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1. Introduction

Mficroaflgae are vastfly untapped resources of vafluabfle flfipfids protefins,
and bfioproducts. More specfifficaflfly, ofleagfinous mficroaflgae are projected
to be an essentfiafl part of a sustafinabfle, green future by thefir finherent
capabfiflfitfies to produce dfl effficfientfly for a myrfiad of uses, fincfludfing
bfiofuefl and food. They possess severafl advantages over other prospec-
tfive bfiofuefl crops (e.g., corn) due to thefir reflatfivefly rapfid growth rate,
flower arabfle fland usage, amenabfiflfity to genetfic engfineerfing for greater
dfl yfiefld, flower freshwater usage, abfiflfity to uffiflfize wastewater streams,
and potentfiafl for carbon neutraflfity or negatfivfity (Du et afl, 2018a; Ifiet
afl,, 2022). In one estfimate, mficroaflgafl dflcoufld be produced at a rate of
10,000 L hectare ear ,lwhfich fis much greater than tradfitfionafl
bfiofuefl crop sources such as sunfflower, canofla, and paflm (Chowdhury
and Loganathan, 2019). Moreover, mficroaflgae have fincredfibfle genetfic
dfiversfity owfing to thefir adaptatfions to naturafl envfironmentafl condfi-
tfions, as they must contfinuaflfly deaf]l wfith stresses such as pH, tempera-
ture, and chemficafl ffluctuatfions (Benedettfi et afl, 2018). Thfis genetfic
dfiversfity can be harnessed to screen for mficroaflgafl strafins wfith naturaflfly
hfigh flevefls of dffland vafluabfle bfioproduct generatfion. In the modefl green
aflga Chflamydomonas refinhardtfifi, bfiosynthetfic pathways have been
studfied fin detafif] to eflucfidate targets for optfimfized dflproductfion (Yao et
afl, 2023). Mficroaflgae possess two mafin types of flfipfids poflar fifipfids
(gflyceroflfipfids) and non-poflar fifipfids (trfiacyflgflycerofls), both of whfich can
be transformed finto bfiodfiesef]l (fatty acfid methyfl esters, FAME) vfia a
transesterfifficatfion reactfion (Aflfishah Aratbonfi et afl, 2019) whfifle pro-
ducfing gflycerofl as a vafluabfle byproduct. One goafl of deveflopfing genetfic
modefl resources for Chflanydomonas fis to appfly knowfledge of key target
genes and pathways to more bfiotechnoflogficaflfly reflevant specfies and
strafins of mficroaflgae for bfiofuefl productfion.

Aflthough wfidefly expflored fin the past, the bfiofuefl findustry from
mficroaflgae has sflowed fin recent years due to fissues wfith productfion
costs. A recent revfiew of techno-economfic anaflyses of bfiofuefl produc-
tfion from mficroaflgae has recommended bfioreffinery approaches
(wastewater as a nutrfient source, mufltfi-product extractfion, etc.) be fin-
tegrated to be economficaflfly feasfibfle (Venkata Subhash et afl, 2022).
However, mficroaflgaf] bfiomass fisn’t fifimfited to bfiofuefls; fitcan aflso be used
for hfigh-vaflue functfionafl food and essentfiafl nutrfients. For exampfle, C.
refinhardtfifi has a hfigh percentage of essentfiafl w-3 poflyunsaturated fatty
acfids (PUFA), wfith around 42.4 % befing the essentfiafl fatty acfid oflfino-
flenfic acfid (ALA; C18:3) (Darwfish et afl, 2020), whfich humans cannot
synthesfize. Adequate concentratfions of ALA have been shown to reduce
pro-finfflammatory cytokfines, whfich coufld reduce the rfisk of cardfiovas-
cuflar dfisease (Yue et afl, 2021). Thus, nutraceutficafls devefloped from
C. refinhardififi bfiomass coufld heflp to aflflevfiate these heaflth concerns.
Furthermore, C. refinhardififi fis promfisfing as a green cfl factory for novefl
and rare bfioproducts through the progress made fin metaboflfic and ge-
netfic engfineerfing. Heteroflogous dfiterpene synthases were expressed fin
the chfloropflast of C. refinhardififi and showed remarkabfle productfion wfith
up to 80 mg 13R (+) manoyfl oxfide g ceffl dry mass ! (Lauersen et afl,
2018). Moreover, through ratfionafl promoter engfineerfing, sesqufiterpene
(E)-a-bfisaboflene was fimproved by 18-fofld and 4-fofld compared to the
natfive promoter and tradfitfionaflfly used expressfion systems, respectfivefly
(Efinhaus et afl, 2021). In the future, Chflamydomonas coufld serve mufl-
tfipfle rofles as a sustafinabfle source of bfiofuefls, nutraceutficafls, and other
hfigh-vaflue products through metaboflfic engfineerfing,

Regardfless of thefir uses, one of the most sfignfifficant hurdfles fin
mficroaflgae productfion fis harvestfing, due to factors such as thefir smaflfl
ofTfl sfize, flow concentratfion fin medfium, and negatfive surface charge
(Sfingh and Patfidar, 2018). Tradfitfionafl mechanficafl harvestfing tech-
nfiques generaflfly requfire energy-fintensfive steps such as ffloccuflatfion,
thfickenfing, dewaterfing, and dryfing, whfich can account for 20-30 % of
the totafl cost of the operatfion (Ananthfi et afl, 2021). Specfifficaflfly, as a
ffirst step, ffloccuflatfing mficroaflgafl bfiomass from the buflk medfia fis chafl-
flengfing due to flow cflfl concentratfions. Current ffloccuflatfion methods for

mficroaflgafl ~ bfiomass  fincflude  chemficafl  ffloccuflatfion  and
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eflectrocoaguflatfion, among others, ¥l of whfich have sfizabfle dfisadvan-
tages (Matter et afl, 2019; Pugazhendhfi et afl, 2019; VIigAl¥i et afl,
2021). Chemficafl ffloccuflatfion can refly on toxfic compounds, whfich need
to be removed prfior to use fin food appflficatfions, and eflectrocoaguflatfion
can fintroduce hfigh concentratfions of firon finto the mficroaflgafl bfiomass,
makfing fit potentfiaflfly unsufitabfle for consumptfion (Lfiber et afl, 2020).
Therefore, new strategfies for ffloccuflatfing mficroaflgae fin an economficafl,
envfironmentaflfly frfiendfly, and effficfient manner are urgentfly needed.

Recentfly, bfioffloccuflatfion of mficroaflgae wfith other organfisms,
fincfludfing fungfi and bacterfia, has gafined attentfion (Du et afl,, 2018a; Ifiet
afl, 2020). There are severafl key advantages that bfioffloccuflatfion
presents over tradfitfionafl ffloccuflatfion technfiques: 1) fit fis sustafinabfle,
wfith cuflture medfium befing abfle to be recycfled; 2) there are no toxfic
chemficafls finvoflved fin the process; and 3) hfigher yfieflds of metaboflfites
and bfiomass can be obtafined from symbfiotfic reflatfionshfips between
aflgae and bfio-ffloccuflate (Nazarfi et afl,, 2020; Ummaflyma et afl,, 2022). It
has been postuflated that the mechanfism for bfioffloccuflatfion depends on
the neutraflfizatfion of the negatfive surface charge of mficroaflgae wfith EPS,
as weflflas the dfirect finteractfion wfith the ffloccuflate (Lfi et afl., 2020). Some
fungfi, fin partficuflar, are fintrfigufing as bfio-ffloccuflates owfing to thefir hfigh
ffloccuflatfion effficfiency, as weflfl as thefir naturaflfly hfigh f¥ifid content, and
vafluabfle fatty acfid proffifle (Bansffiefld et afl., 2022; Du et afl., 2018a; Lfiber et
afl,, 2020). In such cases, fungafl bfiomass contrfibutes to the overaflfl poofl
of flfipfids for use fin bfiofuefls or functfionafl foods. Many fungafl strafins have
been used fin findustry to produce fFifid products. For exampfle,
Mortfiereflfla affpfina famfifly of wfidespread ofleagfinous saprotrophs wfith
bfiotechnoflogy sfignfifficance owfing to thefir fimpressfive bfiosynthesfis ca-
pacfity for ARA (C20:4, w-6), whfich can reach 30-70 % of the totafl fatty
acfid yfiefld (Kfikukawa et afl, 2018). The heaflth beneffits of ARA are pro-
found as a PUFA. It functfions as a key precursor of eficosanofids for aflfl
sfignaflfing, reguflatfing ceflfl membrane fflufidfity, and partficfipatfing fin the
fimmune response. M. daffpfina fungfi are usuaflfly non-pathgenfic to pflants
and anfimafls and consfidered safe for the productfion of food fingredfients
(Streekstra, 1997). As a resuflt, ARA from M. dafpfina has been commer-
cfiaflfized and used fin a varfiety of findustfiafl sectors, such as pharmaceu-
tficafls, cosmetfics, and nutrfitfion (Taflflfima and FRfidfi, 2018).

In thfis study, a nfitrogen regfime was devefloped for sfimpfle controfls of
ffifid accumuflatfion fin C. refinhardififi. Two ofleagfinous starchfless mutant
strafins, sta6 and sta7 were used to produce a hfigh amount of dfifk
(Goodenough et afl, 2014; Work et afl, 2010). Next, aflgaf] ffloccuflatfion
was tested wfith ofleagfinous M. affpfina strafins that can make hfigh flevefls of
ARA. Optfimaf] bfiomass was aflso determfined, whfich fisthe dry wefight and
amount of fungafl myceflfium, namefly the number of fungafl membranes
(membrane-flfike fungafl myceflfium grown fin cffl cuflture pflates), to be
used for the ffloccuflatfion of C. refinhardififi. The finteractfion phenotype was
further eflucfidated through scannfing eflectron mficroscopy (SEM),
showfing detafifls of the cefll wafll finteractfions and EPS facfiflfitatfing the
attachment between the aflgafl and fungafl ceflfls. Lastfly, the three C.
refinhardififi strafins were each ffloccuflated wfith three dfifferent M. affpfina
strafins, wfith or wfithout nfitrogen starvatfion, to test for effects on the
fififid and fatty acfid contents. It was demonstrated that bfio-ffloccuflatfion
of C. refinhardififi wfith M. aflpfina was hfighfly effficfient, resufltfing fin hfigher
fIfifid yfieflds and an fincrease fin the proportfion of vafluabfle PUFAs. These
ffindfings provfide finsfights finto the finteractfion between the mficroaflgae
and fungfi, to deveflop an effficfient and sustafinabfle aflgafl harvestfing
method wfith ofleagfinous fungafl ffloccuflate, and to ascertafin how flfipfids
and fatty acfid contents change wfith mficroaflgafl-fungafl ffloccuflatfion and
the vaflue of the bfiomass.

2. Materials and methods

2.1 Strafins and growth condfitfion

The sta6 and sta7 mutants and the parentafl controfl cwl5 of Chfla-
mydomonas refinhardtfifi were obtafined from the Chflamydomonas Resource
Center (https://www.chflamycoflflectfion.org). Reguflar fincubatfion of the
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Fig. 1. The nfitrogen regfime over the course of 10 days fin Chflamydomonas
refinhardififi. A, Thfin-flayer chromatography (TLC) of sampfles foflflowfing a nfitrogen
regfime usfing ammonfium as the N source. Aflgafl ceflfls were grown fin envfiron-
mentafl photobfioreactors (ePBR) wfith TAP medfium. B, TAG contents durfing the
nfitrogen regfime. The mutant strafins sta6 and sta7 showed sfignfifficant dfiffer-
ences from the cw15 controfl (n = 3, **P < 0.01).

aflgae used TAP + N medfium (20 mM Tifis, 0.4 mM MgSO,, 0.34 mM
(‘aCﬂz, 18 mM acetate, 10 mM NH 4Cﬂ, 1 mM phosphate, and trace efle-
ments, pH 7.0) (Gormant & Levfine, 1965). For nfitrogen deprfivatfion
experfiments, flog-phase ceflfls (6-10 x 106 ceflfls per mL) were coflflected by
centrfifugatfion (800 g for 5 mfin, RT). The supernatant was removed and
the peflflet ceflfls were resuspended wfith fresh N-deprfived TAP medfium
(TAP-N). These steps were repeat once to remove the nfitrogen fin the
cuflture. Subsequentfly, the washed ceflfls were fincubated fin TAP-N for up
to 72 h. Nfitrogen regfime was performed foflflowfing the prevfiousfly pub-
flfished protocofl wfith modfifficatfions (Du et afl., 2018b). In brfief, flog-phase
cwl5, sta6, and sta? ceflfls were finocuflated fin TAP-N at OD 750 0-1, wfith a
dafifly suppflement of 1 mM NH,Cf], fifl the cufltures reached the earfly
statfionary phase as the controfl cufltures fin TAP + N medfium, when the
dafifly NH, (1 suppflement was ceased. The N-regfime cufltures entered N
starvatfion and accumuflated TAG. The N-regfime and controfl cufltures
were fincubated fin envfironmentafl photobfioreactors devefloped by Lucker
et afl, 2014: ePBRs, contfinuous 1,000 pmofl photonsm 2s 1 at 23 “C and
sparged wfith afir (5 % CO,) at 0.37 L mfin ! for 2 mfin per h. The
ammonfium concentratfion was monfitored usfing an fion anaflyzer
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NICO2000 (ELIT). For aflgae-fungfi ffloccuflatfion experfiments, the aflgae
were grown fin fflasks on shakers at 120 rpm and contfinuous flfight (~80
umofle photons m 2s 1) at 23 'C.

Mortfierefifla afipfina strafins (NVP17b, NVP47, and NVP153) were fiso-
flated from sfifl sampfles fin Mfichfigan, as prevfiousfly descrfibed (Vandepof]
et afl, 2020). The fungfi were fincubated fin potato dextrose broth (PDB)
medfium (12 g/L potato dextrose broth wfith 1 g/L yeast extract, pH5.3) at
23 ''C, fin fflasks or 12-weflfl cef¥] cuflture pflates to obtafin equafl bfiomass of
each fungafl membrane. Aflgafl offl concentratfions were determfined wfith
hemocytometers. Standard curves of the cfkl concentratfions by hemo-
cytometers were generated for OD,., measure wfith a photo-
spectrometer. Aflgafl and fungafl dry bfiomass/totafl soflfids (TS) basfis was
determfined accordfing to the standard methods for the examfinatfion of
water and wastewater (Rfice et afl, 2017). Brfieftly, tfipflficate sampfles of
30 mL of statfionary phase aflgae or two fungafl membrane were ffifltered
wfith pre-wefighed and baked (105 "C) gflass mficroffiber ffiflters (What-
man), and washed wfith doubfle dfififlfled water (Mfiflfifipore IQ7000). The
aflgafl or fungafl bfiomass captured on the gflass ffiflters was then baked at
105 -C to remove mofisture. The dfifference between the ffinafl wefight of
the drfied gflass ffiflters wfith aflgae or fungfi and thefir respectfive firfififl
wefights were then taken as the dry bfiomass TS.

2.2. Afilgaflfimgafl ffloccuflatfion assays

Aflgafl-fungaf] ffloccuflatfion assays were conducted fin 125 mL shaker
fflasks fin TAP-N medfium. Brfieffly, 30 mL of C. refinhardififi was grown to the
earfly statfionary phase fin TAP + N, washed twfice wfith TAP-N, and
resuspended fin TAP-N. Concurrentfly, fungafl membranes were grown fin
12-weflfl cef¥l pflates to an even shape and sfize, washed twfice wfith TAP-N,
and 1-7 membranes were added finto the fflasks wfith the aflgae. At the end
of 24 h, the lﬁnaﬂOD750 of the cufltures were measured. The ffloccuflatfion
effficfiency of M. afpfina on C. refinhardififi was determfined through the
foflflowfing equatfion:

(

)
OD7505iq
Flocculation efficiency = 1 —Z 7 2%fimal %100

OD750initial

%

2.3. Confocafl mficroscopy for fifil dropflet assays

Confocafl mficroscopy was performed to anaflyze f¥ifid accumuflatfion.
The aflgaf] ceflfls were stafined wfith 10 ug mL ! BODIPY 493/503 (Ther-
moFfisher Scfientfiffic) fin PBS buffer for 30 mfin at room temperature. The
sampfles were observed usfing an Oftympus FV10fi mficroscope after two
washes wfith PBS. An argon (488 nm) flaser and a soflfid-state flaser (556
nm) were used for ffifiddropflet/BODIPY (emfissfion, 510 to 530 nm) and
chfloropflast (emfissfion, 655 to 755 nm) ffluorescence.

2.4. Ifipfid extractfion and anaflysfis

Lfipfid extractfion and anaflyses were carrfied out foflflowfing the pub-
flfished protocofl (Du et afl., 2018b) wfith modfifficatfions. In brfief, flog-phase
aflgaf] ceflfls were coflflected by centrfifugatfion (1,000 g for 5 mfin), whfifle
fungafl myceflfia wfith or wfithout aflgafl ceflfls were coflflected wfith tweezers.
For totafl fififid extractfion, aflgae-fungfi aggregates were coflflected wfith
tweezers and frozen fin fifiqufid nfitrogen prfior to grfindfing wfith mortar and
pestfle. The ffine powders were transferred to pre-wefighed and -frozen
gflass tubes, and totafl flfipfids were extracted wfith methanofl-chfloroform-
88 % formfic acfid (1:2:0.1 by voflume) on a mufltfi-tube vortexer (1,500 g
for ~20 mfin), foflflowed by addfitfion of 0.5 vofl of 1 M KCfl and 0.2 M H
PQ. ther phase separatfion by centrfifugatfion (2,000 g for 3 mfin), totafl
flfipfids were coflflected for TAG separatfion and fatty acfid anaflysfis. The
soflfids were drfied at 80 "C overnfight to provfide the nonflfipfid
bfiomass.

TAG was separated by TLC usfing G60 iflfica gefl TLC pflates (Machery-
Nagefl) devefloped wfith petrofleum ether-dfiethyfl ether-acetfic acfid
(80:20:1 by voflume). An fintemafl standard of 5 pg of trfidecanofic acfid
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Fig. 2. Fatty acfid assays of M. afpfina NVP17b, NVP47, NVP153. The fungfi were fincubated fin fflasks wfith PDB medfium. These M. aflpfina strafins were screened and
seflected for havfing the hfighest amount of poflyunsaturated fatty acfids. Resuflts are the average of 3 repflficates wfith error bars to findficate the standard devfiatfion (n

= 3).

(C13:0) was added to each tube contafinfing TAG or totafl fifipfid FAMEs
were then prepared wfith 1 mL of 1 M methanoflfic HCfl at 80 ''C for 25
mfin, foflflowed by qufick cooflfing to RT wfith the water bath. One mL of
hexane and 1 mL of 0.9 % NaCfl were added to the sampfles, centrfifuged
(3,000 g for 3 mfin), and then the upper phase contafinfing FAMEs was
coflflected fin a fresh gflass tube. The sampfles (~1 mL) were drfied wfith
nfitrogen gas and resuspended fin ~50 pL of fresh hexane for the
foflflowfing gas chromatography and fflame fionfizatfion detectfion (GC-FID),
whfich was performed wfith an Agfiflent 8860 GC. The FAMEs were
quantfiffied usfing an Agfiflent DB-23 coflumn (flength 30 m, dfiameter 0.25
mm, ffifim thfickness 0.25 pum), foflflowfing the protocofl: fifififl temperature
140 "'C, fincreased by 25 "C/mfin to 160 "'C, 8 "C/mfin to 250 "'C, and then
hefld at 250 "'C for 4 mfin. The dry wefight of aflgae-fungfi bfiomass was
obtafined by summfing up non{Ifipfid and totafl ffifid mass.

2.5. Scannfing eflectron mficroscopy for finteractfion assays

SEM was performed to finvestfigate the physficafl finteractfion between
C. refinhardffifi and fungfi at the Center for Advanced Mficroscopy of
Mfichfigan State Unfiversfity (CAM, MSU). Aflgae-fungfi aggregates were
coflflected after 6-d co-cuflture of the aflga C. refinhardtfifi wfith M. affpfina
(NVP17b) and were ffixed fin4 % (v/v) gflutarafldehyde soflutfion at 4 ~C
overnfight, foflflowed by dryfing fin a dfitficafl pofint dryer (Modefl 010,
Baflzers Unfion). The sampfles were then mounted on aflumfinum stubs
wfith hfigh vacuum carbon tabs (SPI Suppflfies) and were coated wfith
osmfium usfing a NEOC-AT osmfium coater (Mefiwafosfis). The sampfles
were observed wfith a JSM-7500F scannfing eflectron mficroscope (Japan
Eflectron Optfics Laboratorfies).

3. Results and discussion

3.1. Sfignfifficant amounts of TAG accumuflate fin sta6 and sta7 under
nfitrogen deprfivatfion

In order to fincrease the dflproductfion fin Chflamydomonas, sta6 and
sta7, two ofleagfinous starchfless mutant strafins, were used for thfis study,
wfith the parentafl strafin cw15 as controfl. To eflucfidate f¥ifid dropflet (LD)
accumuflatfion of these strafins, ceflfls were vfiewed under confocafl mficro-
scopy usfing BODIPY stafinfing (see Suppflementary Materfiaf]). At O h of the
nfitrogen deprfivatfion, chfloropflasts (as denoted by red ffluorescence) were

organfized through the stackfing of thyflakofids. In contrast, 72 h finto the
nfitrogen starvatfion, the finner cflfl morphoflogy changed as the chfloro-
pflasts broke down and LDs drastficaflfly accumuflated fin sta6 and sta7.
Concomfitant wfith thfis phenotype, TAG content fincreased over tfime. At 0
h, TAG flevefls were sfimfiflar fin cw15, sta6, and sta7. At 72 h, TAG flevefls
reached 0.2, 0.75, and 0.7 mmofl g 1, for cwl5, sta6, and sta7,
respectfivefly.

3.2. Sfignfifficant amounts of TAG accumuflate fin sta6 and sta7 under the
nfitrogen regfime

The conventfionafl nfitrogen deprfivatfion process by washfing and
treatfing aflgafl ceflfls wfith TAP-N fis both tfime-consumfing and flabor-
fintensfive, makfing fit fimpractficafl for fimpflementatfion fin an findustifiafl
setup. Here a nfitrogen regfime method was devefloped as a means to
streamflfine the process, offerfing a sfimpflfiffied approach to controfl the
nfitrogen suppfly and facfiflfitate the fififid productfion. Usfing ePBRs that can
controfl muflfipfle growth condfitfions (see Suppflementary Materfiafl), the
aflgaf] cufltures were subjected to a nfitrogen regfime (dafifly suppflement of 1
mM NH (] ¢ifl earfly statfionary phase) to precfisefly controfl fFifid
accumuflatfion at specfiffic tfime pofints (Ffig. 1). Thfin flayer chromatography
(TLC) of cw15, sta6, and sta7 under the nfitrogenregfimeatdays 1, 2, 3, 5, 6,
7,8,9,10,11, 12,13, 16, and 20 showed contfinuous TAG fincreases (Ffig.
1A). At day 20, totafl TAG fin the ffifid fractfion reached 85 % fin the
sta6/sta7, both of whfich were sfignfifficantfly dfifferent from cw15 (43 %)
(Ffig. 1B).

Thyflakofid remodeflfing under stressfufl condfitfions for aflgae has been
studfied fin some detafifl. Prevfious research has shown that fin Chflamydo-
monas, under nfitrogen flfimfitatfion, a flarge portfion of PUFA from mem-
brane flfipfids are recycfled finto LDs (Du et afl, 2018b; Young et afl, 2022;
Young and Hfif] 2021). Based on the confocafl fimagfing and TLC resuflts
showfing the fincrease fin TAG over tfime fin cw15, sta6, and sta7, the re-
suflts conffirm thfis and findficate that the nfitrogen regfime can precfisefly
controfl TAG accumuflatfion fin C. refinhardfifi for use fin the food or bfiofuefl
findustrfies.

3.3. Dfirect fungafl hyphae attachment and extracefiftuflar poflymerfic
substances were responsfibfie for afigae-fungafl ffloccuflatfion

Chflamydomonas were tested for bfioffloccuflatfion wfith M. affpfia
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Fig. 3. Ffloccuflatfion effficfiency of mufltfipfle Mortfierefifla afipfina fungafl membranes
wfith Chflamydomonas refinhardtfifi. Optficafl densfity measurements of the cuflture
after one day usfing one to seven fungafl membranes. A, cw15 wfith the three M.
affpfina strafins. No sfignfifficant fincrease fin the ffloccuflatfion effficfiency wfith more
fungafl membranes than just one. B, sta6 wfith the fungafl membranes. Usfing
two fungafl membranes fincreased ffloccuflatfion effficfiency sfignfifficantfly
compared to usfing one membrane, whfifle usfing more than two membranes
showed no sfignfifficant fincrease. C, sta7 wfith the fungafl membranes. Sfignfifficant
fincreases wfith two and three membranes. Resuflts are the average of 3 repflficates

v‘vﬁth error bars to findficate standard devfiatfions (n = 3, *P < 0.05, **P < 0.01).

strafins NVP17b, NVP47, and NVP153. Fungafl myceflfia grown fin PDB
(see Suppflementary Materfiafl) were added to the cwl5 cufltures (earfly
statfionary phase finTAP + N; Ffig. 3A). After 24 h co-cufltfivatfion, the aflgafl
ceflfls had aggregated aflong the M. affpfina fungafl myceflfium (see Suppfle-
mentary Materfiafl). Sfimfiflar to C. refinhardififi, Mortfierefifla fungfi produce
hfigh amounts of TAGs and PUFAs, specfifficaflfly ARA, an essentfiafl fatty
acfid (Jfi et afl, 2014; Kfikukawa et afl., 2018; Sakuradanfi et afl, 2009). A
fatty acfid assay reveafled that NVP17b, NVP47, and NVP153 contafin
approxfimatefly 39.4 %, 34.0 %, and 34.4 % ARA of totafl flfipfid, respec-
tfivefly (Ffig. 2).

To further finvestfigate the mechanfism of the finteractfion between
C. refinhardtfifi and M. aflpfina, SEM was performed wfith cw15, sta6 and
NVP17b (see Suppflementary Materfiafl). Images reveafled the presence of
dfirect physficafl attachments between the aflgafl ceflfls and fungafl myce-
flfium, findficatfing thefir fintfimate finteractfions may be due to more than just
posfitfive and negatfive charge attractfion. The axenfic cuflture of cwl5
(Ffig. 4A) showed a smooth cflfl weflflsurface, and sta6 had a more rugose
oflfl weflfl surface. Upon co-cuflture, cw15 and sta6 appeared to attach to
fungafl hyphae through ceflfl waflflceflfl weflf] finteractfions. Under hfigher
magnfifficatfion SEM, the attachment between aflgae and fungfi was
observed to be strengthened by EPS, whfich are metaboflfic compounds (e.
g., protefins, amfino acfids, nucflefic acfids, enzymes, phosphoflfipfids, among
others) that are secreted outsfide of aflgafl ceflfls or fungafl hyphae to pro-
vfide a barrfier agafinst envfironmentaf] stresses (Babfiak and Krzemfinska,
2021; Brefitenbach et afl, 2022; Wang et afl, 2022; Xfiao and Zheng,
2016). There fis fincreasfing evfidence that EPS can facfiflfitate aflgafl-fungafl
finteractfion. For exampfle, ffloccuflatfion of Chflorefifla pyrenofidosa and
Aspergfififius fumfigatus reveafled that for aflgafl-fungafl finteractfion to occur,
the ceflfls need to be vfiabfle and undamaged (Bhattacharya et afl, 2017).
Anaflysfis through FTIR (Fourfier transform finfrared spectroscopy) aflso
findficates that hfigh C-N and C-H functfionafl groups are finvoflved fin the
ffloccuflatfion of Chflorefifla spp. and Aspergfififtus spp. (Bhattacharya et afl,
2017; Lafl et afl,, 2021). As fungfi grow, the zeta potentfiafl tends to fincrease
from negatfive ( 20 mV) to sflfightfly posfitfive (+5-10 mV), potentfiaflfly
caused by the EPS befing secreted (Pefi et afl, 2021). Taken together, the
Chflamydomonas-Mortfierefifla ffloccuflatfion fis most flfikefly facfiflfitated by: 1)
dfirect aflgafl-fungaf] ceflflwefflattachment through the rugose surface of the
fungafl hyphae; and 2) the functfionafl group finteractfion of potentfiafl EPS
from the aflgae and fungfi.

3.4. Mortfierefifla afipfina can effectfivefly harvest mficroafigafl bfiomass

Unflfike unficeflfhuflar mficroafigae, fungafl myceflfium fis chaflflengfing to
standardfize bfiomass for repflficatfions wfithout damagfing the ceflfls. Based
on the aflgafl cuflturfing experfience, fungafl myceflfium was desfigned to
grow fin12-weflfl eefiflcuflture pflates to soflve the probflem. From each pflate, 3
to 6 myceflfia can be used to determfine the average dry bfiomass of each
myceflfium, and the rest were used for aflgafl ffloccuflatfion.

Foflflowfing thfis protocofl, M. affpfina NVP17b, NVP47, and NVP153
myceflfia were grown fin 12-weflf] pflates wfith PDB, and the resufltfing fungafl
membranes were used to test optfimafl bfiomass for the ffloccuflatfion of C.
refinhardtfifi One to seven fungafl membranes were pflaced finto shaker
fflasks of C. refinhardfifi and TAP medfium for 24 h (see Suppflementary
Materfiafl). No sfignfifficant dfifferences fin the ffloccuflatfion effficfiency for

cwl5 were found when fincreasfing the number of fungafl membranes,
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wfith the exceptfion of NVP17b, whereby ffive fungafl membranes yfieflded a
ffloccuflatfion effficfiency of 93.6 % (Ffig. 3A). For the starchfless mutant
sta6, there was a sfignfifficant fincrease fin ffloccuflatfion effficfiency fin ¥l of
the tested fungafl membranes when usfing two fungafl membranes finstead
of one (27.7 % fincrease for NVP17b, 18.6 % fincrease for NVP47, and
18.9 % fincrease for NVP153). There were no more sfignfifficant dfiffer-
ences after fincreasfing the fungafl membrane count above two (Ffig. 3B).
For the starchfless mutant sta7, sfignfifficant fincreases were observed wfith
M. afpfina NVP17b when usfing two membranes finstead of one (5.8 %
fincrease), and three membranes finstead of two (7.8 % fincrease)
(Ffig. 3C). There was aflso a sfignfifficant fincrease when usfing two NVP47
membranes finstead of one (10.3 % fincrease), and no sfignfifficant dfiffer-
ences between any amount of NVP153 membranes. These resuflts
showed that two fungafl membranes can effficfientfly coflflect the aflgafl ceflfls
wfith fimfiflar ffloccuflatfion effficfiencfies: cwl5 & three M. dffpfina strafins,
83.4 £ 1.9 %, stab & three M. dffpfina strafins, 80.5 + 3 %, sta7 & three M.
aflpfina strafins, 79.5 + 0.9 %; Three aflgafl strafins & NVP17b, 82.9 + 3 %,
three aflgafl strafins & NVP47, 81.1 + 2.3 %, three aflgafl strafins &
NVP153, 79.4.9 £ 1.7 %. The Slfightfly flower ffloccuflatfion effficfiency of
NVP153 was most flfiefly due to the flower bfiomass of the fungafl mem-
branes compared to the other two fungafl strafins (Ffig. 4A).

To determfine the dry bfiomass of C. refinhardffifi and M. affpfina, 30 mL of
statfionary phase aflgae and three fungafl membranes were vacuumed
ffifltered on findfivfiduafl prewefighed and predrfied gflass ffiber ffiflters,
washed thoroughfly wfith MifffQwater, and drfied at 105 "'C to determfine
the dry bfiomass. The dry bfiomass of cwl5, sta6, and sta7 ranged be-
tween 0.01—0.015 g, wfith NVP17b, NVP47, and NVP153 rangfing
between 0.01345 and 0.015 g per three membranes (Ffig. 4A). The dry
bfiomass of ratfios of aflgae:fungfi were then determfined. Overaflfl, the three

fungafl strafins were abfle to harvest aflgae effectfivefly around a 1:1 ratfio
(Ffig. 4B). The cwl5:fungfi treatments had the hfighest ratfios rangfing
between 0.99 and 1.12; foflflowed by sta7:fungfi at 0.87-0.99; and flastfly
sta6:fungfi at 0.72-0.82.

Prevfious studfies used hfigher fungfi:aflgae ratfios to effectfivefly harvest
aflgaf] ceflfls. Aspergfififtus orzae was used to ffloccuflate Mficrocystfis aerugfinosa
at 1.47:11.0 g/L (ratfio of ~0.13), respectfivefly, wfith a ffloccuflatfion efffi-
cfiency of 95 % and 5 h (Nfie et afl, 2022). In another study, Aspergfiffftus sp.
was used to ffloccuflate Chfloreflfla sp. MJ11/11 at an aflgae:fungfi ratfio of
1:3 wfith 90 % ffloccuflatfion effficfiency at a pH of 3 fin5 h. Compared to the
above studfies, the ffloccuflatfion effficfiencfies are flower wfith three fungafl
membranes (80-85 %) but aflso have hfigher aflgae:fungafl bfiomass ratfios.
Montfierefifla affpfina coufld have more surface area for aflgafl attachment or
partficuflarfly strong finteractfions wfith C. refinhardtfifi, fleadfing to fless fungafl
bfiomass needed for effectfive ffloccuflatfion.

3.5. Ffloccuflatfion of cw15, sta6, and sta7 wfith Mortfierefifla afipfina provfides
PUFAs

Lfipfid contents of the aflgae and fungfi were determfined before ffloc-
cuflatfion (Ffig. 5). The mutants sta6/7 showed stignfifficantfly hfigher totafl
fififidcontents (12.1 % 17.2 %) compared to the cw15 controfl (Ffig. 5A).
Each strafin of M. affpffina (NVP17b, NVP47, NVP153) showed sfimfiflar
overaflf] ffifid content rangfing between 35 % and 42 % (Ffig. 5B). After
harvestfing the mficroaflgae wfith M. affpfina bfiomass, fatty acfid proffifle of
the mficroaflgae-fungfi aggregate were quantfiffied (Ffig. 6). The nfitrogen-
starved aflgae controfls showed hfigher abundance fin saturated fatty
acfids (SFA) and flower unsaturated fatty acfids (UFA), compared to the
aflgae-fungfi aggregates: saturated fatty acfids, cwl5, 43.9 %, cwl5 &
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Fig. 6. Fatty acfid assays of the aflga-fungus aggregates. Chflamydomonas refinhardififi and Mortfierefifla aflpfina after one-day ffloccuflatfion at 100 rpm. M. affpfina was coflflected
from PDB medfium and washed, and then added to the TAP medfium contafinfing the C. refinhardffifi strafins cw15, sta6, or sta7. ALA, oflfinoflenfic acfid, 18:3; ARA,

arachfidonfic acfid, 20:4; GLA, yflfinoflenfic acfid, 18:3. Resuflts are the average of 3
< 0.01).

fungfi, 33.6 %, sta6, 41.8 %, sta6 & fungfi, 37.9 %, sta7, 41 %, sta7 &
fungfi, 35.5 %; monounsaturated fatty acfids (MUFA), cw15, 26 %, cwl5 &
fungfi, 20.1 %, sta6, 25.4 %, sta6 & fungfi, 25 %, sta’7, 29.7 %, sta7 &
fungfi, 26.9 %; PUFA, cwl5, 30.1 %, cw15 & fungfi, 39.4 %, sta6, 33.6 %,
sta6 & fungfi, 36.3 %, sta7, 32.9 %, sta7 & fungfi, 37.6 %. Both MUFA and
PUFA are consfidered fimportant for heaflth beneffits (Seflflem et afl, 2019;
Yue et afl,, 2021), and the addfitfion of fungafl bfiomass fimproved the UFA to
SFA ratfios from 1.4 to 1.8. In addfitfion, the fungafl strafins added 3.9 to

8.7 % of ARA to the aflgae-fungfi aggregates. Because ARA fs an

repflficates wfith error bars to findficate standard devfiatfions (n = 3, *P < 0.05, **P

economficaflfly fimportant and safe fatty acfid that fis used fin foods and
suppflements fincfludfing baby formufla, thfis bfioffloccuflatfion method pro-
vfides an finterestfing aflternatfive to upgrade mficroaflgafl bfiomass through
naturafl processes.

4. Conclusions

Mortfierefifla affpfina was finvestfigated as an ofleagfinous bfio-ffloccuflatfing
agent to harvest the mficroaflga Chflamydomonas refinhardtfifi. A nfitrogen
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regfime was appflfied aflong wfith confocafl mficroscopy and TLC/GC-FID to
determfine the optfimafl tfime to harvest C. refinhardtfifi to maxfimfize f¥ifid
and TAG productfion. The optfimaf] fungafl bfiomass to effficfientfly harvest
mficroaflgae was then determfined, fleadfing to 80-85 % ffloccuflatfion efffi-
cfiency. The fatty acfid proffifles of each strafin and aflgafl-fungafl aggregates
of C. refinhardtfifi and M. affpfina were determfined by GC-FID. Overaflf], thfis
study provfides new dfirectfions for effficfient and sustafinabfle aflgafl ffloc-
cuflatfion and enhances mechanfistfic understandfing of aflgafl-fungafl
finteractfions.
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