
E. coli levels were strikingly high on kelp (April 23, CB II). Both
spikes were paired with zero detection in SW.

Bacterial concentrations per sampling event in any sample
type did not vary significantly between sampling sites
(Kruskal-Wallis p values > 0.05). There was an apparent dif-
ference in frequency as E. coliwas detected on kelp on 22% of
the sampling events (n = 9) at the SB site, in contrast to 67% at
CB I (n = 7) and 75% at CB II (n = 4). The overall mean
concentration was relatively larger in DW at SB and on kelp
at CB II compared with other sites. Bacterial concentrations in
any sample type did not vary significantly between sampling
dates (Kruskal-Wallis p value > 0.05). Escherichia coli was
not frequently detected until mid-April, but concentrations
stayed relatively constant after this point.

V. parahaemolyticus

Vibrio parahaemolyticus was detected on kelp from 83% of
the sampling events (Table 3). Bacterial concentrations per
sampling event ranged from 0–8 cfu/100 mL, averaging 1 ±

1 cfu/100 mL from all SB events, 1 ± 1 cfu/100 mL for CB I,
and 3 ± 2 cfu/100 mL for CB II (Figs. 3, 5). The overall
concentration of V. parahaemolyticus on kelp was 2 ± 1 cfu/
100 mL, while 55% of sampling events had detection of just
0–1 cfu/100 mL. In SW, V. parahaemolyticus was detected
on all but one event, while it was present during 75% of
sampling events in DW. The overall mean concentrations
from all sampling events equaled 11 ± 3 cfu/100 mL in SW
and 6 ± 2 cfu/100 mL in DW. Bacterial concentrations
peaked on April 19 in SW (151 ± 16 cfu/100 mL) and DW
(76 ± 20 cfu/100 mL) at SB. Apart from this event, the sam-
pling event concentrations ranged from 0–18 cfu/100 mL,
though abundance was often lower as 15 of 20 sampling
events for SW and 11 for DW had detection between 0 and
4 cfu/100 mL. Bacterial concentrations did not significantly
differ between SW and DW (Kruskal-Wallis p value > 0.05).

According to Kruskal-Wallis analysis, sample type did
not significantly affect V. parahaemolyticus concentra-
tions (p values > 0.05). However, a significant effect of
sample type was determined by the NB GLM-E utilized to
account for possible influence of sampling times (date)
and sites. Vibrio parahaemolyticus concentrations on kelp
were significantly lower than in SW (estimated marginal
means (EMM) p value = 1.00 × 10−4) and DW (EMM p
value = 4.13 × 10−2). Mean V. parahaemolyticus counts
on kelp from all sampling events were lower by 9 cfu/100
mL compared with SW and 4 cfu/100 mL compared with
DW. Vibrio parahaemolyticus was absent on kelp but
present in SW on 4 of 20 sampling events, 3 of which
was also detected in DW. Abundance was lower in kelp
compared with water samples during more than half (12
of 20) of sampling events for each water type. Three
spikes seen in V. parahaemolyticus detection in water
were paired with zero detection (February 22, SB;
May 22, SB) or minimal detection (April 19, SB) on the
paired kelp samples. Vibrio parahaemolyticus was detect-
ed on kelp but not in either water type on only one event
(March 20, SB).

Fig. 2 Mean concentrations (cfu/
100 mL) of V. parahaemolyticus,
V. alginolyticus, and E. coli
determined through plating from
surface water (SW), water at 2 m
below surface (DW), and kelp (K)
from all sampling events from
February–May 2018 at all sites
(CB I, CB II, SB). Error bars
represent standard error
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The mean concentration ofV. parahaemolyticus detected in
SW from all SB sampling events (22 ± 5 cfu/100 mL) was
much greater than at CB I (2 ± 1 cfu/100 mL) and CB II (1 ± 1
cfu/100 mL). Its frequency of detection at SB (78%) was also
relatively larger than at CB I (57%) and CB II (50%). No other
distinct spatial or temporal trends in V. parahaemolyticus con-
centrations were distinguishable. Furthermore, site and date
were not found to have significant effects on bacterial abun-
dance (Kruskal-Wallis p values > 0.05).

V. alginolyticus

Abundance of V. alginolyticus on kelp was minimal as the
mean bacterial concentration of all sampling events was 0.4
± <1 cfu/100 mL (Fig. 2), and this bacterium was detected on
just one third (37%) of sampling events (Table 3), all at con-
centrations below 4 cfu/100 mL (Fig. 6). Vibrio alginolyticus
was detected on 65% of sampling events in SW and 75% in
DW. The abundance of V. alginolyticus was similar in both
water types, averaging 4 ± 1 cfu/100 mL (SW) and 4 ± 1 cfu/
100 mL (DW) across all sampling events. Bacterial concen-
trations peaked in SW on May 1 (16 ± 1 cfu/100 mL) and
May 17 (30 ± 8 cfu/100 mL) and in DWon April 19 (20 ± 6
cfu/100 mL) and May 17 (24 ± 2 cfu/100 mL), all at SB. The
mean concentrations of V. alginolyticus in the remainder of the
water samples per sampling event ranged from 0–9 cfu/100
mL with means of 0–4 cfu/100 mL on 13 (SW) and 18 (DW)
of the 20 sampling events.

Sample type had a significant effect on bacterial concentra-
tion (Kruskal-Wallis p = 3.43 × 10−3). Vibrio alginolyticus
counts per sampling event were significantly greater in SW
than on kelp (Dunn post hoc p-adj = 1.77 × 10−2) and in water
at 2 m compared with kelp (Dunn, p-adj = 4.17 × 10−3).
Furthermore, according to the NB GLM-E, the abundance of
V. parahaemolyticus in SW and DW was greater than on kelp
(EMM p values = 1.00 × 10−4 for both). Overall, mean
V. alginolyticus counts in both water types were 3 cfu/100
mL greater than on kelp. Vibrio alginolyticus was absent on
kelp while present in SWon 9 of 20 events and present in DW
on 11. The maximum concentrations in water previously not-
ed were all associated with zero detection on kelp on the
paired date. The maximum detections on kelp occurred when
there was little detection in both water types.

The mean concentration of V. alginolyticus detected in SW
from all SB sampling events (7 ± 1 cfu/100 mL) was higher
than at CB I (1 ± <1 cfu/100 mL) and CB II (1.9 ± 1 cfu/100
mL). This trendwas similar with DWas concentrations were 7
± 2 cfu/100 mL, 1 ± <0 cfu/100 mL, and 1 ± <0 cfu/100 mL
for SB, CB I, and CB II, respectively. This variation was not
significant as site did not significantly influence
V. alginolyticus concentration (Kruskal-Wallis, p value >
0.05). In water, a weak trend of increasing V. alginolyticus
abundance as the season progressed was seen, however date
did not have a significant effect on bacterial concentration
(Kruskal-Wallis, p value > 0.05).

Discussion

Kelp food safety

This s tudy repor ts qPCR-media ted detec t ion of
enterohemorrhagic E. coli O157:H7, S. Typhimurium, and
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V. parahaemolyticus for the first time on fresh sugar kelp
farmed in the Northeast USA.Within this region, the presence
of fecal bacteria and Vibrio in coastal waters are expected, but
knowledge of their associations with macroalgal surfaces is
relatively undocumented (Weiskel et al. 1996; Brands et al.
2005; Urquhart et al. 2016). It was common for at least two of
these pathogens to be present per sampling event during the
winter growing season. This frequent detection validates the
concern that these bacterial pathogens may persist in growing
waters and associate with kelp tissue. The presence of these
pathogens was detected after enrichment which made it im-
possible to quantitate the initial bacterial load, but low bacte-
rial quantities may still present food safety concerns. The in-
fectious dose for these pathogens varies by strain and physio-
logical condition of the host but may be as low as fewer than
1000 cells (Blaser and Newman 1982; Su and Liu 2007). Low
infectious doses and rapid growth rates suggest the need for
regulatory guidelines to control microbial growth during post-

harvest storage, transport, and processing (Labbé and Garcia
2013). Freshly harvested kelp may be exposed to direct sun if
precautions are not taken, or drying processes may introduce
temperature and humidity conditions optimal for bacterial
growth (Bourdoux et al. 2016). In addition, potentially toxic
spore-forming Bacillus spp. have been isolated from kelps and
are concerning as they can survive thermal processing (Gupta
et al. 2010; Blikra et al. 2019).

The frequent detection of E. coli O157:H7 and S.
Typhimurium presence on kelp samples through qPCR is sub-
stantiated by the continuous detection of E. coli in water sam-
ples through plating. Mean E. coli plate counts per sampling
event generally did not exceed 12 cfu/100 mL. As a reference
for this level of fecal indicator detection, state ofME regulations
prohibit bivalve harvest in waters where routine sampling de-
termines that the median geometric mean exceeds 14 cfu/100
mL (NSSP 2017). This threshold was met on only one sam-
pling event when the geometric mean was 23 cfu/100 mL in

Table 3 Percent of sampling
events (n = 9 (SB), 7 (CB I), 4
(CB II); total n = 20) positive for
each bacterium determined
through plating methods.
Sampling event counted as
positive when target bacterium
grew on at least one plate (n = 3–4
(SB), 2–4 (CB I), 2 (CB II) plates
per sampling event)

Bacterium Site Kelp (%) Water (surface, %) Water (2 m, %)

E. coli SB 22 67 78

CB I 67 57 71

CB II 75 75 100

All 55 65 80

V. parahaemolyticus SB 67 89 89

CB I 83 100 57

CB II 100 100 75

All 83 95 75

V. alginolyticus SB 11 78 78

CB I 50 57 71

CB II 50 50 100

A ll 37 65 80
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Fig. 4 Effect of date, site, and
sample type on E. coli
concentration (cfu/100 mL).
Surface water, water at 2 m below
surface, and kelp sampled at kelp
aquaculture sites in Saco Bay (SB
= A) and Casco Bay (CB I = B,
CB II = C) in 2018. Top and
bottom figures are identical
except for the cropped y-axis on
the bottom. Data are means of m-
TEC plate counts (n = 3–4 (SB),
2–4 (CB I), 2 (CB II) per sam-
pling event for each sample type.
Error bars represent standard error
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DW (reported arithmetic mean of 97 cfu/100 mL). This thresh-
old accounts for the bioaccumulation within shellfish tissue of
the bacteria contained in water that they filter feed, but this
study showed no accumulation of E. coli on kelp compared
with that of in water. Through a recent produce safety rule,
the FDA requires agricultural water that is directly applied to
growing produce to hold less than 126 cfu/100 mL E. coli per
100 mL sample (U.S. FDA 2019), a much higher threshold that
may be more relatable to sea vegetables. qPCR analysis of kelp
allowed for more sensitive and specific detection of E. coli
O157:H7 and led to its identification on 5 sampling events
when general E. coli was not present on plates.

As a natural inhabitant of coastal waters, the presence of
Vibrio on macroalgae has been reported but not in aquaculture
settings (Duan et al. 1995; Vugia et al. 1997;Wang et al. 2008).
Plating techniques found V. parahaemolyticus to be present in

very low concentrations on kelp, not exceeding 1 cfu/100 mL
on half of the sampling events. Colonies enumerated on TCBS
media can only be identified presumptively without molecular
identification (Bisha et al. 2012), but there were just 2 sampling
events when V. parahaemolyticuswas detected on kelp through
plating and not through qPCR. Environmental studies often
report virulence within only a proportion of the
V. parahaemolyticus population as some strains are not patho-
genic (Parveen et al. 2008; Rodriguez-Castro et al. 2010) and
therefore plating may overestimate risk of pathogenicity.
However, V. parahaemolyticus virulence gene trh was consis-
tently amplified via qPCR, which confirmed presence of viru-
lent strains in many kelp samples. Since pathogenic
V. parahaemolyticus strains may possess a variety of virulence
factors, our future work will include primers for additional vir-
ulence genes (Letchumanan et al. 2014).
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Fig. 6 Effect of date, site, and
sample type on V. alginolyticus
concentration (cfu/100 mL).
Surface water, water at 2 m below
surface, and kelp sampled at kelp
aquaculture sites in Saco Bay (SB
= A) and Casco Bay (CB I = B,
CB II = C) in 2018. Top and
bottom figures are identical
except for the cropped y-axis on
the bottom. Data are means of
TCBS plate counts (n = 3–4 (SB),
2–4 (CB I), 2 (CB II) per sam-
pling event for each sample type.
Error bars represent standard error

0
2
4
6
8

10
12
14

2/
6-
B

2/
22

-A

3/
20

-A

3/
20

-B

4/
4-
B

4/
11

-A

4/
19

-A

4/
23

-A

4/
23

-B

4/
23

-C

4/
29

-B

4/
29

-C

5/
1-
A

5/
8-
A

5/
16

-B

5/
16

-C

5/
17

-A

5/
22

-A

5/
24

-B

5/
24

-C

0

30

60

90

120

150

180

2/
6-
B

2/
22

-A

3/
20

-A

3/
20

-B

4/
4-
B

4/
11

-A

4/
19

-A

4/
23

-A

4/
23

-B

4/
23

-C

4/
29

-B

4/
29

-C

5/
1-
A

5/
8-
A

5/
16

-B

5/
16

-C

5/
17

-A

5/
22

-A

5/
24

-B

5/
24

-C

M
ea

n
 b

ac
te

ri
al

 c
o

u
n

t 
(c

fu
/1

00
 m

L
)

Sampling event (Date - Site) 

Fig. 5 Effect of date, site, and
sample type on
V. parahaemolyticus
concentration (cfu/100 mL).
Surface water, water at 2 m below
surface, and kelp sampled at kelp
aquaculture sites in Saco Bay (SB
= A) and Casco Bay (CB I = B,
CB II = C) in 2018. Top and
bottom figures are identical
except for the cropped y-axis on
the bottom. Data are means of
TCBS plate counts (n = 3–4 (SB),
2–4 (CB I), 2 (CB II) per sam-
pling event for each sample type.
Error bars represent standard error
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This study detectedV. parahaemolyticus and V. alginolyticus
throughout the winter sampling when water temperature
remained below 10 °C (Online Resource B) which was some-
what unexpected as V. parahaemolyticus detection in this re-
gion is generally reported from May–October (Watkins and
Cabelli 1985; Jones and Summer-Brason 1998; Tantillo et al.
2004; Urquhart et al. 2016). These findings indicate that Vibrio
contamination during the winter-spring kelp growing season is
possible and should not be overlooked due to low environmen-
tal temperatures. However, PCRmethodsmay detect pathogens
in a viable but non-culturable (VBNC) state due to low envi-
ronmental temperature (Hassard et al. 2017). Bacteria in VBNC
are expected to maintain virulence and be pathogenic upon
resuscitation (Oliver 2005) or in the case of macroalgal aqua-
culture, processing, and should therefore still be considered in
food safety risk assessments. As sea surface temperatures with-
in the Gul f o f Maine warm, the l ike l ihood of
V. parahaemolyticus presencemay become an increasing threat,
as the duration of its preferred water temperature lengthens
(Mahoney et al. 2010; Thomas et al. 2017).

Kelp-seawater relationship

Ecological studies have reported bacterial phylotypes on nat-
urally growing kelp to be different than those in the surround-
ing seawater, differences which are often attributed to antimi-
crobial propert ies connected with the macroalga
(Staufenberger et al. 2008; Lachnit et al. 2011, 2013;
Michelou et al. 2013). This study suggests that E. coli from
the water column associates with kelp tissue since plate counts
on kelp and water were similar on most sampling events,
although exceptions were noted. However, the maximum plat-
ing detection in water was paired with a low abundance on
kelp, and there were several events when E. coli was detected
in water and not on the kelp samples. Interestingly, members
of kelp bacterial communities have shown activity against
E. coli (Boyd et al. 1999; Wiese et al. 2009), and activities
against E. coli and Salmonella were observed from kelp ex-
tracts (Cox et al. 2010; Meillisa et al. 2013). In contrast to
E. coli, V. parahaemolyticus and V. alginolyticus were signif-
icantly more abundant in both water types than on kelp, sug-
gesting that if Vibrio is present in the water column, it may not
be attached to kelp. Extracts from the kelp Laminaria digitata
have previously been shown to inhibit the growth of Vibrio
species (Dubber and Harder 2008). It is notable that the
greatest amount of V. alginolyticus detected on kelp
corresponded with some of the lowest detections in both water
sample types, suggesting that V. alginolyticus may stay asso-
ciated with kelp longer than it persists in water. Determining
the degree to which antibacterial properties of kelp are related
to the differences in bacterial concentrations on kelp and water
reported in this study requires more intensive research.

Currently applied phycological research focuses on identi-
fying bioactive compounds for antibiotic use with fish and
shrimp aquaculture species (Vatsos and Rebours 2015), but
these properties may also be applicable to macroalgal culture
(Wang et al. 2019). Further research into the microbiomes of
macroalgae grown for food may provide insights to further
understand how algal antibacterial properties could affect the
association of these pathogenic bacteria from the water col-
umn, noting natural variations in bacterial communities due to
geographical locations and seasons (Staufenberger et al. 2008;
Bengtsson et al. 2010). Studies assessing the harmful bacterial
loads on other sea vegetables such as red macroalgae
Porphyra or Palmaria should be encouraged and even exam-
ination of kelps of varying morphologies, including Alaria
esculenta or the new taxonomically differentiated
Saccharina angustissima, formerly Saccharina latissima
forma angustissima, termed “skinny kelp” native to the Gulf
of Maine (Augyte et al. 2019) may be beneficial. Knowledge
of the time required for water column bacteria to incorporate
into the biofilm of macroalgae would have important implica-
tions in decisions based on when to harvest following anthro-
pogenic or environmental events that may increase bacterial
load (Lu et al. 2008; Liu and Pang 2010). The winter-spring
sampling season coincided with spring snowmelt and rain
events that increased freshwater discharge from local rivers
and terrestrial runoff and are often linked to increased fecal
bacteria levels in coastal waters (Online Resource B; Prasad
et al. 2015; Tilburg et al. 2015; Jokinen et al. 2009).

Influence of siting

Much of the variation in plating data among sampling events
was in part due to sampling at different sites. This study did
not show a significance difference in bacterial quantities be-
tween sites, but this could be an important avenue for further
research. Differences in bacterial presence among sites would
provide support for selecting sites for kelp aquaculture based
on evaluations of local sources that could affect bacteriologi-
cal water quality. With further research, influences of point
pollution sources should not be overlooked when choosing
sites of macroalgal cultivation or harvest. Sources could be
wastewater discharge, freshwater outputs, waterfowl pres-
ence, or resuspension of bacteria from sediments or wrack
lines, all of which may have affected the results of this study
(Lévesque et al. 2000; Martinez-Urtaza et al. 2004; Yamahara
et al. 2012; Malham et al. 2014). Local watershed differences
could have attributed to differing bacterial loads within runoff
entering the two bays and dilution and transport of runoff or
discharge upon entering coastal waters (Baudart et al. 2000;
Walters et al. 2011; Sassoubre et al. 2015;Mattioli et al. 2017).
Local precipitation events may influence the presence of fecal
bacteria on kelp, but increased sampling efforts are needed to
more clearly parse out this relationship and potentially
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schedule when harvests would be safe post-rainfall events.
More frequent observations of combined environmental data
and bacterial abundances are needed for statistical analyses of
any relationships that may exist.

Recommendations and conclusion

This study of kelp collected from several sites of aquaculture
during February–May 2018 detected the presence of the hu-
man pathogens S. Typhimurium, enterohemorrhagic E. coli,
and V. parahaemolyticus through qPCR analysis with primers
specific for virulence. Food safety guidelines regarding the
growing, harvesting, and processing of kelp and other
macroalgal species may need to vary depending on the level
of processing of the product as macroalgae are currently con-
sumed raw or frozen, dried, or incorporated into value-added
products (Perry et al. 2019). Identifying the effects of different
processing methods on the bacterial load on sea vegetables
would be a valuable next step to establish initial bacterial
levels allowable on harvested kelp and aid in further develop-
ment of best management and harvesting strategies to mini-
mize bacterial contamination. Implementation of hazards
analysis and critical control points (HACCP) plans could be
an effective starting point, such as requiring < 2 h exposure of
kelp to ambient temperature prior to processing as suggested
for the northeast USA state of CT (Yarish et al. 2017). States
have Vibrio Control Plans already set in place to protect shell-
fish from the growth of V. parahaemolyticus, such as the state
of ME, USA requiring shellfish to be delivered within 18 h of
harvest during summer months (beginning May 1; ME DMR
2018b); a rule that should be tested and considered for sea
vegetables. To create best practices that protect food safety
and consider the realities of macroalgae harvest and transport,
tiered approaches to regulating for bacterial growth based on
the end food product may be beneficial to the industry. Further
study is required to properly determine the levels of food
safety risk connected with these pathogens on kelp.
Experimentation to optimize DNA extraction from samples
may improve qPCR detection of low bacterial concentrations
and eliminate the microbiological enrichment step used in this
study so that PCR-mediated quantification of pathogen load
would be possible.

The consistent qPCR and plating detection of these bacteria
on kelp fromMarch–May suggests that harvesting from farms
later in this growing season does not increase the risk of fecal
bacteria or Vibrio as sometimes thought to be associated with
increased precipitation, temperature, and local shore use com-
monly seen in May in this region. Yet, further study into the
influences of environmental factors and local point sources of
pollution on bacterial loads found on harvested kelp would
further determine the importance of specific site selections
and temporal practices for kelp aquaculture. The plating

detections of E. coli and Vibrio on kelp in concentrations
which varied from those in water sampled from the surface
and at 2 m depth raise questions involving the association of
these bacteria with kelp tissue and support the continuation of
direct sampling of the kelp tissue in future studies. This study
indicates the importance of regular bacterial water quality
monitoring for waters where kelp is cultured and implemen-
tation of plans to control for bacterial growth on harvested
product. Additionally, it shows a need for similar studies with
different sites of macroalgal culture or wild harvest to deter-
mine how the presence of these bacterial pathogens may
change based on algal species and location.
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