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Ionic Silver affects Lettuce Growth, Nutrient Uptake, Microbiome and Metabolome in a Hydroponics System

Spacecraft may utilize controlled-release silver technology in potable
water systems. Ionic silver (Ag+) is being investigated as a residual
biocide for use in NASA spacecraft potable water systems on future
crewed missions. Currently, plant chambers such as the Advanced Plant
Habitat on the International Space Station recycle their own transpired
water but require potable water to prime their water tanks and plumbing,
and for water volume replenishment. This water will also be used to
irrigate future spaceflight crop production systems; however, imparted
silver ions are not planned to be removed from the potable water
effluent. We recently published on the evaluation of ionic silver levels
on the growth, plant nutrient content, and root zone microbiome of the
space crop, Lactuca sativa cv. ‘Outredgeous’ lettuce. Prior to that work,
there were no established guidelines for its use in the space crop
production setting. 

Our work in 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
irrigation water with as high as 500 ppb ionic silver (Spencer et al.
2024). However, in a hydroponics system, lettuce plants exposed to
silver-treated water showed reduced growth for shoots at 31 ppb silver
and severely stunted growth at 125 and 500 ppb. Lettuce leaves from the
hydroponic system showed the accumulation of silver and a reduced
uptake of other essential elements as the silver concentration increased.
It was also observed that the number of microbes associated with roots
and water from the growth trays of the hydroponic system increased as
the concentration of silver increased. In our present study, we
investigate the metabolome of the shoots and the roots of the lettuce
plants grown under the three silver concentrations to understand what
metabolites are altered in the plant and what metabolites may be guiding
this plant-microbial interaction.

Lettuce (Lactuca sativa cv. ‘Outredgeous’) was grown in environmental
growth chambers (Percival PGW-48, Perry, IA, USA) located in the
Space Station Processing Facility at NASA Kennedy Space Center,
Florida (located at sea level with an atmospheric pressure of ~101 kPa).
The chamber air temperature, relative humidity (RH), and CO2 levels
were maintained at 23 °C, 50%, and 3000 ppm, respectively, for all
tests. These set points were selected to simulate an average
environment of the ISS. Lighting was provided by overhead light-
emitting diode (LED) grow lights (Percival, Perry, IA, USA). A dilution
series of ionic silver was selected to encompass: (1) the highest
possible dose (500 ppb) to dispense from the potable water system; (2)
a dose (~125 ppb) close to the acceptable drinking water dose limits of
silver, which is 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
system as reported in the literature. 
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v 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.

Following DNA isolation, 1 µg of each sample was processed using NEBNext® Microbiome DNA
Enrichment Kit (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s
recommendations. Microbial enriched fractions were quantified using a Qubit dsDNA HS kit (Invitrogen,
Carlsbad, CA, USA). Shotgun metagenomic sequencing libraries were prepared using an Illumina DNA
Prep library preparation kit with unique dual indexes via IDT for Illumina DNA/RNA UD Indexes (Illumina
Inc., San Diego, CA, USA). Libraries were sequenced as paired-end 150 bp sequences on a NextSeq
1000 instrument (V1.5.0.42699) at Kennedy Space Center. MetaPhlAn3 was used to provide the relative
abundances of microbial genera within the samples by mapping the metagenomic forward and reverse
reads to a set of clade-specific marker sequences representing bacterial and archaeal phylogenies. The
MetaPhlAn3 output also provided a breakdown of the genomic pathways associated with 126
metagenomic samples with associated pathway abundances.

Treatments included one control and three dilutions of Ag+ residual biocide water (0 ppb/control, 31 ppb,
125 ppb, and 500 ppb). Each treatment was applied to two Nutrient Film Technique (NFT) hydroponic
systems (each containing 8 plants) providing n = 16 technical replicates. Trays/systems were randomly
positioned to minimize chamber effects. Each experiment was repeated with three grow outs to obtain a
biological replication of three.
Arcillite was autoclaved and amended with 7.5 g/L T70 16-6-8 Nutricote controlled-release fertilizer. Pots
were manually irrigated and checked daily. The hydroponic system water contained 0.5 ×
Hoagland’s/Arnon solution. Each system had pH and electrical conductivity (EC) checked and adjusted
manually daily. Nutrient solution changeouts were completed weekly. Plant samples were harvest after
28 days of growth. 

ICP-OES instrument (Thermo Fisher
Scientific iCAP 7000, Waltham, MA, USA)
was used for elemental analysis of lettuce
leaves. Metabolomic analysis was carried
out by Metabolon for lettuce roots and
output was visualized using MetaboDiff: an
R package for differential metabolomic
analysis and ‘MetabWorkflow’ from CIMCB.

Substrate-based 
(arcillite)

Hydroponic

1 | 2−hydroxybutyrate/2−hydroxyisobutyrate | 3−methylglutaconate

2 | 2'−deoxyadenosine | 3−methylhistidine

3 | 1−linolenoyl−GPG (18:3)* | 1−linolenoylglycerol (18:3)

4 | 1−linolenoyl−digalactosylglycerol (18:3)* | 1−linolenoyl−sulfoquinovopyranosyl−glycerol (18:3)*

5 | 1−palmitoyl−2−linolenoyl−GPG (16:0/18:3)* | 2−hydroxyadipate

6 | 1−linoleoyl−2−linolenoyl−digalactosylglycerol (18:2/18:3)* | 1,2−dilinoleoyl−digalactosylglycerol (18:2/18:2)*

7 | 3−formylindole | 3−methyl−2−oxovalerate

8 | 1−methyladenosine | 1−oleoylglycerophosphate (18:1)

9 | 1−palmitoyl−GPA (16:0) | 1−palmitoyl−GPI (16:0)

10 | 1−linolenoyl−GPI (18:3)* | 1−palmitoleoyl−GPA (16:1)*

11 | 1−palmitoyl−2−linoleoyl−digalactosylglycerol (16:0/18:2)* | 1−palmitoyl−2−linoleoyl−galactosylglycerol (16:0/18:2)*

12 | 1−margaroyl−2−linoleoyl−GPC (17:0/18:2)* | 1−oleoyl−2−linoleoyl−GPE (18:1/18:2)*

13 | 2'−AMP | campesterol

14 | 1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)* | 1−oleoyl−2−linoleoyl−GPC (18:1/18:2)*

15 | 1−linoleoyl−GPE (18:2)* | 1−palmitoyl−GPG (16:0)*

16 | 2,3−dihydroxy−3−methylvalerate | aspartate

17 | 1−linoleoyl−GPI* (18:2)* | 1−linoleoyl−GPS (18:2)*

18 | 1−linoleoyl−2−linolenoyl−GPA (18:2/18:3)* | 1−palmitoyl−2−linolenoyl−GPA (16:0/18:3)*

19 | 3−(4−hydroxyphenyl)lactate (HPLA) | 5−(2−hydroxyethyl)−4−methylthiazole

20 | 1−palmitoyl−GPC (16:0) | 1−palmitoyl−GPE (16:0)

21 | caffeate | inosine

22 | arabinose | feruloylquinate (2)

23 | 3−hydroxybutyrate (BHBA) | 4−imidazoleacetate

24 | 1−linolenoyl−galactosylglycerol (18:3)* | 2−linolenoyl−galactosylglycerol (18:3)*

25 | dehydroascorbate | galactonate

26 | 2S,3R−dihydroxybutyrate | 3−deoxyoctulosonate

27 | 1−palmitoyl−digalactosylglycerol (16:0)* | 1−palmitoyl−galactosylglycerol (16:0)*

28 | 1−linoleoyl−galactosylglycerol (18:2)* | 1−linoleoyl−sulfoquinovopyranosyl−glycerol (18:2)*

29 | 1−linolenoyl−GPA (18:3)* | 1−linoleoyl−GPA (18:2)*

30 | arginine | dimethylarginine (ADMA + SDMA)

31 | isoleucine | leucine

32 | 1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)* | 3−(3−amino−3−carboxypropyl)uridine*

33 | 1−stearoyl−GPI (18:0) | 2,6−dihydroxybenzoic acid

34 | citraconate/glutaconate | CMP

35 | 1−palmitoyl−2−oleoyl−GPI (16:0/18:1)* | 2−oxoarginine*

36 | 1−palmitoyl−2−linoleoyl−GPI (16:0/18:2) | 6−oxopiperidine−2−carboxylate

37 | 2−aminoadipate | 2−dimethylaminoethanol

38 | laurate (12:0) | N−acetylproline

39 | glycine | glycylproline

40 | (N(1) + N(8))−acetylspermidine | 1−methyladenine

41 | 2−linoleoyl−GPA (18:2)* | acetylcarnitine (C2)

42 | 3,4−dihydroxybutyrate | chiro−inositol

43 | 1−linoleoyl−GPC (18:2) | 1−linoleoyl−GPG (18:2)*

44 | 1−linoleoyl−digalactosylglycerol (18:2)* | 1−linoleoylglycerol (18:2)

45 | FMN | gamma−glutamylisoleucine*

46 | 1−linolenoyl−GPC (18:3)* | 1−linolenoyl−GPE (18:3)*

47 | 4−hydroxycinnamate | heme

48 | alpha−tocopherol | beta−alanine

49 | N,N−dimethyl−pro−pro | N,N,N−trimethyl−alanylproline betaine (TMAP)

50 | 1−kestose | 1,1−kestotetraose

51 | 1−palmitoyl−2−linoleoyl−GPE (16:0/18:2) | 1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)*

52 | 1−linoleoyl−2−linolenoyl−galactosylglycerol (18:2/18:3)* | 1−palmitoyl−2−linolenoyl−digalactosylglycerol (16:0/18:3)

53 | 2,3−dihydroxy−2−methylbutyrate | 3−hydroxy−3−methylglutarate

54 | erythritol | guanosine

55 | 2−oleoylglycerol (18:1) | alanine

56 | 1−stearoyl−GPC (18:0) | kynurenine

57 | 2−hydroxybehenate | 2−hydroxynervonate*

58 | 2−ketogluconate | saccharopine

59 | aconitate [cis or trans] | allantoic acid
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1 | 1−linolenoyl−GPC (18:3)* | 1−linolenoyl−GPG (18:3)*

2 | 2−hydroxybutyrate/2−hydroxyisobutyrate | 2−linoleoyl−GPA (18:2)*

3 | 2,3−dihydroxy−2−methylbutyrate | 2,3−dihydroxyisovalerate

4 | 1−linoleoyl−2−linolenoyl−GPC (18:2/18:3)* | 1−oleoyl−2−linoleoyl−GPC (18:1/18:2)*

5 | 2−amino−4−cyanobutanoate | asparagine

6 | 1,1−kestotetraose | 2S,3R−dihydroxybutyrate

7 | 1−linoleoyl−GPC (18:2) | 1−linoleoyl−GPG (18:2)*

8 | 5−methylthioadenosine (MTA) | aspartate

9 | adenosine 5'−monophosphate (AMP) | coumaroylquinate (4)

10 | 1−palmitoyl−GPC (16:0) | 1−palmitoyl−GPE (16:0)

11 | 1−linolenoyl−digalactosylglycerol (18:3)* | 1−linolenoyl−sulfoquinovopyranosyl−glycerol (18:3)*

12 | 12,13−DiHOME | 9,10−DiHOME

13 | 1−kestose | 2−aminoadipate

14 | 2−dimethylaminoethanol | 3,4−dihydroxybutyrate

15 | 1−linoleoyl−2−linolenoyl−GPA (18:2/18:3)* | 1−palmitoyl−2−linolenoyl−GPA (16:0/18:3)*

16 | 3−formylindole | chlorogenate

17 | arabitol/xylitol | N,N−dimethyl−pro−pro

18 | 3−ureidopropionate | 6−oxopiperidine−2−carboxylate

19 | 2−hydroxyadipate | carotene diol (3)

20 | 3−deoxyoctulosonate | allantoin

21 | 1−(1−enyl−palmitoyl)−2−palmitoyl−GPC (P−16:0/16:0)* | glycerate

22 | 1−oleoylglycerol (18:1) | alpha−tocopherol

23 | 1−linoleoyl−digalactosylglycerol (18:2)* | 1−oleoyl−GPC (18:1)

24 | N−lactoyl tyrosine | oleoylcholine

25 | 2−isopropylmalate | lysine

26 | feruloylquinate (2) | gluconate

27 | 2−methylcitrate/homocitrate | 3−hydroxylaurate

28 | 10−hydroxystearate sulfate | catechin

29 | gamma−aminobutyrate (GABA) | gamma−glutamylthreonine

30 | 1−linolenoyl−GPI (18:3)* | 1−linolenoylglycerol (18:3)

31 | (N(1) + N(8))−acetylspermidine | argininosuccinate

32 | 1−stearoyl−2−linoleoyl−GPC (18:0/18:2)* | 1−stearoyl−GPE (18:0)

33 | ascorbate (vitamin C) | delta−tocopherol

34 | 3−hydroxy−3−methylglutarate | 3−hydroxydodecanedioate*

35 | 3−phosphoglycerate | campesterol

36 | benzoate | palmitoleate (16:1n7)

37 | methylphosphate | N6,N6,N6−trimethyllysine

38 | 1−palmitoyl−GPG (16:0)* | 2−linoleoyl−GPC (18:2)*

39 | galactose 1−phosphate | phosphate

40 | methyl glucopyranoside (alpha + beta) | protocatechuic acid−3−glucoside

41 | dimethylarginine (SDMA + ADMA) | glycine

42 | carotene diol (1) | syringin

43 | beta−hydroxyisovalerate | deoxycarnitine

44 | 16−hydroxypalmitate | 2−hydroxylaurate
45 | N−delta−acetylornithine | N−methylproline

46 | fructose 1,6−diphosphate/glucose 1,6−diphosphate/myo−inositol diphosphates | X−23240

47 | 2−oleoylglycerol (18:1) | histidine betaine (hercynine)*

48 | 5−(2−hydroxyethyl)−4−methylthiazole | kynurenine

49 | glucosamine 6−phosphate | glucose 6−phosphate

50 | 1−linolenoyl−GPE (18:3)* | 1−palmitoyl−2−linolenoyl−digalactosylglycerol (16:0/18:3)

51 | 1−linolenoyl−galactosylglycerol (18:3)* | 1−palmitoyl−2−(hydroxylinoleoyl)−GPC (16:0/18:2(OH))*

52 | cysteinylglycine | flavin mononucleotide (FMN)

53 | 3−dehydroshikimate | coumaroylquinate (5)

54 | coniferyl aldehyde | methionine

55 | 2−hydroxysebacate | 2,4,6−trihydroxybenzoate

56 | 1−oleoyl−2−linoleoyl−GPE (18:1/18:2)* | caproate (6:0)

57 | 1,2−dipalmitoyl−GPC (16:0/16:0) | 2−hydroxynervonate*

58 | 1−stearoyl−GPC (18:0) | 4−imidazoleacetate

59 | 3−methylglutaconate | linolenoyl−linolenoyl−glycerol (18:3/18:3) [2]*
60 | 1−palmitoleoyl−2−linolenoyl−GPG (16:1/18:3)* | 1−palmitoyl−2−linolenoyl−galactosylglycerol (16:0/18:3)*

61 | 1−linoleoyl−sulfoquinovopyranosyl−glycerol (18:2)* | 3−aminoisobutyrate

62 | 2−oxoarginine* | 2,6−dihydroxybenzoic acid

63 | 1−linoleoyl−2−linolenoyl−digalactosylglycerol (18:2/18:3)* | 1−linoleoyl−2−linolenoyl−galactosylglycerol (18:2/18:3)*

64 | cytidine 5'−monophosphate (5'−CMP) | feruloylquinate (4)

65 | 2'−deoxycytidine | adenosine 2'−monophosphate (2'−AMP)

66 | 1−linoleoyl−GPS (18:2)* | fumarate

67 | alanine | citrulline

68 | adenine | arabinose
69 | 2'−deoxyadenosine | 5,6−dihydrouridine

70 | 1−linoleoyl−GPA (18:2)* | 1−palmitoyl−GPA (16:0)

71 | arabonate/xylonate | isocitric lactone

72 | 2−linolenoyl−galactosylglycerol (18:3)* | cyano−alanine

73 | 13−HODE + 9−HODE | 13−HOTrE

74 | 1−linolenoyl−GPA (18:3)* | 1−oleoyl−GPI (18:1)

75 | 5−oxoproline | X−22776

76 | anthranilate | gamma−glutamylglutamate

77 | 1−palmitoyl−2−linoleoyl−digalactosylglycerol (16:0/18:2)* | 3−(3−amino−3−carboxypropyl)uridine*

78 | 4−hydroxycinnamate | N−acetylmethionine sulfoxide

79 | glycerophosphoserine* | prolylglycine

80 | 3−indoleglyoxylic acid | cytosine

81 | gamma−glutamylalanine | oleoyl−linoleoyl−glycerol (18:1/18:2) [2]

82 | coumaroylquinate (3) | N6−carbamoylthreonyladenosine

83 | 1−linoleoyl−GPE (18:2)* | glycerophosphorylcholine (GPC)

84 | X−15523 | X−23477

85 | adenosine | nicotinate ribonucleoside

86 | alanylleucine | lysylleucine

87 | arginine | gamma−tocopherol/beta−tocopherol

88 | sebacate (C10−DC) | X−24027

89 | 1−palmitoleoyl−2−linolenoyl−GPC (16:1/18:3)* | 1−stearoyl−2−linoleoyl−GPE (18:0/18:2)*

90 | beta−sitosterol | N−acetylglucosamine 6−phosphate

91 | hypoxanthine | X−23243

92 | 7−methylguanine | dodecenedioate (C12:1−DC)*

93 | aconitate [cis or trans] | gulonate*

94 | 3−(4−hydroxyphenyl)lactate | 4−methyl−2−oxopentanoate

95 | 1−palmitoyl−2−oleoyl−GPI (16:0/18:1)* | dehydroascorbate

96 | 4−acetamidobutanoate | choline

97 | 1−palmitoyl−2−palmitoleoyl−GPC (16:0/16:1)* | 1−pentadecanoyl−2−linoleoyl−GPC (15:0/18:2)*

98 | hydantoin−5−propionate | X−23230

99 | 1−methyladenine | ribulose/xylulose

100 | 1−palmitoyl−2−linolenoyl−GPG (16:0/18:3)* | 1−palmitoyl−2−linoleoyl−GPS (16:0/18:2)

101 | N−acetylputrescine | pyruvate

102 | 1−palmitoleoyl−GPE (16:1)* | 1−palmitoyl−GPI (16:0)

103 | 2−hydroxybehenate | 2−oleoyl−GPC (18:1)*

104 | betaine | saccharopine

105 | 1−palmitoylglycerol (16:0) | 4−guanidinobutanoate

106 | 2,3−dihydroxy−3−methylvalerate | erucate (22:1n9)

107 | coumaroylquinate (2) | digalactosylglycerol*

108 | hexadecatrienoate (16:3n3) | phenyllactate (PLA)

109 | oleoyl ethanolamide | palmitoyl ethanolamide

110 | choline phosphate | S−methylmethionine

111 | 1−oleoyl−GPA (18:1) | O−sulfo−tyrosine

112 | 1−margaroyl−2−linoleoyl−GPC (17:0/18:2)* | 1−palmitoyl−2−palmitoleoyl−GPE (16:0/16:1)*

113 | 1−linoleoylglycerol (18:2) | N−carbamoylputrescine

114 | 2−piperidinone | nicotinamide riboside

115 | gamma−glutamylleucine | pyridoxate

116 | 4−hydroxyphenylacetate | dehydrophytosphingosine*

117 | jasmonic acid | lactate

118 | cytidine 2',3'−cyclic monophosphate | palmitoylcholine

119 | imidazole lactate | oxindolylalanine

120 | glutamate, gamma−methyl ester | phenethylamine
121 | citraconate/glutaconate | myo−inositol

122 | 2−palmitoylglycerol (16:0) | cysteine

123 | dimethylmalonic acid | oxalate (ethanedioate)

0 1.301trait value
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Control versus 500ppb silver treated rootsControl versus 31 ppb silver treated roots

v Using a hydroponics system, lettuce plants exposed to silver-treated water showed 
reduced growth for shoots at 31 ppb silver and severely stunted growth at 125 and 
500 ppb.

v The 125 ppb and 500 ppb ionic silver treatments displayed representatives
of Shingomonas, Sphingobium, Ralstonia, Novoshingobium, and Cupriavidus in
the roots and water of the hydroponic water tray but in different relative
abundances. 

v Shannon diversity for roots is not significantly different among treated and
control but is significant for hydroponic water samples.

v Alpha diversity of the hydroponic water tray increases over time irrespective of
silver concentration.

vMetagenomics: Thirteen differentially enriched pathways for the 125ppb silver-
treated hydroponic root samples overlap with the differentially enriched pathways of
the 500 ppb silver-treated hydroponic root samples when compared to the control
hydroponic root samples.

vMetabolomics: PCA of total plant/microbe metabolites cluster according to
control/31 ppb and 125/500 ppb silver water exposure. Upregulated metabolites
illustrate the expression of enriched gene pathways found in metagenomics analysis.
(e.g. palmitoleate biosynthesis and glyoxylate cycle)

The metagenomes of bacteria which colonized the roots of lettuce treated with
125 or 500 ppb ionic silver in a hydroponic growth bed exhibited an enrichment
of gene pathways associated with palmitoleate biosynthesis and the glyoxylate
cycle as compared to lettuce roots under the control treatment without ionic
silver. The glyoxylate cycle is an anaplerotic pathway - meaning the cycle carries
out chemical reactions to provide intermediates necessary for metabolism - of the
tricarboxylic acid cycle (Ramírez-Trujillo et al. 2016). This results in the ability
for bacteria to utilize acetate, fatty acids, or poly-β-hydroxybutyrate (PHB) as
precursors to drive metabolism and generate carbohydrates. Non-targeted
metabolomics of the same samples from the metagenomics study showed a
corresponding upregulation of glyoxylate precursor metabolites. Among these are
the intermediates of palmitoleate biosynthesis. Palmitoleate is the conjugate base-
the form when an acid donates a proton- of palmitoleic acid. In the context of
this study palmitoleate-related fatty acids may be protective or signaling for
microbes that associate with lettuce roots under silver stress. Arginine also
appears to have a role in this relationship either as a nitrogen or carbon source.
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