lonic Silver affects Lettuce Growth, Nutrient Uptake, Microbiome and Metabolome in a Hydroponics System
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Background
Spacecraft may utilize controlled-release silver technology in potable | * Using a hydroponics system, lettuce p.lants exposed to silver-treated water showed Jr— .
L N : : : . reduced growth for shoots at 31 ppb silver and severely stunted growth at 125 and H root 31 ppb Hroot 125pP0  —iogiouaiue) Yy [P
water systems. Ionic silver (Ag") 1s being investigated as a residual 500 ppb 0 3 gl Moeiingimirinis
biocide for use in NASA spacecraft potable water systems on future ' —— ’ A 0 a & | i st i
. . . —— B S o O 22 L] F PWY-6282: palmitoleate biosynthesis | (from (5Z)-dodec-5-enoate
crewed missions. Currently, plant chambers such as the Advanced Plant L= = — Qi o o Ty AT ‘ Qs O [rwosswmriomsimn |
. . . . . 7 - - ; - o P ~ : 260 ° L NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative branch) |
Habitat on the International Space Station recycle their own transpired | : = ol oo rore e o frooin
water but require potable water to prime their water tanks and plumbing, Ag" treatment Do 24 n 8t gl ot
. . . PP 3.63 L PWY-5138: fatty acid &beta;-oxidation IV (unsaturated, even number
and for water volume replenishment. This water will also be used to Ag' treatment B | |
irrigate future spaceflight crop production systems; however, imparted P irsdimar “* Metagenomics: Thirteen differentially enriched pathways for the 125ppb silver-
silver ions are not planned to be removed from the potable water .y treated hydropf)mc root samples over.lap with the differentially enriched pathways of
: : Ce . the 500 ppb silver-treated hydroponic root samples when compared to the control
effluent. We recently published on the evaluation of 1onic silver levels | | S , , .
on the srowth. nlant nutrient content. and root zone microbiome of the ** The 125 ppb and 500 ppb 1onic silver treatments displayed representatives hydroponic root samples.

g » P . ‘ ’ : . of Shingomonas, Sphingobium, Ralstonia, Novoshingobium, and Cupriavidus in % Metabolomics: PCA of total plant/microbe metabolites cluster according to
space crop, Lactuca Sqtlva CV. .Out.redgeous | lettuce. .Prlor to that work, the roots and water of the hydroponic water tray but in different relative control/31 ppb and 125/500 ppb silver water exposure. Upregulated metabolites
there were no established guidelines for its use 1n the space crop abundances. illustrate the expression of enriched gene pathways found in metagenomics analysis.
production setting. ¢ Shannon diversity for roots is not significantly different among treated and (e.g. palmitoleate biosynthesis and glyoxylate cycle) e

control but 1s significant for hydroponic water samples.
s Alpha diversity of the hydroponic water tray increases over time irrespective of ‘
silver concentration. s o o o
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Introduction

length=0.298

Our work 1n Lactuca sativa cv. ‘Outredgeous’ lettuce determined that in

a substrate-based system such as arcillite, lettuce plant growth, nutrient
content, microbial diversity, and abundance are not affected by BN I[=1dglele 30 g loTgd[A0]§dU1]<

irrigation water with as high as 500 ppb 1onic silver (Spencer et al. Lettuce (Lactuca sativa cv. ‘Outredgeous’) was grown in environmental
2024). H r. in a hvdr ni tem. lett lant X t growth chambers (Percival PGW-48, Perry, |IA, USA) located in the

] ) OWEVEL, yd Oponics systemn, 1eluce p 5 CXPp OSGFl O Space Station Processing Facility at NASA Kennedy Space Center,
silver-treated water showed reduced growth for shoots at 31 ppb silver | Fiorida (located at sea level with an atmospheric pressure of ~101 kPa).

The chamber air temperature, relative humidity (RH), and CO, levels
and severely stunted growth at 125 and 500 ppb. Lettuce leaves from the | | "= = 0 08 °C. 50% and 3000 opm, respectively, for al

hydroponic system showed the accumulation of silver and a reduced | tests. These set points were selected to simulate an average

. . . . environment of the ISS. Lighting was provided by overhead light-
uptake of other essential elements as the silver concentration increased. | ¢niting diode (LED) grow nghts g(lPercivaFI) Perry A USA). A dilution

It was also observed that the number of microbes associated with roots | series of ionic silver was selected to encompass: (1) the highest
possible dose (500 ppb) to dispense from the potable water system; (2)

and water from the gI’OWth trays of the hydI'OpOIIlC SyStem increased as a dose (~125 ppb) close to the acceptable drinking water dose limits of

the concentration of silver increased. In our present study, we | silver, whichis 100 ppb; and (3) the lowest dose (31 ppb) to represent a .
dose thought to have next to no adverse effects in a substrate-based Left Cart Right Cart
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Hh,ffm%%gmmh%ﬁ,riﬂgﬁmgm%m{igig;i&i;q «% Metabolomics: A machine learning model comparing group 1
; ‘ (control/31 ppb) to group 2 (125/500 ppb) metabolites
illustrates, in red, the significant metabolites with 95%
confidence which demarcate the treatment groups. Stars mark
upregulated genes from differential expression analysis above.

investigate the metabolome of the shoots and the roots of the lettuce | system as reported in the literature. The metagenomes of bacteria which colonized the roots of lettuce treated with

: . Treatments included one control and three dilutions of Ag* residual biocide water (0O ppb/control, 31 ppb, .. i ) i . .
plants grown under the three silver concentrations to understand what 125 ppb, and 500 ppb). Each treatment was applied to two Nutrient Film Technique (NFT) hydroponic | 125 or 500 ppb 1onic silver in a hydroponic growth bed exhibited an enrichment

positioned to minimize chamber effects. Each experiment was repeated with three grow outs to obtain a

biological replication of three.

this plant-microbial interaction. cycle as compared to lettuce roots under the control treatment without ionic

e ————— Pt Arcilite was autoclaved and amended with 7.5 g/L T70 16-6-8 Nutricote controlled-release fertilizer. Pots | silver. The glyoxylate cycle is an anaplerotic pathway - meaning the cycle carries
= N were manually irrigated and checked daily. The hydroponic system water contained 0.5 x t chemical ti t ide int diat f tabol; fth
: py ¥ 5 | ‘ 3 ] § o Hoagland’s/Arnon solution. Each system had pH and electrical conductivity (EC) checked and adjusted 01.1 ¢ emlc.a reé'c 1005 10 proviac in egpe 1ales necessary .01‘ méeta O 1sm - O - C
s afln ol ol . 1 5 ] 5] manually daily. Nutrient solution changeouts were completed weekly. Plant samples were harvest after | tricarboxylic acid cycle (Ramirez-Trujillo et al. 2016). This results in the ability
\@ w \ »';“' / Oppb Ag+ LA % % n % 50004 g 50,000 28 da S Of ro th . ca e .
i|| ; s for bacteria to utilize acetate, fatty acids, or poly-B-hydroxybutyrate (PHB) as
S Methods: Molecular precursors to drive metabolism and generate carbohydrates. Non-targeted
. metabolomics of the same samples from the metagenomics study showed a
ppb Ag+ fon Phosphorus Sulfur : . . . ® . .
- i ‘ Following DNA isolation, 1 pg of each sample was processed using NEBNext® Microbiome DNA di lat; £ ol lat tabolit A th
r— m—— . Enrichment Kit (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s COrr.espon m.g upreguia 1(.)n oL g yqu atc pr.ecursor me da0o0 1 CS. mopg CSC arc
Rl H £ ] g | T \ recommendations. Microbial enriched fractions were quantified using a Qubit dsDNA HS kit (Invitrogen, | the intermediates of palmitoleate biosynthesis. Palmitoleate 1s the conjugate base-
. ool H Carlsbad, CA, USA). Shotgun metagenomic sequencing libraries were prepared using an lllumina DNA : NP :
125ppb A : 3 ; . A . . . . . -
PP gt f Iﬂjﬂ Prep library preparation kit with unique dual indexes via IDT for lllumina DNA/RNA UD Indexes (lllumina th.e form when E%Il acid donates a pI‘OtOIl. of palmlt()lelc aC.ld. In th.e cogtext of
: jﬂlﬂ \ s Inc., San Diego, CA, USA). Libraries were sequenced as paired-end 150 bp sequences on a NextSeq | this study palmitoleate-related fatty acids may be protective or signaling for
S e o 1000 instrument (y1 .5._0.42699) at Kgnnedy Space Center. MgtaPhIAn3 was used_ to provide the relative microbes that associate with lettuce roots under silver stress. Arginine also
abundances of microbial genera within the samples by mapping the metagenomic forward and reverse i , ] ) , i
200ppLiAgH reads to a set of clade-specific marker sequences representing bacterial and archaeal phylogenies. The | appears to have a role in this relatlonshlp either as a nitrogen or carbon source.
Arcillite cla Hvdroponic travs B MetaPhlAn3 output also provided a breakdown of the genomic pathways associated with 126
(Substrate—ba)s/ed ()éubsptrate-les)é metagenomic samples with associated pathway abundances. AC kn OWledgm e ntS
growth setup) growth set up)
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Methods: Chemical Thank you to NASA Science Technology Mission Directorate (STMD) for Center
Innovation Funding (CIF) in fiscal year 2022 to carry out this work.
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S ) ICP-OES instrument (Thermo Fisher . EREER SO o

Scientific iCAP 7000, Waltham, MA, USA) 30.:i:'i,igiiiii}i‘f'in-i";f'ti; NI .

s o o] was used for elemental analysis of lettuce : | THIHRE [ R S References
“ ﬁ l_ leaves. Metabolomic analysis was carried

l.}i— out by Metabolon for lettuce roots and

—— i . output was visualized using MetaboDiff: an
i a R package for differential metabolomic ]
* analysis and ‘MetabWorkflow’ from CIMCB. - :
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