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ARTICLE INFO ABSTRACT
Keywords: Prebiotics might contribute to astronauts’ health in space, yet their production in Bioregenerative
Controlled environment Life Support Systems (BLSS) remains largely unexplored. Here, chicory (Cichorium intybus L.)

Bioregenerative life support systems
Prebiotics

Space biology

Space systems baselines

exhibited the most appropriate characteristics among seven candidate species as the ideal crop for
space prebiotic production systems. Furthermore, we evaluated chicory’s performance under
different light intensities (250 pmol m~2 s™! and 500 pmol m~2 s™! of photosynthetically active
radiation) and growing cycle lengths (76 and 91 days after sowing) to optimize prebiotic pro-
duction. Our findings reveal chicory’s remarkable adaptability to fully controlled growing con-
ditions and its ability to accumulate high levels of inulin in the young taproot, despite the short
growing cycle. The length of the growing period influenced the productivity of biomass and
inulin, the latter depending more on taproot biomass than on inulin content. A growing area of
6.3 m? might be sufficient for a daily production of 12 g of inulin, the amount of “native chicory
inulin” recognized by EFSA to promote health benefits in humans. These results establish
important baselines for prebiotic production in BLSS or Controlled Environment Agriculture
(CEA) and may be used to design fully controlled cropping systems for space and Earth based
vertical farming facilities.

1. Introduction

Manned long-distance space travels and permanent planetary bases will require the capability to produce, recycle, and utilize
resources in situ to limit the need for resupply from Earth. In this context, biobased systems will harness the power of photosynthesis
and of the metabolism of various organisms to produce food and recycle vital resources [1]. Higher plants are the main components
and primary producers of Earth’s ecosystems [2] and form the basis of Earth agriculture [3]. This strongly supports the use of higher
plants as pivotal elements in food-producing bioregenerative life support systems (BLSS) in space [4-6].

The integration of plants in space endeavors has been anticipated since the early days of human space programmes. Several space
agencies and research groups have worked on establishing frameworks of activities, technologies, and procedures, producing data to
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support modelling and designing BLSS. Many facilities have already been constructed and used for plant-based experiments in space
(as reviewed in Ref. [7]. Plants grown in space were consumed for the first time by U.S. astronauts as part of NASA’s VEG-01
experiment onboard the International Space Station (ISS) [8]. More recently, cotton seeds germinated on the far side of the Moon
[9]. However, we are still far from significantly contributing to the food supply for human in space through space agriculture.

In addition to space experiments, Earth-based research activities on BLSS have been conducted in research centers [7,10-12] and in
harsh environmental conditions that serve as space analogs [13,14]. Nevertheless, many fundamental aspects of food production in
space still require research to support advanced design. Currently, the technology readiness level of implemented systems and sub-
systems is too low to enable the construction of space-ready facilities for functional BLSS. The contribution of BLSS to the crew’s
nutritional requirements is among the many aspects still poorly defined at the research and development levels. Depending on the
mission scenario, the system may be required to provide a fraction of the calories, or all the calories needed by the crew, as well as a
specific subset of essential nutrients or all components of a complete diet. In this context of uncertainties, it is crucial to provide solid,
research-based data to define key subsystem baselines related to food, even if focusing on a single essential nutrient or class of nu-
trients. This data can then inform the design of technology for specific food production functions as part of a more complex BLSS
system.

Nutrition is a key need for human well-being on Earth, and this is equally true in space, as evidenced by decades of continuous
presence in space and experiments in confined space analog facilities [15,16]. The approach to astronaut nutrition has evolved over
time due to advances in nutritional sciences, the food technology sector, and the understanding of specific nutritional needs in space.
Nutritional needs of astronauts, as defined by NASA, have gained increasing relevance in addressing health and behavioral problems
affecting humans during long-term stays in space [17,18]. Among the space-related threats to human physiology and well-being, the
modification of human and environmental microbiomes is particularly significant, due to the many functions influenced by the
interaction between humans and microorganisms [19-22].

Nutrition is increasingly considered a countermeasure that could alleviate space-specific negative effects. One significant area of
investigation concerns the interaction between nutrition and the gut microbiome [23-25]. Food affects human health directly through
digestion and assimilation and indirectly by modulating the metabolism of gut microbiota. Fiber, particularly prebiotics, is among the
most positive influencers of gut microbiota [26-29] and primarily derives from plant sources. Some plant species contain only residual
amounts of prebiotic molecules, such as polyphenols, whose probiotic functions have been recently recognized [30]. Fortunately, other
plants accumulate prebiotic molecules in considerable amounts in their edible organs [28] but only a few have been tested for
acclimation and productivity in fully controlled conditions [31,32]. In addition to the lack of exhaustive data on fiber content in
BLSS-derived plants produced for space consumption [33], the study of prebiotic production-specific functions and the key re-
quirements for optimization in BLSS remain to be investigated.

In this work, a set of plant species was tested for their potential use as prebiotic producers in BLSS including Allium schoenoprasum L.
(chives), Brassica rapa L. subsp. silvestris (turnip tops), Triticum aestivum L. (wheat), Hordeum vulgare L. (barley), Taraxacum officinale L.
(dandelion), Campanula rapunculus L. (rampion bellflower), and Cichorium intybus L. (chicory). These plant species were initially
selected based on literature regarding previous use in space research and prebiotic content [34-36]. Chives, originating from cold
areas of Europe and Asia, have shown good results when grown in fully controlled conditions in the EDEN ISS Future Exploration
Greenhouse in Antarctica [14], demonstrating their potential use in BLSS. Chives can contain fructans up to 5.7 % of the leaf dry
weight in commercially sourced plants [34]. Brassica rapa has been successfully grown in space from seed to seed [37]. The turnip tops
is a widely consumed vegetable that can be grown in soilless conditions in about 40 days, from emergence to harvest [38]. Turnip tops
contain significant amounts of dietary fiber in their aerial tissues, which can be consumed fresh or cooked [39]. Grasses and cereals can
accumulate fructans in various organs, including seeds, depending on the growth stage and environmental conditions [40-42]. Wheat
has been successfully grown in space in seed-to-seed cycles [43]. Wheat and barley exhibit notable nutritional traits, especially when
consumed at early growth stages [44] and can accumulate fructans even in the caryopses [45]. Fructans can reach high concentrations
in plants from the Asteraceae and Campanulaceae families [46]. Dandelion, originally from Europe, is now widely distributed across the
northern hemisphere. It serves as a food source and is rich in phytochemicals, in addition to fructans [47]. Rampion bellflower is a
biennial species from the Campanulaceae family, found in Europe, North Africa, and the Caucasus [35,48]. It is eaten fresh at the rosette
stage when it offers a mix of bitter leaves and a small, white, sweet taproot [49], rich in fructans [50]. Chicory is widely cultivated for
various uses [51]: the mature taproot is a commercial source of inulin, and locally chicory taproots-even at an immature stage-are
traditionally consumed as vegetables [32]. Chicory can be grown under partial or full environmental control to shorten the produc-
tion cycle and obtain young taproots rich in fructans [31,32,52-54].

In this work, we define the feasibility of plant prebiotic production in BLSS. More specifically, we: a) evaluated the characteristics
and performance of several species known to contain prebiotics; b) tested the growth of chicory under fully controlled conditions; c)
assessed the content of prebiotics and other fibers in the plant material; d) examined the effect of young chicory taproots on 4 microbial
species known as probiotics; and €) established key system baselines for the production of prebiotic-rich vegetables to guide the design
of BLSS and vertical farming facilities.

2. Material and methods
2.1. Plant material and treatments

In this work, the species: Allium schoenoprasum L. (chives), Brassica rapa L. subsp. silvestris (turnip tops), Triticum aestivum L.
(wheat), Hordeum vulgare L. (barley) were tested as seedling producers, Taraxacum officinale L. (dandelion), Campanula rapunculus L.
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(rampion bellflower), and Cichorium intybus L. cv Chiavari (chicory), for taproot production. Seeds of chives, turnip tops, wheat, and
barley were sourced from Hortus srl (Longiano, Italy), while chicorys seeds were procured from L’Ortolano srl (Cesena, Italy). Mature
dandelion and rampion bellflower plants were harvested from local populations around the IRET headquarters (Porano TR, Italy -Lat.
42° 41' 3, Long. 12° 5' 57", 444 m asl) in July and February 2020, respectively.

Seeds of chives, turnip tops, wheat, and barley were sown in 0.5 L plastic pots containing a mixture of commercial topsoil and sand
(3:1) in a greenhouse at CNR - IRET headquarters and supplied with water as needed. Chicory was grown in 1.5 L plastic pots filled with
the same soil mixture under fully controlled conditions (growth chamber Fitotron SGD170, Sanyo Gallenkamp, UK) to achieve a final
plant density of 16.1 plants m 2. Seedlings were provided with a 12 h light/12 h dark photoperiod, 150 pmol m~2 s~ photosynthetic
photon flux density (PPFD, A 400-700 nm) from cool white 5700K LED lights (model LX60; Heliospectra AB, Gothenburg, Sweden),
and maintained at 400 ppm CO». Temperature and relative humidity (RH) were set at 20 + 0.5 °C/70 % RH during the light period and
15 + 0.5 °C/70 % RH during the dark period. Plants received a full-strength Hoagland nutrient solution once a week, adjusted to a pH
of 6.5 and EC of 1.7 mS cm™}, along with fresh water as required. Three weeks after sowing, chicory plants were divided into two
groups: one was placed under high light (HL) at 500 pmol m~2 s-!, and the other under low light (LL) at 250 pmol m-2 s%. This cor-
responds to a daily cumulative intensity of photosynthetically active quanta (as day light integral — DLI) of 21.6 mol m 2 day~! for HL
and 10.8 mol m-2 day™! for LL.2.2.

2.1.1. Harvest sampling and growth traits

The four species intended for seedling production were harvested 20 days after sowing (DAS), while chicory was harvested at 76
and 91 DAS. For the seedling-producing species, samples of at least 15 g of fresh material were collected. For the root-producing
species, a sampling unit consisted of a single plant. The harvested shoot and root materials were manually separated for shoot/root
(S/R) determination. Four replicates were used for each measured variable. Dry weight (DW) and the percentage of dry matter (DM)
were obtained by freeze-drying the fresh material (FW) to a constant weight. The dried material was then ground to pass through a 0.5
mm sieve for further analysis.

2.2. Non-structural carbohydrates (NCS) and fructans analysis

Fructans, glucose, fructose, and sucrose from the tissues of all plant species were extracted according to Ref. [42] with some
modifications: 20 mg of powdered tissue was extracted in 0.5 mL of 100 % ethanol at 80 °C until the ethanol evaporated. The dry
residue was then dissolved in 2 mL of deionized water and treated at 80 °C for 1 h in a thermomixer with shaking. After cooling to room
temperature, the extract was centrifuged at 6000 g for 10 min and filtered through a nylon 0.45 pm PPII syringe filter (Whatman Inc.,
Maidstone, UK).

Fructans concentration and average degree of polymerization (DP) were determined after mild acid hydrolysis of the extracts,
conducted with 60 mM HCI (final concentration) at 70 °C for 2 h. Both non-hydrolyzed and hydrolyzed samples were diluted with
water and analyzed via high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using a
Dionex™ ICS-5000. An analytical CarboPac PA-100 column (4 x 250 mm) with a guard column was used (all equipment from
ThermoFisher Scientific Dionex™, Waltham, MA, USA). All runs were performed at 30 °C with a flow rate of 1 mL min-!, employing a
mobile phase gradient with two aqueous solutions: (A) NaOH 1 mol L-! and (B) Na Acetate 1 mol L-* under the following conditions:
0-8 min, 100 mM NaOH; 8-18 min, 100 mM NaOH with 100 mM Na Acetate; 18-25 min, 500 mM NaOH with 500 mM Na Acetate,
maintained until 35 min; 35-45 min, 100 mM NaOH, maintained until 60 min. Glucose, fructose, sucrose, 1-Kestose, and 1-Nestose
were quantified against a carbohydrate standard curve prepared using HPLC-grade reagents (Sigma, Steinheim, Germany), with
fucose used as an internal standard.

Starch determination in shoot and root tissues of all species was performed by extracting 10 mg of lyophilized powder in 80 %
ethanol at 80 °C for 45 min under continuous shaking. The extract was centrifuged at 16.000 g for 5 min, and the pellet, containing
starch, was washed four times with 50 mM Na Acetate buffer (pH 4.5). The pellet was then suspended and autoclaved at 120 °C for 45
min in 1 mL of the same buffer. After autoclaving, the sample was incubated at 50 °C for 1 h with amyloglucosidase (70 U) and
a-amylase (4 U) to hydrolyze the starch to glucose. The glucose produced from starch hydrolysis was measured using a spectropho-
tometric coupled enzymatic assay as described by Ref. [55].

2.2.1. Growth of lactic acid bacteria

Four strains of lactic acid bacteria known for their probiotic activity: Lactobacillus acidophilus, Lacticaseibacillus casei, Lactiplanti-
bacillus plantarum, and Lacticaseibacillus rhamnosus, were grown in De Man-Rogosa-Sharpe (MRS) growth medium (Sigma Aldrich,
Milano, Italy), which was prepared according to the manufacturer’s instructions and sterilized at 121 °C for 20 min. In this medium,
glucose was substituted with an equal amount (20 g L-!) of chicory taproot powder harvested at 91 DAS from both LL and HL con-
ditions. MRS with 20 g L' glucose as the energy source served as the control. Bacteria were incubated at 37 °C for 24 h, without
shaking, and growth was assessed by measuring the OD600nm (insert make of spectrophotometer). The analysis was conducted in
triplicate.

2.3. Statistical analysis

For the experimental trial with chicory, statistical analysis was performed using one-way ANOVA with the STATISTICA software
package (StatSoft 8 for Windows, 1998), considering HL and LL as factors. Differences between averages were assessed using Fisher’s
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post hoc test, with a significance level set at p = 0.05, and results were indicated with different letters. The results of the tests on the
prebiotic potential of chicory were analyzed using one-way ANOVA followed by Tukey’s multiple range test in SPSS (IBM).

3. Results and discussion
3.1. Fructans in leafy vegetables

A set of species was tested for their possible use as prebiotic producers in BLSS. In our conditions, the fructans content in the aerial
parts of chives and turnip tops was negligible (Fig. 1S). This discrepancy with the literature may stem from our protocol, where leaves
were harvested at a very young stage. Further research on the cultivation of these two species could promote their use in controlled
environment cropping systems, both on Earth and in space. However, they were excluded from further tests due to their low fructans
content.

When grown in our greenhouse, the fructans content in barley (Fig. 2S) and wheat (Fig. 3S) increased from seeds to the aerial parts
of 20-day-old plants, reaching a maximum estimated content of 13 % of dry weight (data not shown). It is important to note that this
value, measured after hydrolysis, may be partially overestimated due to the presence of p-glucans [40], because acidic hydrolysis can
hydrolyze the p-glucans that are present in barley and wheat producing glucose molecules that can interfere with the quantification of
fructans. Remarkably, wheat and barley accumulate substantial storage carbohydrates in the form of fructans at such early stages.
Nevertheless, the fructans content is not expected to increase significantly in older plants [41] and remains low compared to other
candidates.

The four leafy crops considered here (chives, turnip tops, wheat, and barley seedlings) can generate substantial biomass in a
relatively short time, can be grown in a controlled environment, and possess significant nutritional value, indicating great potential for
space and ground vertical farming systems. However, as leafy crops, they all have a low percentage of dry matter and low fructans
content in the fresh produce. Even considering the content of other prebiotics (such as p-glucans, pectin, or raffinose oligosaccharides)
and fiber, the amount of produce required to provide the daily recommended intake of these compounds would be impractical for
human consumption and space applications.

3.2. Fructans in taproots crops

We tested the concentration of fructans in the tissues of dandelion, rampion bellflower, and chicory. For dandelion, the total
fructans content in the taproot averaged 44.3 % of the dry weight (Table 18S), while it was relatively negligible in the leaves. Both the
leaves and roots contained measurable amounts of 1-kestose and nestose—two oligofructans that consist of one and two galactose
molecules linked to sucrose, respectively. These compounds serve as precursors for the synthesis of longer fructans molecules. In the
leaves, the content of these fructans was lower than that of soluble sugars (glucose, fructose, sucrose, GFS), suggesting they do not
significantly contribute to fructans storage in dandelion leaves (data not shown). In contrast, the combined content of 1-kestose and
nestose in the taproot exceeded the total amount of GFS (data not shown).

The total fructans content we found in dandelion taproots (Table 1S) and the role of the taproot as a fructans accumulator
corroborate previously published data [35]. While our data indicate that dandelion has great potential as a source of prebiotics for
human nutrition, the plant size and that of its taproot in particular are much smaller than those of other fructans-accumulating plants
(data not shown). The dandelion plants were grown from seeds harvested from wild populations with minimal environmental control.

Table 1
Influence of growing period duration and light intensity on fresh and dry weight of chicory leaves and taproots, dry matter percentage, specific leaf
dry weight, and shoot/root ratio. Data are reported as average + the standard error (S.E.).

Growth light Chicory leaves Chicory taproots
DAS
FW (g DW (g Dry matter SLDW (mg FW (g DW (g Dry matter Shoot/
plant’l) plant’l) (%) m2) plant’l) plant’l) (%) Root
76 LL 84.0 + 6.29 6.96 + 0.43 8.50 + 0.45 2.37b+0.14  27.0 +5.72 5.45 + 1.27 20.0 + 0.47 1.42 +
0.32
HL 101.9 + 8.91 9.57 £ 0.89 9.4 +0.14 2.92 a +0.08 37.4 £5.36 7.72 £ 1.06 20.7 £ 0.14 1.28 +
0.13
Statisticalsignificance  n.s. n.s. n.s. n.s. n.s. n.s. n.s.
91 LL 158.3 +8.94  16.67 + 0.83 10.5 + 0.12 3.05 + 0.24 78.2+12.13 18.1 + 2.86 23.1 £0.29 1.03 +
0.19
HL 184.7 + 17.47 + 1.58 9.88 + 0.95 3.78 £ 0.31 1125 + 26.6 + 4.22 23.5 £ 0.54 0.69 +
25.77 16.53 0.06
Statistical n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
significance

Note: The 76 days after sowing (DAS) corresponds to the harvest date of September 2™, while 91 DAS corresponds to September 17 Low light
intensity (LL) = 250 PPFD; High light intensity (HL) = 500 PPFD. For each harvest date, n.s. and * stand for non-significant or significant at p < 0.05
respectively. Different letters correspond to significant differences according to F test.
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It may be possible to enhance dandelion biomass and increase fructans accumulation through plant breeding and the modulation of
growth conditions.

It should be noted that dandelion can also accumulate oxalic acid [56] that can chelate bivalent calcium ions in the digestive tract.
This may not pose a problem for occasional consumption on Earth but should be avoided in space, where microgravity already
contributes to bones mass loss. Since the accumulation of oxalate is influenced by environmental and agronomical factors [55], the
effects of controlled growth conditions must be carefully evaluated before including this species in space programs. For these reasons,
dandelion was not further studied under controlled conditions in this research.

Both leaves and taproots of rampion bellflower accumulated fructans, but with different degrees of polymerization (DP) and
accumulation capacities (Table 2S). While the dry leaves contained only about 1 % fructans, the taproot accumulated approximately
15 % of its dry weight in fructans. The root fructans had a much lower DP than those in the leaves, indicating possible depolymerization
due to acclimation to low temperatures or preparation for bolting. Fructans are known to be present in the Campanulaceae family and
have been previously identified in rampion bellflower [50]. Type-I inulin fructans were found in its close relative, C. rapunculoides
([571, this is the first report measuring fructans content and DP in both the leaves and taproot of wild rampion bellflower during the
winter period. The amounts of fructans and their DP are important for both the rampion bellflower environmental adaptation and its
nutritional value. While rampion bellflower is enjoyed in salads, its relatively modest fructans content and the lack of studies on its
cultivation under fully controlled conditions led us to conclude that this species is unsuitable for space-oriented controlled environ-
ment agriculture (CEA) activities.

The cultivation cycle for chicory taproots intended for industrial fructans extraction typically lasts at least six months, though
shorter cycles can be employed for fresh consumption. Previous research has explored the potential for growing root chicory in
controlled environments [52-54], and more recent studies have focused on productivity and quality in relation to space-oriented
activities [31,32]. In our study, chicory plants were grown for either 76 or 91 days after sowing (DAS) under fully controlled con-
ditions, producing taproots with average dry weights of 6.6 g and 22.4 g (Table 1), fructans contents of 57 % and 59 % (Table 2),
respectively (averaged across LL and HL growth conditions for each harvest time) and a DP similar to that found in field grown plants
[54]. The fructans concentrations found in taproots produced under our protocol were lower than those typically observed in
field-grown plants intended for industrial production [58,59], but similar to those found in young roots grown under comparable
conditions [31,32]. The productivity and density of fructans in chicory taproots are promising characteristics that set it apart from
other tested species, positioning chicory as the most viable candidate for fructans production in space and vertical farming systems.
However, further clarification of the plant’s responses to controlled environments is needed before establishing baseline systems and
subsystems for fructans production in BLSS.

3.3. Manipulation of fructans content by the variation of growth condition parameters

Controlled environment variables can significantly influence the efficiency of fructans production, impacting various yield com-
ponents such as taproot weight per plant and per cultivated area, the length of the cropping period, fructans concentration in the
tissues, and the resources required for fructans production. These data are crucial for designing the fructans production subsystem
within BLSS.

Chicory root growth and fructans accumulation are described as following a three-phase pattern [54]. Fructans accumulation in the
taproot begins during the first growth phase, just before the formation of the secondary cambial meristem, which drives rapid radial
growth of the taproot [53]. Before fructans accumulation starts, the taproots contain relatively high levels of glucose and fructose.
However, as fructans synthesis commences, the levels of glucose and fructose decrease both in absolute terms and in relation to su-
crose. During the second growth phase, characterized by a rapid increase in taproot size, the fructans concentration remains relatively
stable, with a DP higher than 10 which might decrease in mature root exposed to low temperatures [54]. This suggests that new tissue

Table 2

Effects of growing period length and light intensity on carbohydrate composition in chicory: hexoses and sucrose (glucose, fructose, sucrose), starch,
total GFS plus starch in leaves and taproots, and fructans with average degree of polymerization (DP) in taproots. Carbohydrate contents are expressed
as a percentage on a dry matter basis (% DM). Data presented as average + the standard error (S.E.).

Growth light Chicory leaves Chicory taproots
DAS
GFS Starch GFS + Starch ~ GFS Starch GFS + Starch Fructans DP
76 LL 4.62 £+ 0.96 0.29 £+ 0.03 4.91 £ 0.97 4.60 b + 0.20 0.04 £ 0.01 4.64b +0.16 58.0 £ 3.18 11.3 + 0.69
HL 7.03+£0.97 0.37 + 0.08 7.40 £+ 1.01 5.86 a +0.26 0.05 + 0.005 5.91 a +0.26 56.4 £2.97 14.2+0.91
Statistical n.s. n.s. n.s. * n.s. n.s. n.s. n.s.
significance
91 LL 4.68 £+ 0.32 0.58 a +£0.15 5.26 £ 0.59 1.48 £ 0.21 0.08 a +£0.01 1.55 £ 0.22 59.1 £ 2.58 11.1 £ 0.51
HL 418 £0.55 0.27b+0.04 4.45+0.35 1.55 + 0.20 0.03b+0.01  1.59 £ 0.20 59.6 £3.51 10.5 + 0.46
Statistical n.s. * n.s. n.s. * n.s. n.s. n.s.
significance

Note: The 76 days after sowing (DAS) corresponds to the harvest date of September 2™, while 91 DAS corresponds to September 17 Low light
intensity (LL) = 250 PPFD; High light intensity (HL) = 500 PPFD. For each harvest date, n.s. and * stand for non-significant or significant at p < 0.05
respectively. Different letters correspond to significant differences according to F test.
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formation is coordinated with carbohydrate allocation to fructans.

Consequently, the timing of young chicory taproot harvest can greatly influence fructans productivity by affecting both taproot
size, fructans content and the fructans DP. In this study, plants were harvested at 76 and 91 DAS, by which time field-grown roots
typically enter the second growth phase [53]. The average total fresh weight of plants was 141.1 g at 76 DAS and 300.7 g at 91 DAS,
with total dry weights of 14.4 g and 41.1 g, respectively (averaged across LL conditions) (Table 4S). The substantial difference in
weight between the two harvest times indicates rapid biomass accumulation, with total biomass roughly doubling in just two weeks.
Fructans with different DP might promote differential growth of gut microbes and have different prebiotic effects. This could be
relevant in space related activities and deserves more specific research where DP class distribution is evaluated in relation to growth
conditions and environmental control.

The percentage increase in dry weight from the first to the second harvest was higher in the root (+239 %) compared to the shoot
(+107 %) (Table 1), leading to a decreased shoot/root (S/R) ratio at 91 DAS relative to 76 DAS (Table 1). Dry biomass yield per unit
area averaged 3.3 g m~2 day~! and 7.3 g m~2 day-! for the first and second harvest dates, respectively (Table 3). The high fructans
content in taproots at 76 DAS indicates that fructans accumulation had already begun. The decrease in glucose and fructose content
between the first and second harvest (Table 3S), as well as the decline in the ratio of hexoses to sucrose (data not shown), supports this
observation.

All these findings suggest that by 76 DAS, young chicory plants have entered the second growth phase, marked by rapid taproot
weight increase and high fructans content. During this phase, fructans yield becomes more reliant on the taproot yield per unit area
rather than on variations in fructans content, which increases slowly only at later growth stages.

Planting density is likely key to enhancing young taproot biomass productivity in controlled environments. In conventional fields,
chicory is planted at a density of 15 plants m-2. Increasing density may reduce the weight per root; however, total productivity remains
relatively unaffected by high plant density [60]. For shorter growth cycles, like those employed in our experiments, increasing plant
density could enhance biomass (and fructans) production by boosting total biomass yield without negatively impacting fructans
content per unit of biomass.

The light regime is a crucial environmental variable affecting plant performance in natural ecosystems, conventional farming, and
controlled environment agriculture. In fully controlled plant growth systems, the light regime significantly influences overall pro-
ductivity, product quality, and energy conversion efficiency into biomass and edible products [61]. This aspect is particularly
important for designing space-oriented fully controlled plant growth systems and vertical farming.

In this study, we examined the role of light intensity on young chicory taproot growth and fructans accumulation by investigating
two light regimes: 250 and 500 pmol m~2 s-!, corresponding to DLI of 10.8 and 21.6 mol m~2 day, respectively. Data on biomass
accumulation (Tables 1 and 3) consistently indicates an increase in biomass at higher light levels, though the differences were not
statistically significant. This lack of significance may be attributed to the limited number of replicates in the experiment, constrained
by space limitations, as well as variability in the genetic material used.

In field-grown chicory, total dry matter accumulation has been shown to correlate linearly with the canopy’s absorbed photo-
synthetically active radiation [58]. Additionally, data in Ref. [62] demonstrated that young chicory plants grown in a partially
controlled environment at an average DLI of 19 mol m~2 day~! exhibited high photosynthetic rates (exceeding 20 pmol m-2 s-!) when
tested at 800 pmol m-2 s~!. This suggests that the HL intensity of 500 pmol m=2 s}, corresponding to a DLI of 21.6 mol m~2 day™!, does
not induce stress on the photosynthetic function.

Furthermore, analysis of leaf carbohydrates (Tables 2 and 3S) revealed no significant differences in non-structural carbohydrates
between the two light regimes. In particular, there was no accumulation of sucrose or starch—the expected end products of photo-
synthesis—suggesting that the plants were not experiencing sink limitations in allocating photosynthates for growth and storage [63].
This evidence indicates that plants grown under higher light intensity were able to effectively utilize photosynthetic products without

Table 3

Chicory yield components, efficiency, and system baselines for fructans production under fully controlled conditions. For the September 2nd harvest,
data for the low light treatment are based on 3 replicates, while data for the high light treatment are based on 4 replicates. For the September 17th
harvest, data are derived from 5 replicates.

Variables DAS Light Intensity Statistical significance
LL HL

Total plant biomass yield. (g DM m~2 day ') 76 2.79 + 0.39 3.87 + 0.39 n.s.
91 6.35 + 0.61 8.15 + 1.02 n.s.

Total plant biomass production per LUE. (g dm mol ! PAR™!) 76 0.26 + 0.03 0.18 + 0.02 n.s.
91 0.59 a = 0.06 0.38 b £ 0.05 *

Fructans yield. (g m~2 day™") 76 0.67 +0.19 0.96 + 0.18 n.s.
91 1.91 +£0.31 2.84 £ 0.55 n.s.

Fructans production per LUE. (g mol~! PAR™Y) 76 0.06 + 0.02 0.04 + 0.01 n.s.
91 0.16 = 0.04 0.13 + 0.03 n.s.

Cultivation area to produce 12 g of fructans. (m?) 76 21.83 +7.32 14.00 + 2.63 n.s.
91 7.59 + 2.07 4.90 £+ 0.88 n.s.

Note: The 76 days after sowing (DAS) corresponds to the harvest date of September 2™, while 91 DAS corresponds to September 17, Low light
intensity (LL) = 250 PPFD; High light intensity (HL) = 500 PPFD. LUE, light use efficiency. For each harvest date, n.s. and * stand for non-significant
or significant at p < 0.05 respectively. Different letters correspond to significant differences according to F test.
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Table 4
Validate probiotic activity of chicory taproot on the growth of four strains of lactic acid bacteria precisely Lactobacillus acidophilus, Lacticaseibacillus
casei, Lactiplantibacillus plantarum, and Lacticaseibacillus rhamnosus expressed as ODggo nm.

Treatment Lactic acid bacteria strains

L. acidophilus L. casei L. plantarum L. rhamnosus
MRS Control 2.42 a £0.10 2.49 a +£0.13 2.45a £0.12 2.80 a +0.13
Chicory root LL 1.48b + 0.11 1.47 b £+ 0.09 1.48b £ 0.11 1.50 b £ 0.15
Chicory root HL 1.52b 4+ 0.14 1.50 b 4+ 0.14 1.50b 4+ 0.13 1.53b +0.12

Statistical significance

Data are the average of three independent experiments + SD for MRS medium with 20 g L™! glucose (MRS Control) MRS medium with taproot
homogenate from low light 91 DAS treatment sample (Chicory root LL) and from high light 91 DAS treatment sample (Chicory root HL). N.s and *
stand for non-significant or significant at p < 0.05 respectively. Different letters correspond to significant differences according to F- test.

stress.

The efficiency of light conversion into plant biomass was significantly influenced by light intensity, showing lower efficiency at
high light compared to low light (Table 3). The rapid increase in biomass accumulation between the first and second harvests markedly
enhanced light conversion efficiency, which remained significantly higher at the lower light intensity, reaching 0.59 g of dry matter
accumulated per mole of PAR. This efficiency is higher than that observed for wheat and soybean, but comparable to the best-
performing potato crops [64]. More recently, similar light use efficiency values have been reported for various salad and vegetable
crops, indicating that chicory has promising potential [14]. This potential could be further realized through optimization of growth
conditions. Importantly, the entire chicory plant is edible, resulting in a harvest index close to one, meaning minimal waste, a positive
attribute for use in BLSS. In contrast, studies have shown that the ratio of edible to total biomass production is less than 0.30 for wheat,
under 0.40 for soybean, below 0.50 for tomato, below 0.70 for potato, and above 0.90 only in lettuce [64]. While light intensity did not
significantly impact the average daily productivity of root mass and inulin, further research is needed to confirm this observation.
Fructans production increased from the first (76 DAS) to the second harvest (91 DAS), reaching an average of 2.4 g of inulin produced
daily per square meter (average of the LL and HL at 91 DAS in Table 3). This value represents more than half of that obtained in
open-field conditions as in Refs. [58,66] underscoring the significant potential of chicory taproots for fructans production in fully
controlled environments.

The European Union recommends a daily intake of 12 g of inulin for adults [65]. Under the HL conditions employed in our ex-
periments, a cultivation area of 6.2 m? of chicory can produce this amount daily (Table 3, average for HL conditions). Such a growing
area is challenging for space facilities, even for those eventually built in the future on the Moon or Mars surface. However, the area
needed to provide the daily production of 12 g of inulin could be strongly reduced by i) further optimization of chicory cultivation ii)
considering that a relevant fraction of prebiotic could be provided by other food sources. These results establish, for the first time,
important baselines for prebiotic production in BLSS and are a relevant starting point for system design for BLSS and Earth based
vertical farming facilities.

3.4. Chicory prebiotics can sustain microbial growth

An increasing body of evidence supports the idea that prebiotics positively influence various human functions and health,
showcasing significant potential for space exploration [67]. While several recognized prebiotics, such as inulin, are classified as dietary
fibers by different authorities, not all dietary fibers qualify as prebiotics; cellulose and lignin, for example, do not. Consequently,
analyzing fiber production does not equate to evaluating a crop’s prebiotic potential.

We investigated the potential of extracts from chicory taproots to support the growth in vitro of four commercially available strains
of lactic acid bacteria known for their probiotic activity: Lactobacillus acidophilus, Lacticaseibacillus casei, Lactiplantibacillus plantarum,
and Lacticaseibacillus rhamnosus. Given that fructans accumulation in taproot samples harvested at 76 and 91 DAS was similar, we
focused our prebiotic activity assessment on the homogenates from samples harvested at 91 DAS. The microbial test results (Table 4)
indicate that chicory taproots from both LL and HL conditions supported the growth of all four probiotic strains. Although the plant
extracts are not as metabolically accessible as glucose, the bacteria exhibited growth, with absorbance values exceeding 1.4 (OD600
nm) in all cases. Thus, all samples stimulated the growth of the probiotic microorganisms used in the experiments.

While the prebiotic role of isolated fructans is well established in both in vitro and in vivo studies [68], the potential of whole young
chicory taproot tissue in this context has not been previously explored. Although we could not identify any antagonistic or synergistic
effects of other phytochemical components present in the root on bacterial growth through this experiment, our findings highlight the
in vitro ability of chicory root to stimulate the growth of known probiotics and thus its potential as part of symbiotic formulations.

4. Conclusions

Our work identifies chicory as the most promising species for efficient prebiotic production under fully controlled growth con-
ditions for BLSS and vertical farming facilities. Recently, our group has begun defining the system requirements for prebiotic pro-
duction in space, an area previously lacking even in Earth-based analogue systems [31,32]. The results presented here provide the first
quantification of the cultivation area needed to meet the daily recommended dose of inulin and assess the efficiency of light used for
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this production in fully controlled environments (Table 4). Such data are crucial for designing both space and terrestrial plant-based
systems.

Further research is needed to understand how environmental variables and agronomic practices can enhance chicory performance
without adversely affecting the nutritional content. Increasing planting density and accelerating growth cycles through environmental
modulation are promising strategies.

Our findings also indicate that various chicory tissues positively influence different known probiotic microorganisms, and this
effect may be influenced by growth conditions. Although fructans are not directly digestible by the human gut, they are fully fermented
by gut microbiota, producing metabolites (primarily short-chain fatty acids) that benefit the host. We have demonstrated that chicory
taproot homogenates can sustain the growth of four commercially available lactic acid bacteria with proven probiotic activity.
Additionally, a portion of dietary fiber, such and fructans, is fermented in the colon producing metabolites that might enter the host
metabolism, hence fiber contributes approximately 2.0 calories per gram ingested [69]. Consequently, a significant portion of the
chicory plant could enhance human health and nutrition on multiple levels.

While confirming that chicory can thrive in a fully closed environment, our data show that the resource requirements to provide the
recommended daily dose of fructans for adults can vary significantly based on crop management. Future studies aimed at optimizing
environmental and agronomic techniques could further boost biomass and fructans production in fully controlled conditions. We
believe our work lays the groundwork for more research into prebiotic production for space applications, aligning with the growing
interest within the space research community regarding the role of food in enhancing astronaut well-being and mitigating space-
related health risks, including alterations to the gut microbiome.
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