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A B S T R A C T

The effects of consuming whole-cell biomass of the green algae Chlamydomonas reinhardtii on gastrointestinal
health in mice and humans was examined. A 14-day murine model of acute colitis revealed significantly less
weight loss in mice that received C. reinhardtii biomass by oral gavage. Based on this result, human volunteers
with varying gastrointestinal symptoms were asked to consume 1 or 3 g of C. reinhardtii daily for 30 days.
Participants reported changes in their gastrointestinal health through a questionnaire and provided stool sam-
ples to analyze the composition of their gut microbiome. Those who typically experience frequent gastro-
intestinal symptoms reported significantly less bowel discomfort or diarrhea, significantly less gas or bloating,
more regular bowel movements, and better stool consistency when regularly consuming C. reinhardtii. Analysis
of participant stool samples suggested the gut microbiome composition in all groups remained complex, and no
signs of dysbiosis or adverse effect on microbial composition were observed.

1. Introduction

The integration of high-quality functional foods into the modern
diet has been bolstered by a growing awareness of the interaction be-
tween our diet and overall health. Functional food ingredients, some-
times referred to as nutraceuticals, provide added health benefits be-
yond their nutritional and caloric value through the incorporation of
bioactive compounds that are associated with an improved state of
health and well-being. Factors such as rising healthcare costs, increased
life expectancy, and the desire to improve quality of life have driven the
demand for more naturally derived functional food ingredients (Mollet
& Rowland, 2002; Siró, Kápolna, Kápolna, & Lugasi, 2008).
Algae, a highly diverse polyphyletic group of photosynthetic mi-

crobes and seaweeds, are an appealing source for functional food in-
gredients, as they offer an almost unlimited array of naturally derived
products. The incorporation of algal biomass into foods can be used to
enhance the nutritional quality of foods by providing vitamins, pro-
teins, carbohydrates, lipids, minerals, antioxidants, and fiber (Batista,
Gouveia, Bandarra, Franco, & Raymundo, 2013; Matos, Cardoso,

Bandarra, & Afonso, 2017). The addition of algae biomass and algal-
derived compounds into foods has been shown to be beneficial to
human and animal health, with specific studies investigating the ad-
dition of either microalgae or seaweeds into the diet to potentially re-
duce occurrences of cancer, combat the effects of aging, prevent dis-
eases, control obesity, and mitigate inflammation (Caporgno & Mathys,
2018; Deng & Chow, 2010; Fallah et al., 2018; Gouveia, Marques,
Sousa, Moura, & Bandarra, 2010; Karkos, Leong, Karkos, Sivaji, &
Assimakopoulos, 2011; Kuda, Enomoto, & Yano, 2009; Lordan, Ross, &
Stanton, 2011; Mohamed, Hashim, & Rahman, 2012; Nuño et al., 2013;
Plaza, Herrero, Cifuentes, & Ibáñez, 2009).
Although algae has been cultivated for centuries, recent advances in

production technology have enabled large-scale cultivation of micro-
algae in open ponds, photo-bioreactors, and fermentation tanks
(Barclay, Apt, & Dong, 2013; Borowitzka & Moheimani, 2013; Bumbak,
Cook, Zachleder, Hauser, & Kovar, 2011; Klamczynska & Mooney,
2017). These cultivation techniques allow optimal control over product
quality, as the chemical composition of algal biomass is highly depen-
dent upon environmental factors such as water quality, temperature,
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salinity, pH, and nutrient content (Batista et al., 2013).
Of the thousands of genera of microalgae, only a few have been

targeted for commercial production as food or food ingredients, most
notably: Arthrospira (Spirulina), Chlamydomonas, Chlorella, Dunaliella,
Euglena, Haematococcus, Isochrysis, Nannochloropsis, Phaeodactulum, and
Porphyridium (Babadzhanov et al., 2004; Becker, 2007; Ben-Amotz,
Katz, & Avron, 1982, p.; Boyle & Morgan, 2009; Chae, Hwang, & Shin,
2006; Griffiths & Harrison, 2009; Guccione et al., 2014; Kuda et al.,
2009; Liang, Sarkany, & Cui, 2009; Matsuda, Hayashi, & Kondo, 2011;
Miao & Wu, 2004; Murbach et al., 2018; Nuño et al., 2013; Plaza et al.,
2009; Szabo, Matulka, & Chan, 2013) At the time of this study, the
whole-cell biomass of 6 species is currently recognized by the USA Food
and Drug Administration (FDA) as Generally Regarded as Safe (GRAS)
for human consumption (Table 1). The most recently GRAS approved
species, Chlamydomonas reinhardtii, is the primary subject of this study.

Chlamydomonas reinhardtii is a single-celled eukaryote green alga
that has been extensively studied as a model organism for photo-
synthesis, genetics, and physiology, and has been proposed as a host for
molecular farming (Fields, Ostrand, Tran, & Mayfield, 2019; Harris,
2001; Scranton, Ostrand, Fields, & Mayfield, 2015). While several stu-
dies have investigated the use of C. reinhardtii as a food source for
Daphnia species (DeMott, 1982; Gophen, 1977; Mitchell, Trainor, Rich,
& Goulden, 1992; Scott, Chalker-Scott, Foreman, & D’Angelo, 1999;
Taub & Dollar, 1968; Weers & Gulati, 1997), work examining the
consumption of C. reinhardtii by mammals is scarce. Recently, Murbach
et al. (2018) conducted a study examining the consumption of C. re-
inhardtii by rats. In that study, they performed a thorough toxicological
evaluation of C. reinhardtii by examining rats who consumed lyophi-
lized C. reinhardtii biomass for 28 days and concluded that no adverse
effects were observed (Murbach et al., 2018).
Despite the vast knowledge surrounding C. reinhardtii, prior to 2018

it had not been considered for use in the human diet as a food or food
ingredient. This is due primarily to the low biomass productivity of C.
reinhardtii compared to other algal species (Bumbak et al., 2011;
Scranton et al., 2015), resulting in the lack of a viable commercial-scale
production process. However, recent advances in the cultivation of C.
reinhardtii have shown that this species is capable of rapid growth in
fermenters, opening the door for commercial scale cultivation of C.
reinhardtii biomass (Fields, Ostrand, & Mayfield, 2018; Zhang et al.,
2018).
The present study examined C. reinhardtii as a potential functional

food ingredient with emphasis on the impact of C. reinhardtii on gas-
trointestinal health. First, this study investigated the effect of C. re-
inhardtii on weight loss in a murine model of acute colitis. Based on the
findings from the mouse trial, human volunteers were assembled to
participate in a study examining the effect of consuming C. reinhardtii
biomass daily for one month on gastrointestinal health. Participants
were required to complete a general survey including questions on their
gastrointestinal health before and during consumption of C. reinhardtii

biomass. Lastly, participants were asked to provide stool samples, prior
to and during the study, to the American Gut Project so as to investigate
any change to the composition of the gut microbiome that may have
occurred due to consuming C. reinhardtii biomass. Overall, participants
reported significantly better gastrointestinal function when consuming
the algal biomass, and there were no significant changes to the com-
position of the gut microbiome during the study.

2. Material and methods

2.1. Biomass cultivation and processing

A proprietary wild-type strain of C. reinhardtii (THN 6) was derived
from a standard laboratory strain by Triton Algae Innovations and used
in this study. An axenic culture was cultivated by a contract manu-
facturer adhering to FDA regulations of Current Good Manufacturing
Practices in a 200-L stainless-steel fermentation tank in similar fashion
to methods described by Fields et al. (2018) (Fields et al., 2018). Upon
harvesting, the biomass was thoroughly washed with water and lyo-
philized to preserve the algae. Biomass was partitioned into glass jars
and stored at −20 °C until used or distributed. Midwest Laboratories
(www.midwestlabs.com) conducted a third-party nutritional composi-
tional analysis of the biomass.

2.2. Mouse feeding trial

All animal work was approved by the Institutional Animal Care and
Use Committee of the University of California, San Diego. C57BL/6J
mice were purchased from the Jackson Laboratory and housed in spe-
cific pathogen-free conditions. Two groups of three male mice each
were used to determine the effects of C. reinhardtii biomass in a murine
model of acute colitis. In both groups, dextran sodium sulfate (DSS) was
added to the drinking water at 4% weight/volume to disrupt the gut
mucosal barrier, resulting in acute colitis. Mice were provided water
containing DSS for 5 days ad libitum. Starting one day prior to ad-
ministration of DSS and for 7 days total, mice were gavaged orally with
200 μL of either phosphate buffered saline (PBS) or lyophilized C. re-
inhardtii biomass resuspended in PBS at 65 g/L, which was the upper
solubility limit of lyophilized biomass in PBS. Each mouse was weighed
daily to determine if C. reinhardtii mitigated the weight loss effect of
DSS and statistically compared using a two-tailed unpaired t-test.

2.3. Assembly of human participants

To initiate a human study, a protocol was submitted to the
University of California, San Diego Institutional Review Board on
human subjects (Project # 170647), seeking to examine the potential
impact of green algae consumption on human gastrointestinal health.
The protocol was approved prior to enlisting participants for this study.

Table 1
Microalgae whole-cell biomass currently approved by the USA Food and Drug Administration for human consumption and the reported biomass composition of each
species.

Species FDA GRN No. Products Carbohydrate Protein Lipid References

Arthrospira platensis 417 Pigments, biomass 5–14% 46–68% 4–14% 1, 2, 6
Chlamydomonas reinhardtii 773 Recombinant proteins, biomass 17–50% 22–48% 18–29% 2, 4, 6
Chlorella protothecoides 519 Biomass, oils 10–25% 10–53% 13–55% 6, 11, 12
Chlorella vulgaris 396 Biomass, oils 20–44% 24–45% 21–46% 6, 7, 9
Dunaliella bardawil 351 Beta-carotene, biomass 11% 29% 10–19% 2, 3, 6
Euglena gracilis 697 Paramylon, biomass 14–30% 30–61% 14–35% 5, 6, 10

Key to references: 1 Babadzhanov et al. (2004); 2 Becker (2007); 3 Ben-Amotz et al. (1982); 4 Boyle and Morgan (2009); 5 Chae et al. (2006); 6 Griffiths and Harrison
(2009); 7 Guccione et al. (2014); 8 Liang et al. (2009); 9 Matsuda et al. (2011); 10 Miao and Wu (2004); 11 Szabo et al. (2013).
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A webpage and flyers were distributed throughout the community at
the University of California, San Diego, seeking volunteers to partici-
pate in a 30-day dietary study to explore how consuming small amounts
of dried algae powder may support normal gut function, as well as any
effect on the gut microbiome. In the request for volunteers, particular
interest was expressed in participants with normal gut function as well
as persons with periodic episodes of poor gut health and gastro-
intestinal symptoms, such as those associated with irritable bowel
syndrome (IBS) (although no clinical determination of IBS status was
made or assumed in this study). Participants filled out an initial ques-
tionnaire to provide their name, age, sex, ethnicity, and to indicate the
frequency with which they experienced gastrointestinal symptoms.

2.4. Human study groups and daily algae dosage

Participants were categorized as experiencing gastrointestinal
symptoms (GIS) at either low- or high-frequencies based on the initial
questionnaire and were randomly assigned a dose of either 1 or 3 g of
algae per day. Throughout the study the four groups are referred to as:
(1) low-frequency of GIS consuming 1 g per day (LowGIS_1g), (2) low-
frequency of GIS consuming 3 g per day (LowGIS_3g), (3) high-fre-
quency of GIS consuming 1 g per day (HighGIS_1g), and (4) high-fre-
quency of GIS consuming 3 g per day (HighGIS_3g). All participants
were given lyophilized C. reinhardtii biomass in a jar with a 0.5-g
scooper and instructed to consume their assigned daily dose in a
manner with which they felt most comfortable.

2.5. Collection of stool samples

Stool sample collection kits and instructions were provided by the
American Gut Project (AGP) using the standard AGP sampling protocol
(McDonald, Hyde, et al., 2018). Participants were asked to provide
three stool samples during the study – once before beginning algae
consumption, once after a week of algae consumption, and once after
4 weeks of algae consumption. Samples were processed and sequenced
by AGP to determine the microbial composition of each sample.

2.6. Gut microbiome composition analysis

The 151-nucleotide, long forward Illumina reads were processed via
Qiita (EBI Accession number ERP116291, Study ID 11718), retaining
2,198,599 quality-filtered sequences demultiplexed into 176 samples
and four blanks that contained a maximum of 123 sequences (Gonzalez
et al., 2018). The sample sequences were trimmed to a length 125
nucleotides and filtered through Deblur (version 1.1.0, Amir et al.,
2017) in order to mitigate PCR and sequencing errors. This enabled

these sequences to be merged with a subset of the American Gut Project
samples (McDonald, Hyde, et al., 2018), selected to be in the same
range both in terms of body mass index (18.54–39.13 for AGP’s
“bmi_corrected” category) and age (20–72 for AGP’s “age_corrected”
category). The sequence features corresponding to bacterial V4 se-
quences previously observed to bloom in stool samples during proces-
sing were removed (Amir et al., 2017). The resulting dataset was then
processed through QIIME 2 (version 2019.1) for subsequent analyses
(Bolyen, Rideout, Dillon, Bokulich, Abnet, Al-Ghalith, & Caporaso,
2018). Specifically, taxonomy was assigned using the naïve Bayes
scikit-learn classifier against the default Greengenes 13_5 database
(McDonald et al., 2012) through the q2-feature-classifier plugin, and
fragment insertion into the Greengenes 13_5 reference tree was per-
formed using SEPP through the q2-fragment-insertion plugin (Janssen
et al., 2018; Mirarab, Nguyen, & Warnow, 2011), Faith’s Phylogenetic
Diversity (Faith, 1992) and unweighted UniFrac (McDonald, Vázquez-
Baeza, et al., 2018) as well as principal coordinates were computed
using the q2-diversity plugin, and principal coordinates were visualized
using q2-emperor (Vázquez-Baeza et al., 2018). Microbiome dysbiosis
after different ingestion modalities has been measured in terms of dis-
tance to the “healthy” plane formed in the ordination space by the
healthy samples, as performed previously (Halfvarson et al., 2017).
Longitudinal analyses were performed using Sparse Functional Prin-
cipal Components Analysis (SFPCA) to statistically measure a consistent
difference in terms of Faith’s Phylogenetic Diversity (PD) between the
four groups along three time points (James, Hastie, & Sugar, 2000).

2.7. Human study questionnaire

Participants were emailed a questionnaire with 46 questions once
they began consuming C. reinhardtii biomass (Data S1, S2). The focus of
this questionnaire was to inquire about their overall experience during
the study, their opinion of the provided algae biomass, their commit-
ment to the assigned daily dose, and to quantitate any changes asso-
ciated with their gastrointestinal health. Questions were either short
answer or multiple choice, using Likert scales to gauge the responses
when applicable, and responses were statistically compared using a
two-tailed paired t-test.

3. Results and discussion

3.1. Mouse feeding trial

The dextran sulfate sodium (DSS) colitis model is a commonly used
model to investigate gut mucosal inflammation (Eichele & Kharbanda,
2017). In this study, mice received C. reinhardtii biomass via oral

Fig. 1. Weight change in mice after inducing acute
colitis with dextran sodium sulfate (DSS). DSS was
added to the mice’s drinking water at 4% weight/
volume for 5 days. Mice were gavaged for 7 days
with either phosphate buffered saline (PBS) as a
control (dotted line) or Chlamydomonas reinhardtii
biomass (solid line). Weight of the mice was
monitored daily for 14 days to observe the rate of
weight loss and recovery. N = 3, error bars in-
dicate standard error of the mean.
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gavage beginning one day prior to the addition of DSS into their water
supply. The weight of the mice, used as a proxy for gut health, was
measured over the next 14 days. As shown in Fig. 1, there was a large
effect on total weight lost and rate of recovery when comparing mice
fed C. reinhardtii biomass to mice fed PBS control.
In both groups, mice began to lose weight after 24 h of exposure to

DSS. The control group that was fed PBS lost, on average, over 20% of
their original weight after 9 days into the study and only recovered 92%
of their starting weight by the end of the 14-day trial. In comparison,
the mice fed C. reinhardtii biomass only lost 12% of their original weight
after 7 days, at which point they began gaining weight and ended up
weighing 2% greater than their starting weight at the end of the trial.
Thus, the algae-fed mice weighed significantly more than the control
group from day 8 until the end of the trial (P < 0.05). These findings
are congruent with a similar study that investigated the effect of
Chlamydomonas debaryana on experimental colitis in rats, in which
consuming lyophilized algal biomass improved body-weight loss as well
as mitigated the extent of colonic damage (Ávila-Román et al., 2014).

3.2. Human study

3.2.1. Participant enrollment, attrition, and demographics
Based on the results of the mouse feeding trial, the determination

was made to investigate if similar gastrointestinal benefits might also be
observed in humans who consume C. reinhardtii biomass. Initially over
200 individuals expressed interest in this study. Of these, 133 people
agreed to participate and were given algae biomass and stool sampling
kits. From this group, 66 individuals completed the study and ques-
tionnaire, but only 51 participants meet all of the requirements to be
included in the final data analyses (i.e., consumed the algae daily for
the entire length of the study). Those 15 individuals that were excluded
from the final analysis completed the study and questionnaire but either
consumed the algae biomass too infrequently (e.g., only once a week)
or did not consume it for the entire duration of the study.
The final participant group was broken down into four groups based

on the frequency of self-reported gastrointestinal symptoms (GIS), with
groups for low or high frequency, and the quantity of algae they were
assigned to consume each day, with groups for either 1 or 3 g consumed
(Table 2). Those included in the low-frequency groups indicated in the
questionnaire that they experienced symptoms associated with irritable
bowel syndrome (i.e., bloating, constipation, or diarrhea) “never or
rarely” while those included in the high-frequency groups indicated
they experienced these symptoms “sometimes or often”. All four groups
were largely Caucasian and well-educated, though both high-frequency
groups were predominantly female and, on average, older than the low-
frequency groups (Table 2).

3.2.2. Opinion of algae biomass
Participants were asked to describe what they thought of the ap-

pearance, smell, and taste of the algae powder on a scale of 1–5; 1 being
“appealing” and 5 being “unpleasant” (Fig. 2). Most participants
thought the algae powder had an appealing appearance, skewing the
distribution, while the opinions of taste and smell were more normally
distributed.

3.2.3. Effects on gastrointestinal function
Participants were asked a series of questions to quantify their gas-

trointestinal health both before and during the consumption of C. re-
inhardtii biomass (Data S1, S2). In response to the question “how fre-
quently did you have bowel discomfort or diarrhea,” the most common
response in total from all the LowGIS participants before consuming
algae was “rarely,” while during algae consumption it shifted towards
“never” (Fig. 3A); the LowGIS_1g group showed a significant change in
that manner (P < 0.05). In comparison, the HighGIS groups reported
experiencing bowel discomfort or diarrhea more frequently before
algae consumption, responding most frequently as “often” or “some-
times” (Fig. 3A). However, this changed significantly for all HighGIS
groups during algae consumption, shifting the majority of responses to
“rarely” (P < 0.05). These results suggest that C. reinhardtii biomass
can act as a functional ingredient to reduce the frequency of bowel
discomfort and diarrhea in symptomatic humans.
In response to the question “how frequently did you have bloating

or gas,” the most common response in total from all the LowGIS par-
ticipants was “rarely” both before and during consumption of algae
(Fig. 3B). Conversely, all the HighGIS groups reported having bloating
or gas ranging between “sometimes” and “always” before consuming
algae (Fig. 3B). This group again shifted significantly during the daily
consumption of C. reinhardtii biomass with the majority of HighGIS
participants reporting “rarely” (P < 0.05). This again suggests that
consuming C. reinhardtii biomass had a positive effect on human gas-
trointestinal function, and the incorporation of this algae into the diet
of individuals suffering from gastrointestinal symptoms may provide
some relief.
Participants were also asked to quantify the frequency and classi-

fication of their bowel movements before and during the study (Fig. 4).
The majority of all participants in the study reported having between 1
and 2 bowel movements each day both before and during algae con-
sumption (Fig. 4A). While no significant changes were observed within
any group for this question, the bowel movements of HighGIS in-
dividuals did occur more regularly during algae consumption. Partici-
pants were provided with a Bristol Stool Chart (Data S1) to classify their
stool types and the LowGIS groups reported producing “Type 3” stools
most frequently before the study with a slight increase in “Type 4”
stools during algae consumption, which would correspond with a softer
stool. Before participating in this study, the stools from the HighGIS
groups were not as regular, ranging across the chart from “Type 2” to
“Type 6” (Fig. 4B); this is a common observation for individuals who
frequently experience gastrointestinal symptoms (Heaton, Ghosh, &
Braddon, 1991). During the study, there was an increase in frequency of
“Type 3” and “Type 4”, with a significant shift in the average stool
classification of the HighGIS_1g group to predominately “Type 4.”
These results are considered an improvement in stool quality: “Type 4”
stools are considered ideal because they are the easiest to pass (Kenneth
W. Heaton & Cripps, 1993).

3.2.4. Microbiome compositional analysis
Microbiome analyses of the 51 participants were performed on a

total of 142 stool samples; 11 participants did not provide a 4-week
sample. These samples yielded 864,918 sequence reads, corresponding
to 1084 features (i.e., unique microbial entities). After merging with

Table 2
Participant demographic information.

Group n Ages (avg) Female Caucasian Bachelor’s degree Frequency of gastrointestinal symptoms (GIS)

LowGIS_1g 13 22–72 (40) 54% 62% 100% 15% Never 85% Rarely
LowGIS_3g 15 20–62 (37) 40% 73% 86% 27% Never 73% Rarely
HighGIS_1g 14 26–72 (43) 78% 79% 85% 43% Sometimes 57% Often
HighGIS_3g 9 33–58 (45) 78% 89% 100% 56% Sometimes 44% Often
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7169 fecal samples from the American Gut Project, a total of 23,580
features totaling 104,968,159 sequence reads were obtained. Sequences
were organized at the phyla level to show the microbial composition
within each participant group before and one week after consuming C.
reinhardtii biomass (Fig. 5); gut microbial composition data previously
collected by the American Gut Project from individuals who have been
diagnosed with gastrointestinal disorders was included as a compar-
ison.
The resulting sequences, which represent the unique microbes, and

Faith’s Phylogenetic Diversity (PD), which accounts for the evolu-
tionary relationship of these microbes, were used to examine the alpha
diversity of the study groups. When investigating participants based on
age, we found that the alpha diversity is not correlated with their age
based on the Faith’s PD index (De la Cuesta-Zuluaga et al., 2019). When
looking at the average Faith PD of both time points within each group,
we found similar levels of diversity in the LowGIS_1g, LowGIS_3g, and
HighGIS_1g health groups, but lower alpha diversity for the HighGIS_3g
group. While no significant difference was assessed by the initial
Kruskal-Wallis test (H statistic = 4.59; P= 0.203), a pairwise Kruskal-
Wallis tests amongst the four groups reveal that the LowGIS_3g parti-
cipants have a higher Faith diversity than the HighGIS_3g participants
(H = 4.41; P = 0.035). This difference is also confirmed when ac-
counting for the different time points between samples using a Sparse
Functional Principal Components Analysis (SFPCA) (Fig. S1; Wilcoxon
rank-sum P = 0.03).
Ordination-based beta diversity analyses, which examine the

changes in composition of microbial communities, were conducted to
examine any differences in the microbiome as a result of consuming C.
reinhardtii biomass. First, the analyses show that the microbiomes from
this study’s participants exhibit a range of diversity that is similar in
scope to the reference AGP gut microbiome dataset (Fig. 6A). We found
that the differences in the microbiome composition between partici-
pants are not correlated to the frequency of gastrointestinal symptoms
as reported in in the questionnaire nor the assigned dose of algae; i.e.,
the samples on the ordination (Fig. 6A) appear random and do not
cluster based on any classifying category. Yet, we found significant
differences based on PERMANOVA analyses of the UniFrac beta

diversity, which is more pronounced between the time points of the
same participants (pseudo-F statistic = 5.471; permutation P= 0.001)
than between participants within a group (pseudo-F statistic = 2.373;
permutation P = 0.001). As in the case of fermented milk product in-
gestion (McNulty et al., 2011), the absence of a clear effect when only
examining community composition may conceal more subtle conclu-
sions that may only be detected if using RNA-based gene expression
analyses.
We next measured dysbiosis in terms of departure from a reference

“healthy” state derived from non-symptomatic individuals within the
greater AGP dataset. This reference state is represented by a plane
plotted through the small black points in Fig. 6A. We then calculated
the distance of each point to the plane; where the greater the distance
the greater the dysbiosis (Fig. 6B). In contrast to the reference case of
microbiomes infected by Clostridium difficile, where the distances to the
healthy plane are high (Halfvarson et al., 2017), the distances for this
study‘s samples are within the range of microbiome variation of non-
symptomatic AGP individuals. While the LowGIS_1g group exhibit
significantly higher dysbiosis than the control, this is likely explained
by a single individual who seems to be an outlier (the three LowGIS_1g
points at bottom of Fig. 6A).

4. Conclusion

Algae biomass, and the bioactive compounds derived from algae,
can be used as functional ingredients to enhance food nutrition and
provide additional health benefits. This study examined for the first
time the effects of consuming whole-cell biomass of the green micro-
algae Chlamydomonas reinhardtii in both mice and humans, with an
emphasis on gut health. It was found that in both cases the addition of
C. reinhardtii biomass to the diet had a beneficial impact on gastro-
intestinal function. In mice, administration of C. reinhardtii to their diet
significantly mitigated weight loss in a model of colitis. In humans, the
addition of C. reinhardtii to the diet of individuals with high-frequency
of gastrointestinal symptoms, like those commonly associated with ir-
ritable bowel syndrome, significantly reduced the occurrence of bowel
discomfort, diarrhea, gas, and bloating while also increasing the

Fig. 2. Appearance, composition, and perception of Chlamydomonas reinhardtii biomass used in this study. Participants were provided with a jar containing lyo-
philized C. reinhardtii biomass and a scoop that held 0.5 g of biomass (left) and asked for their opinion of the appearance, smell, and taste of the biomass (right;
N = 51).
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regularity of bowel movements and improving the quality of stools.
Conversely, when examining the microbiomes of these human partici-
pants, consuming C. reinhardtii caused no significant change to the
microbial composition of the gut. This suggests that the reported ben-
efits are perhaps caused by a bioactive molecule in the algal biomass or
a potentially a shift in gene expression of the gut bacteria brought about

by consuming the algae. However, in order to solidify either of these
deductions, additional research must be conducted with a greater
number of volunteers in order to account for effects attributed to dif-
ferences in age, gender, weight, and diet. Nevertheless, we conclude
that the addition of C. reinhardtii into the diet will not only add nutri-
tional value but may also function to relieve some gastrointestinal

Fig. 3. Visualization of the frequency participants experienced gastrointestinal symptoms. Bowel discomfort or diarrhea (top) and frequency of gas or bloating
(bottom) as reported by this study’s participants before (yellow) and during (green) consumption of the provided Chlamydomonas reinhardtii biomass. Asterisks
indicate a significant change in the average response from before and during algae consumption. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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symptoms in certain individuals.
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participants was approved by the University of California, San Diego
Human Research Protections Program Institutional Review Boards
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Fig. 4. Visualization of the frequency and type of bowel movements. Bowel movements (top) and classification of stool according to the Bristol stool chart (bottom)
as reported by this study’s participants before (yellow) and during (green) consumption of the provided Chlamydomonas reinhardtii biomass. Asterisks indicate a
significant change in the average response from before and during algae consumption. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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