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Abstract
The American seaweed industry is growing, primarily into the edible sector, and more seaweed products are available for 
human consumption. It is necessary to evaluate the safety of industry’s current post-harvest storage and processing methods 
to ensure the risk of foodborne pathogens on edible seaweed remains low. We evaluated the pathogen load of edible kelp 
post-harvest under three different storage temperatures (4˚C, 10˚C, 20˚C) and two different drying methods (air- and freeze-
drying). The focal pathogens for this research included: Listeria monocytogenes, Salmonella enterica, Staphylococcus aureus, 
pathogenic Escherichia coli, Vibrio vulnificus and Vibrio parahaemolyticus. We tested all six pathogens under each treatment 
condition on both sugar kelp (Saccharina latissima) and rockweed (Ascophyllum nodosum) as these are the most commonly 
farmed and wild-harvested species in Maine, respectively. We inoculated a known concentration of pathogen onto freshly 
harvested kelp, treated it under a storage temperature or drying method, and sampled it over time to determine the impact of 
treatment on pathogen load. Our results showed that storage at 20˚C can lead to replication while storage at 4˚C and 10˚C 
halted the replication of focal pathogens. Both air-drying and freeze-drying produced significant log scale reductions in 
surface pathogen load for all focal pathogens. Additionally, air-drying reduced pathogen load more than freeze-drying for a 
majority of pathogens and storing dried kelp for 6-weeks further reduced pathogen load across all cases. These results are 
promising for industry as they corroborate historical evidence that current post-harvest storage and processing conditions 
are producing products safe for human consumption.
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Introduction

Edible seaweed industry

The global seaweed market has been estimated to increase 
8–10% annually, with edible seaweed products making up 
an estimated 85% of global seaweed production. Asian coun-
tries dominate the market; however, the United States ranks 
in the top 10 countries for both importing and exporting 

(Piconi et al. 2020). Considering the United States nascent 
involvement in a globally expanding industry, there is nota-
ble potential for the growth of a lucrative domestic edible 
seaweed market. The latest estimates report that the U.S. 
produces 385,000–431,000 wet kg of edible seaweed annu-
ally, with Maine producing the majority of this supply for 
both wild harvested and farmed sectors (Piconi et al. 2020). 
Almost the entire US industry of edible seaweed is com-
prised of a single species – sugar kelp (Saccharina latis-
sima). From 2015 to 2020, Maine’s farmed seaweed has 
increased by over 30-fold with a total harvest of 225,502 
wet kg of sugar kelp, valued at US$301,285.60 for the 2020 
season (Piconi et al. 2020; ME DMR 2021). It is projected 
that by 2035 Maine farmed edible seaweed landings will 
increase to 1.4 million wet kg (Piconi et al. 2020). That will 
bring a significant amount of money into the state consider-
ing that in 2019, Maine’s edible seaweed sector contributed 
US$13.4 million to the state economy (Piconi et al. 2020). 
Not included in these estimates is another important species 

 *	 Carrie J. Byron 
	 cbyron@une.edu

1	 School of Marine and Environmental Programs, University 
of New England, 11 Hills Beach Road, Biddeford, 
ME 04005, USA

2	 School of Biological Sciences, University of New England, 
11 Hills Beach Road, Biddeford, ME 04005, USA

3	 School of Food and Agriculture, University of Maine, 5763 
Rogers Hall, Orono, ME 04469, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-023-02937-w&domain=pdf


1332	 Journal of Applied Phycology (2023) 35:1331–1346

1 3

in Maine’s seaweed economy—rockweed (Ascophyllum 
nodosum). Although rockweed is not always considered an 
edible seaweed, it is consumed directly in teas, spices, and 
as an ingredient in other specialty food items, and therefore 
can be considered edible. It has an additional important role 
in the food industry as a fertilizer ingredient. Rockweed is 
Maine’s most commonly wild harvested kelp species and 
has had landings increase from 2.2 million kg in 2001 to 
6.7 million kg in 2019, with harvest valued at US$590,927 
(ME DMR 2022).

Food safety regulations and edible seaweed

The projected growth of Maine’s edible seaweed sector will 
result in increased accessibility of edible seaweed prod-
ucts in direct consumption channels (Piconi et al. 2020). 
While the public will be increasingly exposed to seaweed 
as a food product, edible seaweed has yet to be regulated 
by the FDA. In 2011, the FDA Food Safety Modernization 
Act (FSMA) was signed into law. This law expanded the 
regulatory authority of the FDA, allowing them to increase 
their focus on foodborne illness prevention and not just 
outbreak response. Through legislative mandate the FSMA 
requires that science-based preventative controls are in place 
across the entire food supply chain to mitigate the risk of 
any potential hazard. Specifically, food processing facilities 
are required to submit a Hazard Analysis and Risk-based 
Preventative Controls (HARPC) plan. The HARPC has 
five intentions: identify potential hazards, implement vali-
dated controls to mitigate/prevent those hazards, monitor 
the specified controls, record all monitoring, and create a 
plan of response if a control fails (U.S. FDA 2011, 2018). 
The HARPC is a regulation that applies across food indus-
tries; however, there are more specific FDA regulations that 
individual industries, like fresh produce and shellfish, must 
comply with, as well.

Produce and shellfish are the foodstuffs most closely 
matching seaweed’s regulatory needs; however, edible 
seaweed is a unique good and cannot be grandfathered 
into either regulatory program (National Sea Grant Law 
Center webinar 28 August 2020). As of 2016, under the 
FSMA, the FDA enacted the Produce Safety rule estab-
lishing “science-based minimum standards for the safe 
growing, harvesting, packing, and holding of fruits and 
vegetables grown for human consumption” (U.S. FDA 
2021). Similarly, shellfish is monitored by the FDA 
through the National Shellfish Sanitation Program 
(NSSP) and the Seafood Hazard Analysis Critical Control 
Point (Seafood HACCP) program which aim to identify 
and control for sanitation hazards in both raw and cooked 
shellfish from harvest through processing, shipping, and 
merchandising (U.S. FDA 2020, 2022). Included in all 

of these regulatory programs are science-based monitor-
ing and control procedures to mitigate bacterial pathogen 
risk. The edible seaweed industry is expanding so rapidly 
that soon industry players will need to comply with the 
FSMA by creating an HARPC, and possibly industry-
specific regulations similar to those outlined above. Con-
cerningly, based on the industry’s science to date, it does 
not have the information needed for compliance due to 
lack of consensus regarding applicable hazards and cor-
responding absence of validated control measures.

In addition to a lack of federal food safety regulation, 
state-level regulatory frameworks for seaweed, if present 
at all, may not be the most appropriate. For example, the 
Connecticut Sea Grant (CSG), in partnership with the 
Connecticut Department of Agriculture Bureau of Aqua-
culture (DABA), developed a Seaweed Guide to be ref-
erenced along with the FDA’s Fish and Fishery Products 
Hazards and Controls Guidance (FDA Hazards Guide) in 
an attempt to provide guidance and specify regulation for 
industry (Concepcion et al. 2020). While the Connecti-
cut Seaweed Guide is intended to maintain product safety, 
there is a limited set of published studies conducted with 
domestic seaweed species to corroborate that the sug-
gested controls are the most appropriate. Since the guide-
lines are based on Seafood HACCP, they are reminiscent 
of shellfish regulation. While compliance with Seafood 
HACCP is likely to be adopted for the edible seaweed 
industry in other states, regulating seaweed in a similar 
fashion to shellfish may be inappropriate given the differ-
ences between the two foodstuffs. For example, the Sea-
weed Guide makes multiple references to seaweed quality 
being closely linked to surrounding water quality when the 
published science to date does not support this assump-
tion. Barberi et al. (2020) reported that the pathogen load 
on freshly harvested sugar kelp was inconsistent with, and 
often lower than, the pathogen load of surrounding water 
off the coast of Southern Maine. Additionally, on a kelp 
farm in Long Island Sound, NY, distinct differences were 
found between the microorganism community on sugar 
kelp and in the surrounding water column. These differ-
ences were explained by sugar kelp being more selective 
regarding colonization by microorganisms when compared 
to shellfish, which are known to concentrate pathogens 
from the surrounding waters (Liu et al. 2022). Such find-
ings suggest that living seaweed may modulate coloniza-
tion of food pathogens on its surface; however, once the 
seaweed is harvested it may lose this ability. Indeed, edible 
seaweed is likely the most susceptible to pathogen con-
tamination and replication during the post-harvest stage. 
If edible seaweed is to be regulated, it is important that the 
controls put in place are based on sound scientific research 
tailored to the product and its specific vulnerabilities.
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Food safety research

Recent reports, while somewhat contradictory, indicate that 
edible seaweed is potentially subject to colonization by 
ocean-borne pathogens. A study conducted in Long Island 
Sound, NY, looking specifically for pathogenic Vibrio 
spp., identified no V. vulnificus or V. parahaemolyticus on 
sugar kelp. Some non-pathogenic Vibrio spp. were recov-
ered at the end of the harvest season in May, but only on 
the old blade tips (Liu et al. 2022). Conversely, Barberi 
et al. (2020) surveyed three sugar kelp farms along Maine’s 
southern coast and detected a very low but frequent pres-
ence of enterohemorrhagic Escherichia coli O157:H7, V. 
parahaemolyticus, Vibrio alginolyticus and S. enterica 
serovar Typhimurium on freshly harvested samples.

As a means to control potential cases of pathogen contami-
nation and preserve product after harvest, raw seaweed meant 
for human consumption is typically subject to temperature 
control via refrigeration or drying. One study found that when 
a homogenous mixture of five seaweed species were oven 
dried at 50˚C, E. coli and E. coli O157:H7 died off but were 
detected in the dried product 72 h later (Swinscoe et al. 2020). 
When drying occurred between 50–60˚C, V. parahaemolyti-
cus was undetectable but L. monocytogenes remained detect-
able (Swinscoe et al. 2020). Alternatively, seaweed subject to 
secondary processing is most often air-dried for dry storage 
or blanched for frozen storage (Piconi et al. 2020). Several 
studies have examined the effect of freezing, boiling/blanch-
ing, and air-drying on the microbial load of S. latissima and 
Alaria esculenta (winged kelp) (Blikra et al. 2019; Akomea-
Frempong et al. 2021; Lytou et al. 2021). These studies aimed 
to examine the effect of processing on naturally-contaminated 
seaweed that was not artificially inoculated with known patho-
gens prior to experimentation. Although these studies pro-
vided insight on the effect of processing on microbial quality 
parameters because there was little natural pathogen contami-
nation of the seaweed, the authors were unable to elucidate 
the effect of the processing conditions on pathogen load. For 
example, no enterococci, coliforms, pathogenic vibrios, or 
Listeria monocytogenes were found on a small sample of 
fresh and frozen S. latissima and A. esculenta grown in Nor-
way (Blikra et al. 2019). Similarly, there was no recovery of 
Vibrio spp. L. monocytogenes, Salmonella spp., or S. aureus 
from raw, blanched, and fermented S. latissima harvested off 
the coast of Maine (Akomea-Frempong et al. 2021). One pre-
sumptive Vibrio sp. was originally detected on a raw sample 
but was no-longer detectable after fermentation. Lastly, no 
human pathogenic strains of Salmonella, E. coli, S. aureus or 
L. monocytogenes were found on S. latissima sampled fresh/
frozen, dried, and re-hydrated from Scotland, except for one 
sample of A. esculenta which harbored L. monocytogenes, 
likely introduced after harvest (Lytou et al. 2021).

We can conclude from the aforementioned research 
that foodborne pathogens of concern associate with edi-
ble seaweeds of the North Atlantic at very low levels; 
however, sporadic incidences of low-level contamina-
tion have now been documented by multiple researchers. 
This should not be taken lightly as many of the food-
borne pathogens regulated by the FDA are known to be 
infectious at doses ≤ 1,000 cells, with some strains, like 
enteroinvasive E. coli (EIEC) and S. enterica, having 
an infective dose as low as 10 cells for at-risk individu-
als (Schmid-Hempel and Frank 2007). Furthermore, if 
edible seaweed is not properly handled post-harvest, 
even low levels of contaminating pathogens could rep-
licate to achieve an infective dose. In addition to public 
health implications, contamination of food by microbial 
pathogens is known to have significant economic con-
sequences for both large and small companies, in some 
cases leading to the closure of a business (Hussain and 
Dawson 2013). The seaweed industry needs a base of 
science tailored to their products for determining appro-
priate processing controls to protect against potential 
incidences of contamination.

Due to the difficulty analyzing pathogens’ response to 
processing based on low levels of naturally-occurring con-
tamination, we designed inoculation-based experiments to 
determine the effect of post-harvest storage temperature 
(objective 1), as well as post-harvest drying processes 
(objective 2), on seaweed-associated pathogen load. These 
processing conditions have yet to be validated in literature 
regarding food pathogen control for seaweed species rel-
evant to western domestic industry. Specifically, we tested 
three different storage temperatures (4˚C, 10˚C and 20˚C), 
representing refrigeration, failed refrigeration, and cool 
ambient temperatures, respectively. In addition, we tested 
two different drying methods (air- and freeze-drying) of 
relevance to the seaweed industry. Regarding objective 1, 
we expected pathogen replication to increase over time 
with increasing storage temperature. Regarding objective 
2, we expected pathogen load to decrease over time, with 
freeze-drying resulting in larger load reductions than air-
drying. Experiments were conducted with rockweed and 
sugar kelp, two kelp species of importance to the Maine 
seaweed industry. Each experiment was completed with 
six bacterial foodborne pathogens—L. monocytogenes, S. 
enterica, E. coli, V. parahaemolyticus, V. vulnificus and 
S. aureus. These pathogens were chosen because they 
are a selection of the most common infectious foodborne 
pathogens in the United States with some having specific 
associations with seafood products (Bintsis 2017). These 
experiments were designed in close collaboration with sea-
weed industry stakeholders, so our experimental designs 
mimicked real world processing conditions as closely as 
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possible. This research will aid in the development of 
state and federal food safety regulations for seaweed as 
a sea vegetable enabling continued industry growth and 
protection.

Materials & methods

Bacterial strains

Multi-strain cocktails of Listeria monocytogenes, Salmonella 
enterica, Vibrio vulnificus, Vibrio parahaemolyticus, Staph-
ylococcus aureus and Escherichia coli were used for kelp 
inoculations (Table 1). Two to four strains of each species 
were combined into individual species cocktails moments 

before experimental inoculation. Stock cultures of each indi-
vidual strain were maintained at -80˚C. Prior to preparing the 
inoculum cocktail, cultures of each strain were subcultured 
onto appropriate solid growth media and isolated colonies 
were inoculated into liquid media and grown in a shaking 
incubator for 16 -18 h at 37˚C (Table 1, Standard Growth 
Media). These liquid overnight cultures were used to make 
our inoculum cocktails by direct addition to the inoculum 
solution immediately preceding seaweed inoculation.

In preliminary studies, select strains of L. monocy-
togenes and V. vulnificus (Table 1, bolded strains) exhib-
ited poor recovery following inoculation onto kelp. To 
improve recovery of these pathogens we habituated these 
strains to a seawater/kelp environment prior to conducting 
kelp inoculation studies (Online Resource 1).

Table 1   Focal pathogens and their growth medias. Bolded strain 
description indicates strain used in experiments was habituated. Liq-
uid cultures were grown in a shaking incubator at 37˚C for 16–18 h. 

Plated cultures were grown in a stationary incubator at 37˚C for 24 h 
except for L. monocytogenes which was incubated for 48 h

Bacterium Strain Description Source Liquid Growth Media Standard Growth 
Media

Selective Growth 
Media

L. monocytogenes Serotype 4b ATCC 19115 BHI + 3.5% 
NaCl + 0.1% SWH

TSA + 0.6% YE Palcam – BD

L. monocytogenes Serotype 1/2a ATCC 19111 BHI + 3.5% 
NaCl + 0.1% SWH

TSA + 0.6% YE Palcam – BD

L. monocytogenes F4244, Serotype 4b Dr. Arun Bhunia, 
Purdue Univ. (Bailey 
et al. 2017)

BHI + 3.5% 
NaCl + 0.1% SWH

TSA + 0.6% YE Palcam – BD

L. monocytogenes Strain 10403S, Sero-
type 1/2a

MOR 1 BHI + 3.5% 
NaCl + 0.1% SWH

TSA + 0.6% YE Palcam – BD

S. enterica Javiana FDA CFSAN001992 
(human stool isolate)

Dr. Marc Allard, FDA 
(Allard et al. 2013)

TSB TSA XLD – HIMEDIA

S. enterica Enteritidis Almond isolate ATCC BAA-1045 TSB TSA XLD – HIMEDIA
S. enterica Typhimu-

rium
ST LT2 ATCC 700720 TSB TSA XLD – HIMEDIA

E. coli O26:H11 STEC strain ATCC BAA-1653 TSB TSA CHROMagar O157
E. coli O111:H8 STEC strain ATCC BAA-184 TSB TSA CHROMagar O157
E. coli 0127:H6 EPEC strain BEI Resources TSB TSA CHROMagar O157
E. coli 0124:NM EIEC strain ATCC #43893 TSB TSA CHROMagar O157
Vibrio parahaemo-

lyticus
Strain EB101 ATCC 17802 Nutrient Broth + 3% 

NaCl
Nutrient Agar + 3% 

NaCl
CHROMagar Vibrio

Vibrio parahaemo-
lyticus

Strain 2B23 Dr. Jennifer Perry, 
Univ. Maine

Nutrient Broth + 3% 
NaCl

Nutrient Agar + 3% 
NaCl

CHROMagar Vibrio

Vibrio parahaemo-
lyticus

Strain 279 ATCC 33847 Nutrient Broth + 3% 
NaCl

Nutrient Agar + 3% 
NaCl

CHROMagar Vibrio

Vibrio vulnificus 1B81, Avirulent Dr. Jennifer Perry, 
Univ. Maine

TSB TSA CHROMagar Vibrio

Vibrio vulnificus Strain 324, CDC 
B9629

ATCC 27562 TSB + 3.5% 
NaCl + 0.1% SWH

TSA CHROMagar Vibrio

S. aureus MSSA, clinical isolate ATCC 25923 TSB TSA Baird Parker Agar – 
Criterion

S. aureus USA300, MRSA, 
clinical isolate

BEI Resources 
NR-46070

TSB TSA Baird Parker Agar – 
Criterion

S. aureus COW Dr. Jennifer Perry, 
Univ. Maine

TSB TSA Baird Parker Agar – 
Criterion
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To recover focal pathogens from seaweed after our exper-
imental trials, plating was performed using selective and dif-
ferential media, as follows: L. monocytogenes plated on BD 
Palcam, S. enterica plated on HIMEDIA XLD, V. vulnificus 
and V. parahaemolyticus plated on CHROMagar Vibrio, S. 
aureus plated on Criterion Baird Parker Agar and E. coli 
plated on CHROMagar O157 (Table 1). The manufactur-
er’s protocols were followed for each media type regarding 
media preparation and color-based colony identification.

Kelp species and sampling sites

All rockweed and sugar kelp samples were taken from 
Saco Bay, Maine, to eliminate the possibility of regional 
differences in the kelp introducing variability in our find-
ings. Sugar kelp samples came from UNE’s experimen-
tal farm sites (Maine DMR sites: SACO RIx (43.469593, 
-70.349921) and CBYR121 (43.45511, -70.33617) and were 
harvested from long-lines at the hold fast with a knife. Rock-
weed samples were wild harvested with a knife 40.64 cm 
above the holdfast from the intertidal zone along the Bid-
deford Pool coastline (Maine DMR Seaweed Harvester 
Reporting Sector 9–1). Harvested biomass was collected in 
either a clean trash bag or a mesh onion bag. Biomass was 
not held on ice post-harvest but was transported back to the 
MSC immediately and stored in a flow-through seawater 
tank within 30 min of harvesting.

Kelp sample preparation

Rockweed and sugar kelp samples were harvested from 
their respective sites ≤ 3 days before experimentation and 
were held on-site in a flowthrough seawater tank at ambi-
ent ocean temperature. On the morning of each experiment 
rockweed and sugar kelp samples were cut with scissors to 
weigh 25 g ± 1. Rockweed samples consisted of randomly 
cut blade fragments. Sugar kelp samples consisted of whole 
25 g segments of individual blades excluding the stipe. All 
biofouling organisms were removed from samples by hand.

Temperature challenge tests

At the start of each trial, samples were inoculated with 
individual pathogen cocktails suspended in sterile artificial 
seawater (Instant Ocean Sea Salt + DI water), in which each 
cocktail consisted of equivalent concentrations of 2–4 strains 
of an individual bacterial species to achieve a total cocktail 
concentration of 1 × 106 cfu g−1. Samples were incubated 
with 250 mL of inoculum solution in 400 mL Whirl–Pak 
bags at room temperature for one hour to promote bacterial 
adhesion to the kelp. Following the 1 h incubation all sam-
ples were drained and some samples (n = 3) were collected 
immediately (0 h) to confirm association of our inoculum 

concentration of pathogen with the kelp. The remaining 
samples were moved to Ziploc bags as soon as the inocula-
tion period was over, one 25 g sample per bag, and placed 
in temperature storage at either 4˚C, 10˚C or 20˚C. At 8 h, 
24 h and 48 h timepoints for sugar kelp, and at 24 h and 
48 h timepoints for rockweed, samples were pulled from 
each temperature treatment (n = 3) for bacterial isolation. To 
dislodge and isolate surface microbes, each 25 g kelp sample 
was stomached in an interscience BagMixer 400 P for 60 s 
in 250 mL sterile artificial seawater. The resulting bacterial 
suspension was diluted in Dulbecco’s phosphate-buffered 
saline and plated via bead surface spreading on selective 
growth media overlayed with a thin layer of standard growth 
media to enumerate surface pathogen load (Table 1). The 
thin layer overlay allowed for improved recovery of injured 
cells (Wesche and Ryser 2013). The results are reported in 
colony forming units per gram of kelp (cfu g−1). Tempera-
ture challenge tests were performed with sugar kelp and 
rockweed. For each kelp species, a full trial was repeated 
two to four times for each of the six focal pathogens. Sugar 
kelp temperature challenge tests were completed in Spring 
2021 and rockweed temperature challenge tests were com-
pleted in Fall 2022.

Drying method trials

To assess the effect of drying method on kelp pathogen 
load, kelp was inoculated with pathogen cocktails as 
described above. Following the 1 h incubation all sam-
ples were drained and some samples (n = 3) were collected 
immediately (wet sample) to confirm association of our 
inoculum concentration of pathogen with the kelp. The 
remaining samples were moved to their drying treatments 
as soon as the inoculation period was over to be dried 
with either air-drying or freeze-drying. Air-dry rockweed 
samples went into a BSL-2 rated greenhouse and were laid 
out on individual screens. Air-dry sugar kelp samples went 
into the same BSL-2 rated greenhouse and each sample 
was hung by one end from a clothesline so that no samples 
touched (Online Resource 2). Freeze-dry samples were 
cut with scissors from 25 to 5 g ± 0.5, added to individual 
glass vials and placed in a Labconco freeze dryer for 48 h. 
Once samples in both drying treatments achieved a target 
moisture content (28–32% for rockweed and 8–11% for 
sugar kelp), half underwent bacterial isolation immediately 
(post-dry) while the other half were vacuum sealed using 
a Greyon model #E1600-C and stored on the lab bench at 
room temperature (dry-stored) undergoing bacterial isola-
tion on their 40th day in storage (n = 3). To dislodge and 
isolate surface microbes, the 25 g and 5 g kelp samples 
were stomached in 250 mL and 50 mL of artificial seawa-
ter, respectively. Dilution and plating of each sample was 
performed as previously described. The drying method 
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trials were completed with sugar kelp and rockweed. For 
each species of kelp, a full trial was repeated two to four 
times for each of the six focal pathogens. Rockweed dry-
ing method trials were completed in Summer 2021 and 
sugar kelp drying method trials were completed in Spring 
2022. Since the sugar kelp drying method trials occurred 
in spring when the weather was much cooler with fre-
quent rain, to encourage drying, a Honeywell Quick Heat 
HZ-315 Compact Ceramic Heater and a Toshiba 70-pint 
115-Volt Dehumidifier were added to the greenhouse run-
ning from ~ 9 am – 3 pm for 1 day. Both machines were 
adequately rated to control the temperature and humidity 
in our greenhouse based on its square footage.

Controls

At every sampling event, across both the storage tempera-
ture and drying method trials, one un-inoculated piece 
of seaweed was sampled as a control. Control samples 
were treated, handled, and sampled in an identical fashion 
to experimental samples throughout the duration of all 
experiments. The only difference in treatment was dur-
ing the initial one-hour incubation of the 25 g samples. 
Experimental samples were incubated in inoculum solu-
tion and control samples were incubated in sterile artifi-
cial seawater containing no addition of pathogen. During 
sampling, the bacterial suspension isolated from control 
samples was plated on the appropriate selective media for 
the focal pathogen being investigated. The natural con-
tamination of each focal pathogen on control seaweed 
samples was enumerated and subtracted from the amount 
of pathogen recovered from experimental samples. This 
allowed for the elimination of potential inflation of our 
data caused by natural pathogenic contamination of our 
seaweed samples.

Water activity

In addition to evaluating the moisture content of our kelp 
samples on % of water weight lost, we also collected water 
activity (aw) data on select samples. During every inocu-
lation event one kelp sample was included for aw analysis 
that underwent the same treatment as our control samples. 
All aw samples were vacuumed sealed at the same time as 
the dry-storage samples in their experimental trial. The aw 
samples were then set aside and kept at room temperature 
until all drying trials had been concluded. Water activity 
data was collected using an Aqualab Pre meter calibrated 
with 0.76 standard. Readings for each sample were taken 
in duplicate and averaged.

Statistical analysis

The limit of detection (LOD) for our plating method was 100 
bacterial cells, or log 2 cfu g−1 kelp. Therefore, to be con-
servative when performing statistical analyses, in instances 
where pathogen was un-recoverable or recovery was below 
our LOD, we assigned a value of log 2 cfu g−1 prior to con-
ducting the analysis. All analyses were performed in R v. 
4.0.2 (R Core Team 2020).

Temperature challenge tests

A linear mixed effects model was used to assess pathogen 
load as a function of time in storage (0 h, 8 h, 24 h, 48 h) and 
storage temperature (4˚C, 10˚C, 20˚C), where trial replicate 
served as a random variable. When significance was found, 
Tukey’s HSD test was used to perform multiple pairwise 
comparisons.

Drying method trials

A linear mixed effects model was used to assess pathogen 
load as a function of drying method (air, freeze) and product 
type (wet, post-dry, dry-storage), with trial replicate again 
serving as a random variable. When significance was found, 
multiple pairwise comparisons were performed using Tuk-
ey’s HSD test.

Results

Temperature challenge tests

The goal of the temperature challenge tests was to evaluate 
the effect of three storage temperatures (4˚C, 10˚C, 20˚C) 
on the population of six focal pathogens on the surface of 
kelp. Pathogen load was evaluated at multiple timepoints 
over 48 h.

Sugar kelp

S. enterica   Temperature (F2,70.020 = 19.063, p < 0.001) 
and its interaction with time (F6,70.018 = 3.828, p < 0.01) 
impacted the S. enterica population on sugar kelp, with no 
effect from time (F3,70.019 = 1.292, p = 0.284) (Fig. 1A). At 
24 h, the S. enterica load on kelp stored at 20˚C was > 1 log 
higher than on kelp stored at 10˚C (p < 0.05). At 48 h, the S. 
enterica load on kelp stored at 20˚C was > 1 log higher than 
on kelp stored at both 4˚C (p < 0.01) and 10˚C (p < 0.001). 
Conversely, there were no significant differences in patho-
gen load between samples stored at 4˚C and 10˚C at any 
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timepoints. Additionally, there were no significant changes 
in S. enterica load over time at any storage temperature 
tested.

V. parahaemolyticus   Temperature (F2,71 = 42.436, 
p < 0.001), time (F3.71 = 5.463, p < 0.01) and their interaction 
(F6,71 = 10.695, p < 0.001) impacted the V. parahaemolyti-
cus population on sugar kelp (Fig. 1B). The V. parahaemo-
lyticus load on kelp stored at 20˚C for 24 h (p < 0.001) and 
48 h (p < 0.001) was > 1 log higher than on kelp sampled 
at 0 h. Kelp stored at 20˚C for 24 h had a V. parahaemo-
lyticus load 1–2 log higher than kelp stored for 24 h at 4˚C 
(p < 0.001) and at 10˚C (p = 0.001). Kelp stored at 20˚C for 
48 h had a V. parahaemolyticus load 2–3 log higher than 
kelp stored for 48 h at 4˚C (p < 0.001) and 10˚C (p < 0.001). 
Conversely, kelp stored at 10˚C for 48 h had a > 1 log lower 
pathogen load than kelp stored at 10˚C for 0 h (p < 0.05), 8 h 
(p < 0.01), and 24 h (p < 0.05). Lastly, there were no signifi-
cant differences in pathogen load between samples stored at 
4˚C and 10˚C at any timepoints.

E. coli   Temperature (F2,70.003 = 19.550, p < 0.001) and its 
interaction with time (F6,70.002 = 6.818, p < 0.001) impacted 
the E. coli population on sugar kelp, with no effect from time 
(F3,70.002 = 2.635, p = 0.056) (Fig. 1C). The E. coli load on 
kelp stored at 20˚C for 48 h was ~ 1 log higher than on kelp 

stored at 20˚C for 0 h (p < 0.001), 8 h (p < 0.01), and 24 h 
(p < 0.05). Additionally, the E. coli load on kelp stored at 
20˚C for 48 h was > 1 log higher than on kelp stored for 48 h 
at both 4˚C (p < 0.001) and 10˚C (p < 0.001). Conversely, 
there were no significant differences in pathogen load 
between samples stored at 4˚C and 10˚C at any timepoints.

L. monocytogenes   Temperature (F2,72 = 9.569, p < 0.001), 
time (F3,72 = 33.762, p < 0.001), and their interaction 
(F6,72 = 11.608, p < 0.001) impacted the L. monocytogenes 
population on sugar kelp (Fig. 1D). However, L. monocy-
togenes on sugar kelp responded differently than the previ-
ous pathogens. The L. monocytogenes load on kelp stored at 
20˚C for 48 h was > 2 log lower than on kelp stored at 20˚C 
for 0 h (p < 0.001), 8 h (p < 0.001), and 24 h (p < 0.001). 
Additionally, the Listeria load on kelp stored at 20˚C for 
48 h was > 2 log lower than on samples stored for 48 h at 
both 4˚C (p < 0.001), and 10˚C (p < 0.001). There were no 
significant differences in pathogen load between samples 
stored at 4˚C and 10˚C at any timepoints.

S. aureus   Time (F3,103.14 = 25.362, p < 0.001) impacted 
the S. aureus population on sugar kelp, with no effect from 
temperature (F2,102.99 = 2.976, p = 0.055) or interaction 
(F6,102.99 = 1.156, p = 0.336) (Fig. 1E). At all temperatures 
tested, S. aureus levels at 0 h were significantly higher than 

Fig. 1   Effect of temperature storage on pathogen load of sugar kelp. 
Pathogen load was evaluated as the log10 colony forming units per 
gram of kelp, shown on the y-axis. Time kelp spent in storage (hours) 
is shown on the x-axis. The line patterns represent our three storage 
temperatures: 4˚C (solid), 10˚C (dashed), 20˚C (dotted). Each graph 

shows data for one of six focal pathogens: S. enterica (A, n = 6), V. 
parahaemolyticus (B, n = 6), E. coli (C, n = 6), L. monocytogenes 
(D, n = 6), S. aureus (E, n = 9), and V. vulnificus (F, n = 6) averaged 
across 2–3 trial replicates per pathogen. Error bars represent ± stand-
ard deviation
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on kelp sampled at 8 h (p < 0.001), 24 h (p < 0.001), and 
48 h (p < 0.001).

V. vulnificus   Time (F3,72 = 7.991, p < 0.001) impacted 
the V. vulnificus population on sugar kelp, with no effect 
from temperature (F2,72 = 3.056, p = 0.053) or interaction 
(F6,72 = 2.191, p = 0.054) (Fig. 1F). Similar to L. mono-
cytogenes and S. aureus, the significant interactions were 
driven by the V. vulnificus load at 48 h which was signifi-
cantly lower than at 0 h (p < 0.001), and 8 h (p < 0.001), 
regardless of storage temperature.

Rockweed

S. enterica   Temperature (F2,60.796 = 5.677, p < 0.01) and 
time (F2,62.351 = 21.520, p < 0.001), and their interaction 
(F4,60.796 = 4.290, p < 0.01) impacted the S. enterica popu-
lation on rockweed (Fig. 2A). S. enterica load was signifi-
cantly lower at both 24 h (p < 0.05) and 48 h (p < 0.001) 
when compared to 0 h. Additionally, rockweed stored at 
20˚C for 48 h had a significantly lower S. enterica load than 
rockweed stored at both 4˚C (p < 0.001) and 10˚C (p < 0.01) 
for 48 h. Conversely, the pathogen load on rockweed stored 
at 4˚C and 10˚C remained constant over time with no sig-
nificant differences due to storage temperature.

V. parahaemolyticus   There was no significant effect of any 
of temperature (F2,60 = 2.653, p = 0.079), time (F2,60 = 1.518, 
p = 0.227) or their interaction (F4,60 = 0.942, p = 0.446) on 
the V. parahaemolyticus load on rockweed (Fig. 2B). Patho-
gen load remained constant across time and between storage 
temperatures.

E. coli   Time (F2,72 = 8.504, p < 0.001) impacted E. coli 
population on rockweed, with no effect from tempera-
ture (F2,72 = 0.051, p = 0.950) or interaction (F4,72 = 1.149, 
p = 0.341) (Fig. 2C). This significance was explained by an 
overall decrease in pathogen load across time, regardless of 
storage temperature. The E. coli load on rockweed at both 
24 h (p < 0.01) and 48 h (p < 0.01) was significantly lower 
than at 0 h.

L. monocytogenes   The population of L. monocy-
togenes on rockweed decreased with time (F2, 96 = 3.344, 
p < 0.05), with no effect from temperature (F2,96 = 0.215, 
p = 0.807) or interaction (F4,96 = 0.083, p = 0.987); how-
ever, multiple pairwise comparisons revealed no signifi-
cant interactions between any of the sampling timepoints 
(Fig. 2D). Additionally, there were no significant dif-
ferences in pathogen load between any of the storage 
temperatures.

Fig. 2   Effect of temperature storage on pathogen load of rockweed. 
Pathogen load was evaluated as the log10 colony forming units per 
gram of kelp, shown on the y-axis. Time kelp spent in storage (hours) 
is shown on the x-axis. The line patterns represent our three storage 
temperatures: 4˚C (solid), 10˚C (dashed), 20˚C (dotted). Each graph 

shows data for one of six focal pathogens: S. enterica (A, n = 9), V. 
parahaemolyticus (B, n = 9), E. coli (C, n = 9), L. monocytogenes 
(D, n = 12), S. aureus (E, n = 9), and V. vulnificus (F, n = 9) averaged 
across 3–4 trial replicates per pathogen. Error bars represent ± stand-
ard deviation
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S. aureus   Temperature (F2,70 = 8.169, p < 0.001) and time 
(F2,70 = 143.510, p < 0.001) impacted the S. aureus popu-
lation on rockweed, with no interaction (F4,70 = 2.298, 
p = 0.067) (Fig.  2E). While we observed a numeri-
cal decrease in S. aureus at all storage temperatures, the 
decrease at 20 ˚C reached statistical significance. The S. 
aureus load on rockweed at both 24 h (p < 0.001) and 48 h 
(p < 0.001) was significantly lower than at 0 h, regardless 
of storage temperature. Additionally, the S. aureus load on 
rockweed stored at 20˚C was significantly lower than on 
rockweed stored at both 4˚C (p < 0.01) and 10˚C (p < 0.01), 
regardless of sampling time.

V. vulnificus   Temperature (F2,70 = 9.203, p < 0.001), 
time (F2,70 = 16.599, p < 0.001) and their interaction 
(F4,70 = 5.719, p < 0.001) impacted V. vulnificus popula-
tion on rockweed (Fig. 2F). V. vulnificus load significantly 
declined across time on rockweed stored at 4˚C as the load 
was ≤ 1 log lower at 48 h when compared to 0 h (p < 0.001) 
and 24 h (p < 0.001). Additionally, rockweed stored at 4˚C 
for 48 h contained significantly lower V. vulnificus num-
bers than rockweed stored at both 10˚C (p < 0.01) and 20˚C 
(p < 0.001) for 48 h. Conversely, for samples stored at 10˚C 
and 20˚C there were no significant differences in V. vulnifi-
cus load across time or between samples.

Drying method trials

The goal of the drying method trials was to evaluate the 
effect of two drying methods (air- and freeze-drying) on the 
population of six focal pathogens on the surface of kelp and 
rockweed. Pathogen load was evaluated on wet, post-dry and 
dry-stored samples (referred to as product type). All seaweed 
was dried to a water activity (aw) of 0.49—0.60 (Fig. 3).

Sugar kelp

V. parahaemolyticus   Product type (F2,29 = 553.990, p < 0.001) 
impacted V. parahaemolyticus population on sugar kelp, with 
no effect from drying method (F1,29 = 1.494, p = 0.231) or 
interaction (F2,29 = 1.494, p = 0.241) (Fig. 4A). This signifi-
cance was explained by an overall reduction in pathogen load 
as a result of drying. The V. parahaemolyticus load on wet 
kelp was > 3–4 log higher than on both post-dry (p < 0.001) 
and dry-stored kelp (p < 0.001), regardless of drying method. 
Pathogen was unrecoverable from post-dry freeze-dried 
samples but was recovered from post-dry air-dried samples. 
Although there was not a significant difference between the 
pathogen load of post-dry kelp and dry-stored kelp due to our 
LOD, we observed a numerical reduction in pathogen load 
due to dry storage, as V. parahaemolyticus was un-recoverable 
on dry-stored samples for both drying methods.

V. vulnificus   Product type (F2,30 = 966.87, p < 0.001) 
impacted the V. vulnificus population on sugar kelp, with 
no effect from drying method (F1,30 = 0.00, p = 1) or inter-
action (F2,30 = 0.00, p = 1) (Fig.  4B). This significance 
was explained by a reduction in pathogen load as a result 
of drying. The V. vulnificus load on wet kelp was > 3 log 
higher than on both post-dry (p < 0.001) and dry-stored kelp 
(p < 0.001), regardless of drying method. There was not a 
significant difference between the pathogen load of post-
dry kelp and dry-stored kelp because V. vulnificus was un-
recoverable across all dried samples, regardless of drying 
method or product type.

L. monocytogenes   Product type (F2,30 = 51.802, p < 0.001) 
impacted the L. monocytogenes population on sugar kelp, 
with no effect from drying method (F1,30 = 0.250, p = 0.620) 
or interaction (F2,30 = 0.250, p = 0.780) (Fig. 4C). This sig-
nificance was explained by an overall reduction in pathogen 
load as a result of drying. The L. monocytogenes load on wet 
kelp was > 1 log higher than on both post-dry (p < 0.001) 
and dry-stored kelp (p < 0.001), regardless of drying method. 
Pathogen was unrecoverable from post-dry air-dried sam-
ples but was recovered from post-dry freeze-dried samples. 
Though there was not a significant difference between the 
pathogen load of post-dry kelp and dry-stored kelp due to 
our LOD, we saw pathogen load was further reduced due 
to dry storage as L. monocytogenes was un-recoverable on 
dry-stored samples for both drying methods.

Fig. 3   Moisture content and aw readings of air- and freeze-dried rock-
weed and sugar kelp. The left y-axis represents % moisture content 
and the right y-axis represents water activity (aw ± 0.01). The x-axis 
represents the mean value from all samples in a treatment group: air-
dried rockweed (ADR, n = 8), freeze-dried rockweed (FDR, n = 8), 
air-dried sugar kelp (ADK, n = 2), and freeze-dried sugar kelp (FDK, 
n = 1). Samples were either air- or freeze-dried following the proce-
dures explained in the methods. The % moisture was calculated as dry 
weight divided by wet weight multiplied by 100. The aw values were 
taken in duplicate then averaged for each sample. Error bars repre-
sent ± standard deviation
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E. coli   Drying method (F1,29 = 17.707, p < 0.001), prod-
uct type (F2,29 = 353.321, p < 0.001), and their interaction 
(F2,29 = 17.707, p < 0.001) impacted the E. coli population 
on sugar kelp (Fig. 4D). This significance was driven by a 
reduction in pathogen load as a result of drying. The E. coli 
load on wet kelp was > 1–3 log higher than on post-dry kelp 
that was both air- (p < 0.001) and freeze-dried (p < 0.001) as 
well as on dry-stored kelp that was both air- (p < 0.001) and 
freeze dried (p < 0.001). Additionally, for freeze-dried kelp, 
post-dry samples had a higher pathogen load than dry-stored 
samples (p < 0.001). For both drying methods pathogen on 
dry-stored samples was un-recoverable. Notably, when com-
paring drying methods for post-dry samples, though patho-
gen was recovered under both treatments, air-drying was 
more effective at reducing E. coli load than freeze-drying 
(p < 0.001).

S. enterica   Product type (F2,29 = 232.854, p < 0.001) 
impacted the S. enterica population on sugar kelp, with no 

effect from drying method (F1,29 = 0.643, p = 0.429) or inter-
action (F2,29 = 0.643, p = 0.533) (Fig. 4E). This significance 
was explained by an overall reduction in pathogen load as a 
result of drying. The S. enterica load on wet kelp was > 2–3 
log higher than on both post-dry (p < 0.001) and dry-stored 
kelp (p < 0.001), regardless of drying method. Pathogen was 
recoverable from both post-dry treatment groups. Though 
there was not a significant difference between the pathogen 
load of post-dry kelp and dry-stored kelp due to our LOD, 
pathogen load was further reduced due to dry storage as S. 
enterica was un-recoverable on dry-stored samples for both 
drying methods.

S. aureus   Drying method (F1,27 = 13.806, p < 0.001), prod-
uct type (F2,27.152 = 534.705, p < 0.001), and their interaction 
(F2,27 = 14.293, p < 0.001) impacted the S. aureus popula-
tion on sugar kelp (Fig. 4F). This significance was driven 
by a reduction in pathogen load as a result of drying. The 
S. aureus load on wet kelp was > 2–3 log higher than on 

Fig. 4   Effect of drying method on pathogen load of sugar kelp. Path-
ogen load was evaluated as the log10 colony forming units per gram 
of kelp, shown on the y-axis. The product type sampled is shown on 
the x-axis: “wet” represents kelp sampled before any drying occurred, 
“air/freeze-dry” represents kelp sampled immediately post-dry, “air/
freeze-dry storage” represents post-dry kelp that was vacuum sealed 
and sampled after 40  days of storage. The bar patterns represent 
our drying treatments: wet (black), air-dried (striped), freeze-dried 
(white). Each graph shows data for one of six focal pathogens: V. par-

ahaemolyticus (A, n = 6), V. vulnificus (B, n = 6), L. monocytogenes 
(C, n = 6), E. coli (D, n = 6), S. enterica (E, n = 6), and S. aureus (F, 
n = 6) averaged across 2 replicates per pathogen. Error bars repre-
sent ± standard deviation. The letters identify significant differences 
(p < 0.001) between treatments. The LOD of our sampling method 
was log 2 (100  cfu  g−1). An * represents instances of no pathogen 
recovery from any samples in the treatment group. An • represents 
instances of pathogen recovery below our LOD when pathogen was 
un-recoverable from some but not all replicates in a treatment group
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post-dry kelp that was both air- (p < 0.001) and freeze-dried 
(p < 0.001) as well as on dry-stored kelp that was both air- 
(p < 0.001) and freeze dried (p < 0.001). Additionally, for 
freeze-dried kelp, post-dry samples had a > 1 log higher 
pathogen load than dry-stored samples (p < 0.001). S. aureus 
was recoverable across all dried samples for both drying 
methods. Like E. coli, when comparing drying methods for 
post-dry samples, air-drying was more effective at reducing 
S. aureus load than freeze-drying (p < 0.001).

Rockweed

V. parahaemolyticus   Product type (F2,29 = 265.649, 
p < 0.001) impacted the V. parahaemolyticus population on 
rockweed, with no effect from drying method (F1,29 = 2.079, 
p = 0.160) or interaction (F2,29 = 2.079, p = 0.143) (Fig. 5A). 
This significance was explained by an overall reduction in 
pathogen load as a result of drying. The V. parahaemolyti-
cus load on wet rockweed was > 3 log higher than on both 
post-dry (p < 0.001) and dry-stored rockweed (p < 0.001), 

regardless of drying method. Though there was not a sig-
nificant difference between the pathogen load of post-dry 
rockweed and dry-stored rockweed due to our LOD, patho-
gen load was further reduced due to dry storage as V. para-
haemolyticus was un-recoverable on dry-stored samples for 
both drying methods.

V. vulnificus   Product type (F2,60.380 = 5096.896, p < 0.001) 
impacted the V. vulnificus population on rockweed, with 
no effect from drying method (F1,60.399 = 0.220, p = 0.641) 
or interaction (F2,60.380 = 0.324, p = 0.724) (Fig. 5B). This 
significance was explained by a reduction in pathogen load 
as a result of drying. The V. vulnificus load on wet rock-
weed was > 4 log higher than on both post-dry (p < 0.001) 
and dry-stored rockweed (p < 0.001), regardless of drying 
method. There was not a significant difference between the 
pathogen load of post-dry rockweed and dry-stored rock-
weed because V. vulnificus was un-recoverable across all 
dried samples, regardless of drying method or product type, 

Fig. 5   Effect of drying method on pathogen load of rockweed. Patho-
gen load was evaluated as the log10 colony forming units per gram 
of kelp, shown on the y-axis. The product type sampled is shown on 
the x-axis: “wet” represents kelp sampled before any drying occurred, 
“air/freeze-dry” represents kelp sampled immediately post-dry, “air/
freeze-dry storage” represents post-dry kelp that was vacuum sealed 
and sampled after 40  days of storage. The bar patterns represent 
our drying treatments: wet (black), air-dried (striped), freeze-dried 
(white). Each graph shows data for one of six focal pathogens: V. par-
ahaemolyticus (A, n = 6), V. vulnificus (B, n = 12), L. monocytogenes 

(C, n = 6), E. coli (D, n = 12), S. enterica (E, n = 12), and S. aureus 
(F, n = 6) averaged across 2–4 trial replicates per pathogen. Error 
bars represent ± standard deviation. The letters identify significant 
differences (p < 0.05) between treatments. The LOD of our sampling 
method was log 2 (100 cfu g−1). An * represents instances of no path-
ogen recovery from any samples in the treatment group. An • repre-
sents instances of pathogen recovery below our LOD when pathogen 
was un-recoverable from some but not all replicates in a treatment 
group
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except for one incidence of low level recovery on a post-dry 
air-dried sample.

L. monocytogenes   Product type (F2,29 = 290.678, p < 0.001) 
impacted the L. monocytogenes population on rockweed, 
with no effect from drying method (F1,29 = 0.941, p = 0.340) 
or interaction (F2,29 = 0.941, p = 0.402) (Fig. 5C). This sig-
nificance was explained by an overall reduction in patho-
gen load as a result of drying. The L. monocytogenes load 
on wet rockweed was > 2 log higher than on both post-dry 
(p < 0.001) and dry-stored rockweed (p < 0.001), regardless 
of drying method. Although there was no significant dif-
ference between the pathogen load of post-dry rockweed 
and dry-stored rockweed due to our LOD, pathogen load 
was further reduced due to dry storage as L. monocytogenes 
was un-recoverable on dry-stored samples for both drying 
methods.

E. coli   Drying method (F1,63 = 4.595, p < 0.05), product 
type (F2,63 = 2724.667, p < 0.001) and their interaction 
(F2,63 = 4.595, p < 0.05) impacted the E. coli population 
on rockweed (Fig. 5, D). This significance was driven by 
a reduction in pathogen load as a result of drying. The E. 
coli load on wet rockweed was > 3 log higher than on post-
dry rockweed that was both air- (p < 0.001) and freeze-dried 
(p < 0.001) as well as on dry-stored rockweed that was both 
air- (p < 0.001) and freeze dried (p < 0.001). Additionally, 
for freeze-dried rockweed, post-dry samples had a higher 
pathogen load than dry-stored samples (p < 0.001). For both 
drying methods pathogen on dry-stored samples was un-
recoverable. Notably, when comparing drying methods for 
post-dry samples, air-drying was more effective at reducing 
E. coli load than freeze-drying (p < 0.01).

S. enterica   Product type (F2,66 = 634.869, p < 0.001) and 
its interaction with drying method (F2,66 = 3.992, p < 0.05) 
impacted the S. enterica population on rockweed, with 
no effect from drying method (F1,66 = 1.803, p = 0.184) 
(Fig. 5E). This significance was driven by a reduction in 
pathogen load as a result of drying. The S. enterica load 
on wet rockweed was > 2–3 log higher than on post-dry 
rockweed that was both air- (p < 0.001) and freeze-dried 
(p < 0.001) as well as on dry-stored rockweed that was both 
air- (p < 0.001) and freeze dried (p < 0.001). Additionally, 
for freeze-dried rockweed, post-dry samples had a higher 
pathogen load than dry-stored samples from which we could 
not recover S. enterica (p < 0.001). Similar to E. coli, when 
comparing drying methods for post-dry samples, air-drying 
was more effective at reducing S. enterica load than freeze-
drying (p < 0.05).

S. aureus   Drying method (F1,28.056 = 13.383, p < 0.01), prod-
uct type (F2,28.054 = 171.195, p < 0.001) and their interaction 

(F2,28.054 = 13.118, p < 0.001) impacted the S. aureus popu-
lation on rockweed (Fig. 5F). This significance was driven 
by a reduction in pathogen load as a result of drying. The 
S. aureus load on wet rockweed was > 1–4 log higher than 
on post-dry rockweed that was both air- (p < 0.001) and 
freeze-dried (p < 0.001) as well as on dry-stored rockweed 
that was both air- (p < 0.001) and freeze dried (p < 0.001). 
Additionally, for freeze-dried rockweed, post-dry samples 
had a > 2 log higher pathogen load than dry-stored samples 
(p < 0.001). S. aureus was recoverable across all dried sam-
ples for both drying methods. Like E. coli, and S. enterica, 
when comparing drying methods for post-dry samples, air-
drying was more effective at reducing S. aureus load than 
freeze-drying (p < 0.001).

Discussion

Here, we report that storage temperature and drying method 
had significant impacts on seaweed-associated microbial 
load. Specifically, we found that storing kelp at 4˚C was 
adequate to prevent pathogen replication. Additionally, dry-
ing kelp significantly reduced surface pathogen load with 
air-drying being more effective than freeze-drying.

Impact of storage temperature on seaweed 
pathogen load

Pathogens can replicate on kelp that is not subject to tem-
perature control. Notably, S. enterica, V. parahaemolyticus 
and E. coli load increased significantly over time on kelp 
samples stored at 20˚C with replication occurring after just 
8 h of storage. This finding was expected as all six focal 
pathogens in this study can grow in temperature ranges of 
-0.4–10˚C (min) to 42.6–50˚C (max) and can survive under 
even broader ranges (Boye et al. 1999). This temperature tol-
erance also explains why we observed little pathogen death 
during storage at any of the tested temperatures.

We observed an unexpected reduction in L. monocy-
togenes on the surface of sugar kelp stored at 20 °C for 48 h. 
Considering that L. monocytogenes’ lower limit of growth is 
-0.4˚C, 5.4—10.4 ˚C lower than the other pathogens in this 
study, temperature preference could be a factor explaining 
the population decline observed at our highest test tempera-
ture (Løvdal et al. 2021). It is also possible that L. monocy-
togenes has a sensitivity to a sugar kelp constituent that was 
released during its degradation at room temperature (Cox 
et al. 2010). Macroalgae are a known source of novel anti-
microbial compounds with applications in food preservation, 
medicine, cosmetics, and anti-fouling solutions (Deveau 
et al. 2016; Silva et al. 2020; Cusson et al. 2021). Addition-
ally, methanolic extracts from S. latissima were found to 
have over 90% growth inhibition of pathogenic strains of L. 
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monocytogenes and Salmonella Abony and spoilage strains 
of Enterococcus faecalis (Cox et al. 2010). Similarly, lami-
narin extracted from A. nodosum was found to effectively 
inhibited the growth of S. aureus, L. monocytogenes, E. coli 
and S. enterica Typhimurium (Kadam et al. 2015). Innate 
antimicrobial activity may explain the observed decline of 
L. monocytogenes as well as V. parahaemolyticus, S. aureus, 
and V. vulnificus on sugar kelp and S. enterica, E. coli, S. 
aureus, and V. vulnificus on rockweed, which all showed 
significant reductions in pathogen load for one or all storage 
temperatures over time.

It is important to note that the studies referenced above 
tested kelp’s antimicrobial activity against lab-reared bac-
terial strains. Populations of Vibrio spp., E. coli, and S. 
enterica, native to the marine environments, may be accli-
mated to various marine anti-microbials and less susceptible 
to kelp’s antimicrobial action. Similarly, pathogens like L. 
monocytogenes and S. aureus, that establish population in 
food processing facilities and on human skin, respectively, 
are likely to have increased exposure to anti-microbial disin-
fectants potentially increasing their resistance to seaweed’s 
anti-microbials in a contamination event.

Reports from other labs indicate that each species of 
seaweed has a markedly unique and distinctive microbiome 
(Lachnit et al. 2009; Picon et al. 2021). In our experiments 
with rockweed, we did not observe the same significant 
pathogen replication that we observed on sugar kelp. Addi-
tionally, the pathogens that showed significant population 
declines on rockweed were not always the same as on sugar 
kelp. This could be due to microbiome differences in rock-
weed and sugar kelp, which could differentially impact the 
success of pathogens on their surface. Despite the existence 
of evidence that all of the pathogens investigated may asso-
ciate with various species of kelp in either the pre or post-
harvest environments, the likelihood of subsequent survival 
on kelp surfaces seems to vary significantly depending on 
the kelp species. This finding has significant bearing on the 
resulting level of practical risk posed by each foodborne 
pathogen, implying that approaches for maximizing food 
safety should not be generalized across “seaweeds” as a cat-
egory of food.

The differences in pathogen behavior between our kelp 
species could also be impacted by the way the different habi-
tats of rockweed and sugar kelp have shaped their physiol-
ogy. Sugar kelp grows in deeper waters where it remains 
constantly submerged. As a result, when harvested it breaks 
down rapidly. This rapid decay could create an unstable 
environment where pathogens are able to replicate or could 
become unfavorable leading to pathogen decline. Con-
versely, rockweed grows in the intertidal zone and is regu-
larly exposed to oxygen, heat, and light at every low tide. 
Rockweed does not degrade as rapidly as sugar kelp; and 
therefore, appears to offer a more consistent environment for 

the pathogens colonizing its surface. As a result, pathogen 
load on rockweed trended to be more stable than on sugar 
kelp.

Impact of drying method on seaweed pathogen 
load

Drying significantly reduced viability of all pathogens on 
the surface of kelp. This reduction became even more pro-
nounced for all treatments after dried kelp samples had been 
vacuum sealed and stored for 6 weeks. Drying, defined as the 
removal of available water, is a popular preservation tech-
nique for a wide variety of foods because without enough 
available water, microbes, particularly food pathogens, can-
not replicate. The amount of water available for biological 
processes in organic tissue is measured by aw. Kelp dried 
in this study met the accepted standard aw to prevent the 
replication of foodborne pathogens, which is ≤ 0.85 (Beu-
chat et al. 2011). S. aureus is well-documented for its ability 
to tolerate lower aw levels than other foodborne pathogens 
(Beuchat et al. 2011). In our study, although S. aureus did 
not replicate on dried kelp, it did exhibit the greatest recov-
ery from the dried product of all pathogens tested. For this 
reason, lowering water activity enough to prevent bacterial 
replication is not, on its own, an acceptable control in food 
safety. A stressor should be applied to the food product to 
eliminate bacterial contaminants of concern and then water 
activity should be lowered to further ensure safety and pres-
ervation of the product.

We observed a significantly greater impact of air-drying 
compared to freeze-drying on E. coli and S. aureus associ-
ated with sugar kelp and E. coli, S. enterica, and S. aureus 
associated with rockweed. Although freeze-dried products 
often retain higher quality and nutritional characteristics than 
food products dried by other means (Bhatta et al. 2020), it is 
inherently less damaging to microbial cells. Indeed, freeze-
drying is often used to preserve bacterial cultures with mini-
mal impact to microbial viability (Morgan and Vesey 2009). 
The effect of freeze-drying on the naturally occurring E. 
coli load of Kangkung, a semi-aquatic leafy vegetable, was 
explored by Shin et al. (2015). Similar to our results they 
found drying resulted in 2.9 log reduction from a natural 
contamination level of 6.13 log cfu g−1. Similarly, when the 
effect of freeze-drying on fresh cilantro inoculated with ~ 6 
log cfu g−1 cocktails of pathogenic E. coli, S. enterica and L. 
monocytogenes was investigated, 1.5—2 log reductions were 
found for E. coli and S. enterica, respectively, and a 0.71 log 
reduction was found for L. monocytogenes (Bourdoux et al. 
2018). Though freeze-drying reduces the pathogen load on 
kelp’s surface as effectively as on the surfaces of fresh pro-
duce items, the reduction from this drying process across 
food stuffs is not compelling enough to justify its use as a 
microbial control. Since air-drying is already widely used 
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across the U.S. to dry freshly-harvested seaweed and showed 
notably greater reduction in pathogen load across species, 
it should remain the preferred drying technique to maintain 
the microbial safety of edible kelp. With that said, the vali-
dation of air drying as a “kill step” for processed foods is 
significantly complex due to the inability to regulate factors 
such as UV light exposure, humidity and air velocity in an 
open-air drying system.

It is vital to reiterate that food pathogens are robust and 
although low aw can prevent replication it does not necessar-
ily result in microbial death. When under duress, even non-
spore-forming pathogenic cells can enter a dormant state 
which allows them to survive low moisture environments for 
long periods of time. Pathogenic E. coli, L. monocytogenes, 
Salmonella, and S. aureus are known to associate with low-
aw foods and have all been documented surviving on foods 
with aw lower than we achieved (< 0.49—0.60) for months 
to sometimes years (Beuchat et al. 2011, 2013). It has been 
well studied that the thermal resistance of food pathogens 
increases with decreasing aw (Syamaladevi et al. 2016). It is 
also understood that freeze-drying can increase pathogens’ 
stress tolerance (Morgan and Vesey 2009). When a patho-
genic cell is sub-lethally stressed it undergoes changes that 
can make it more robust to the stressful environment. These 
changes that can help a pathogen survive on processed food 
can also help a pathogen survive inside a host, increasing its 
virulence (Wesche et al. 2009). Again, due to limitations in 
the sensitivity of detection of our testing method, we cannot 
claim that drying processes or long-term dry storage com-
pletely eliminated pathogens from kelp’s surface, but our 
findings do indicate that these drying processes significantly 
reduced pathogen populations.

Recommendations and future directions

Based on our findings, we recommend that fresh edible kelp 
be stored at or below 4˚C as soon as possible after harvest 
to limit growth of potential pathogenic contaminants and 
preserve food safety. To determine time limits for refriger-
ated storage, longer-term temperature challenge tests should 
be conducted with a more diverse array of edible seaweed 
species.

When considering drying techniques, air-drying outper-
formed freeze-drying in regard to reducing pathogen load. 
Additionally, storing dried product for a number of weeks 
increased the effectiveness of drying on pathogen load 
reduction. Moving forward, industry should further validate 
the effects of air-drying on pathogen load reduction using a 
sampling method more sensitive than our own.

Though drying can significantly improve the food safety 
of edible seaweed this study does not show sufficient evi-
dence to classify it as a kill step (5 log reduction) for any 
pathogens of concern. Repeating this study with a higher 

inoculum concentration or lower LOD could address this. 
Additionally, it would be beneficial to explore the use of 
hurdle technology to further improve the microbial safety 
of edible seaweed. Hurdle technology is the application 
of multiple, unique stressors to a food product in rapid 
succession. Regarding previous discussion around the 
improved resistance of pathogens on dried products, pas-
teurization of products in the wet form is a more effec-
tive microbial control than pasteurizing dried products 
(Beuchat et al. 2011). Blanching wet seaweed, as a hurdle 
before drying, has the potential to serve as a pasteuriza-
tion step and a recent study found consumers preferred the 
texture of blanched kelp to raw kelp in fresh kelp salad 
(Akomea-Frempong et al. 2021). If industry wishes to fur-
ther increase the food-safety of their products while main-
taining sensory quality, the effects of blanching before air-
drying should be explored.

Before formal kill steps can be validated and imple-
mented for a food product it is customary for industry to 
focus on one pathogen of particular concern. Our results 
demonstrated that pathogens behave differently on the 
surface of a single seaweed species and the behavior of a 
specific pathogen is not consistent across seaweed species. 
This variability highlights the potential need to identify 
different pathogens of concern for each seaweed spe-
cies. To enable this, more sampling of product across the 
harvest and processing chain is needed (FAO and WHO 
2022). One potentially pathogenic microbe that was not 
included in our experiments is Bacillus spp. (Løvdal et al. 
2021). Pathogenic species of Bacillus have been isolated 
from edible species of kelp (Blikra et  al. 2019; Lytou 
et al. 2021). This pathogen is especially robust because it 
forms spores that are highly resistant to acidity, heat, and 
dehydration and it should be considered in future studies. 
Once a primary pathogen of concern is identified, further 
inoculation based experiments will be needed to gain a 
deeper understanding of that pathogen’s behavior on such 
a unique food and how it is affected by common process-
ing procedures.
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