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Abstract 
 

      Rare, indigenous, Andean Mirabilis expansa (Ruiz and 

Pav.) Standl. (Nyctaginaceae), has promise as a new, green, 

climate change resistant crop for arid areas. Leaves and stems 

were used as fodder, roots and rhizomes for human food. Two 

crop varieties of M. expansa were grown in lysimeter sand 

plots in southern Illinois. Herbage and root profiles were 

compared to amino acid profiles for other crops, eggs and 

milk. Quinoa, wheat, soybeans, and skim milk had greater 

percentages than M. expansa of all individual amino acids 

reported. However, M. expansa samples have all essential 

amino acids, and matched or exceeded other sources examined 

for percentages of crude and total protein. Total protein per 

100 g dry sample averaged 5.98 g in roots and 24.43 g in 

leaves. Cytotoxic, non-volatile micro molecules were not 

detected in methanol extracts of M. expansa assayed against 

HT-29 colon cancer cells. Processing should improve 

palatability and food safety for this crop. 
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Introduction 
 

Potential of an Ancient Crop 

 

      High protein content has been reported for the ancient, 

rare, Andean crop, M. expansa (Ruiz and Pav) Standl. 

(Nyctaginaceae) in both roots used for human consumption, 

and in leaves primarily used for animal fodder [1-4]. By 1984,  

plant foods provided 65% per capita of protein worldwide and 

32% in North America [5]. Amino acid balance is important 

when developing feed and feeding regiments for livestock, 

with requirements varying for each animal species [6]. 

Essential amino acids for protein production in humans [5-

10] and livestock [10] are HIS (histidine), ISO (isoleucine), 

LEU (leucine), LYS (lysine), MET (methionine), PHE 

(phenylalanine), THR (threonine), TRP (tryptophan), and 

VAL (valine). 

 

      Wild relatives of the Nyctaginaceae gave rise to high 

protein seed crops including amaranth (Amaranthus caudatus 

L. (Amaranthaceae)) and Andean quinoa (Chenopodium 

quinoa Wild. (Chenopodiaceae)) [11-12]. Amino acid profiles 

for both are compared below to M. expansa, along with soy 

and eggs. Also compared are several true grains from the grass 

family, including wheat, corn, Barley (Bar), millet, and rye. 

Though commonly eaten, these true grains contain glutinous 

compounds which can trigger allergies or food sensitivities 

[13]. Legumes including soy, though high in commonly 

limiting lysine, are not readily digested by some individuals 

[14]. Excess protein intake resulting from over consumption of 

meat and protein supplements underlie multiple health 

problems [14]. Therefore, alternative protein sources such as 

M. expansa are needed. 

 

      Roca and Izquierdo [15] discuss the need to bring scarce 

indigenous Andean crops back into common cultivation, 

including mauka (M. expansa), to improve diets for 

economically challenged Andean families. Bolivian mauka 

was reported as having 7% protein content in below ground 

plant parts and 17% in the foliage, while Peruvian M. expansa 
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from Cajamarca was claimed to have 4-5% protein [1,16]. 

These lower percentages were probably in roots, based on our 

own results. Though charts compiled from the literature 

compare information on minerals and other nutrients for M. 

expansa [17], all sources examined lacked information on 

individual amino acids. Low in sodium, M. expansa is high in 

calcium and phosphorous, often deficient in Andean diets 

[16]. However, M. expansa calcium may be bound up in non-

bio-available calcium oxalate, at least before processing. 

Malnutrition is more than a matter of lacking sufficient 

calories or lethal starvation. Protein or mineral deficiencies 

can lead to ill health and social problems [14]. In addition, 

some persons are unable or unwilling to consume protein from 

animals. Thus, each additional plant source of essential amino 

acids has the potential to greatly improve quality of life and 

health for many individuals, especially growing children. 

 

      Drought resistance and the avoidance of transgenics [19] 

are important reasons to look at alternative crops, including M. 

expansa. Andean soils are well known to be volcanic in origin. 

Some Andean soils drain well; others required terracing and 

other engineering efforts to improve drainage for crops [20, 

21]. Irregular rain cycles occur in many parts of the Andean 

range, with drought a frequent problem for farmers. Andean 

paramo regions, cold highland desert scrubland ecosystems, 

have conditions in which M. expansa thrives. M. expansa has 

been described as able to produce as much food as a good 

potato field, “above the potato line” (Carlos Ochoa, personal 

communication 1997). M. expansa grown at lower altitudes 

requires less water than potatoes, and at higher altitudes has 

little competition with other food crops. If M. expansa proves 

to be non-invasive, or at least controllable, it should be 

especially valuable in arid ecosystems primarily dependent on 

ocean mist or cloud moisture, including other tropical 

mountain regions [18,22]. M. expansa has the potential to 

grow any place where it receives sufficient drainage in its root 

zone, and its minimal requirements are met. It will take effort 

and resources to establish M. expansa as a modern crop. As 

with many crops, methods are needed to separate its edible 

components, and remove or moderate anti-nutrients. 

 

Safety Issues for Consumption of M. expansa 

 

      Traditionally, most mature M. expansa plants were dug up, 

then either hung to dry, or re-buried within straw-lined pits, 

arranged in stacks with roots at right angles to each other, for 

at least eight days prior to consumption [1,17,18]. Curing may 

simply have been intended to sweeten roots [1,2,16,23], as 

was practiced for other Andean crops [24]. Drying may also 

have been intended for preservation. Our food safety concerns 

for M. expansa first arose when learning of indigenous 

preparation practices. 

 

      In addition, all parts of M. expansa plants were observed 

on microscope slides to be thickly permeated with long, 

needle-like raphide crystals, made of calcium oxalate. 

Raphides persist even in three-hundred-year old herbarium 

specimens. Raphides act as swords on the single-celled linings 

of insect digestive tracts. Calcium oxalate is the primary 

substance forming kidney stones as it is highly insoluble [25]. 

Calcium oxalate makes leaves of cultivated rhubarb 

(Rheumrhabarbarum L. (Polygonaceae)) and Andean oca 

(Oxalis tuberosa Molina (Oxalidaceae)) indigestible, and 

gives a tangy taste to chard, beet greens and spinach. Calcium 

oxalate crystals [25] are present in various amounts in most 

foods, and are prevalent in quinoa seeds. Quinoa requires 

cooking or sprouting to increase palatability, which may affect 

the crystals. Calcium oxalate’s insolubility makes its calcium 

non-bio-available. Cooking and/or simultaneously ingesting 

alkalizing foods and/or certain probiotic bacteria, could 

convert calcium oxalate to a bio-available form of calcium. 

These bacteria have pathways for converting calcium oxalate 

to soluble, and therefore bio-available, Ca2+ [26-28], 

potentially increasing the crop’s nutritional value. Traditional 

fermentation of M. expansa, of which we found a single report 

[17], may have had this effect, though drying prior to use was 

most often reported [17,18]. As raphides remain intact and 

extremely dense in dried leaves, roots, and stems, it is unlikely 

that the drying of M. expansa by indigenous people, altered 

calcium oxalate on its own. However, it may be that bacterial 

action on roots, while they sat in straw-lined pits, resulted in 

the breaking of calcium oxalate bonds. 

 

      M. expansa plants are thought to have insect, virus, and 

fungal resistance due to unique proteins in the root epidermis 

[3,29,30-34]. Flores, Vivanco, Vepachedu and their associates, 

identified a unique Class I ribosome inhibitor in root extracts 

of M. expansa, including extracts made from plants grown 

from var. ‘L’ seed provided by Kritzer Van Zant [33]. Class I 

ribosome inhibitors are thought to only affect insects, not 

mammals (J.M. Vivanco, personal communication, 2008). 

Vivanco said that he found active protein in samples of M. 

expansa including material shipped to him from Peru, which 

had taken weeks post-harvest to be delivered. Therefore, that 

delay did not seem to affect either the ribosome inhibiting 

protein or the calcium oxalate crystals. It remained to be tested 

if drying the plants prior to consumption altered food safety or 

medicinal activity. It was also thought possible that M. 

expansa contains active defensive micro-molecules, as well as 

enzyme inhibitors and raphides. Perhaps, micro-molecules 

were being altered after eight days or more of curing the plant. 

 

Cytotoxicity Testing and Amino Acid Profiles of the Crop 

 

      Methanol extracts were made [35] from short-season 

southern Illinois grown M. expansa, and submitted for 

cytotoxicity testing with the HT-29 colon cancer cell line 

[36,37] to initiate investigation of micro-molecules. HT-29 

cells have often been used for initial pharmaceutical screening 

of natural products because of their extremely high sensitivity 

to toxic compounds [36,37]. Results from the cytotoxicity 

testing are given below as exploratory food safety evidence for 

M. expansa. 

 

      To find out whether reports of high protein in M. expansa 

would hold up in laboratory tests, samples of cultivated 

varieties ‘L’ and ‘T’ grown in southern Illinois [18,22] were 

analyzed for their amino acid contents. Data is presented for 
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each amino acid tested, crude protein and total protein. These 

are the first amino acid profiles for the crop, species, genus 

and family. Amino acid profiles for M. expansa are also 

compared below to published amino acid profiles for the 

previously mentioned protein sources, along with alfalfa, beet 

and cassava (Manihot esculenta Crantz (Euphorbiaceae)) 

[6,11,12,38-41]. 

 

Materials and Methods 
 

Cultivation and Production of M. expansa Samples 

 

      Plant material for the amino acid profiles and cytotoxicity 

study was grown in constructed sand plots at the Horticultural 

Research Center at Southern Illinois University (SIU-C), then 

harvested and lyophilized [18,22]. M. expansa is unusual in its 

ability to store nutrients above ground in stems, below ground 

in enlarged stems called rhizomes, and in roots. These 

structures become packed with starch in M. expansa, 

obscuring anatomical differences between them. Therefore, 

for most samples, the above/below ground separation was 

generalized as leaf and root, respectively. There was also one 

var. ‘T’ stem sample. 

 

      Soil amendments used to grow the crop were similar 

though not identical for the two varieties [18,22]. Growth of 

material is also discussed in Supporting Information (SI) 

under SI Materials and Methods. Each single data point 

assayed represents more than one plant from more than one 

plot which received the same soil amendment, or more than 

one plant grown exclusively in the greenhouse, with a single 

exception. Only one plant was used for one of the two var. 'T' 

root samples (Table 2; SI Tables 1 and 2). 

 

M. expansa Profiles 

 

      Standardized amino acid testing was used for profiling M. 

expansa, through a flat-fee service for agronomists at the 

University of Missouri-Columbia (UM-C). Var. ‘L’ leaf and 

root were profiled separately to total eight var. ‘L’ samples. 

Four var. ‘T’ samples were also profiled, including leaf, root, 

and stem. Lyophilized materials were stored at -80˚c until 

weighed for amino acid profiling and the cytotoxicity assay. 

Methods utilized for the amino acid profiling at UM-C are 

given in Horwitz and Latimer [42]. Three separate analyses 

were performed for a complete profile. TRP, and together both 

MET and CYS, underwent separate hydrolysis steps from the 

other amino acids. Each of the three analyses had the same 

internal standards. Results were given as percent dry weight 

per 100 g of sample (Tables 1 and 2; SI Table 1). In addition, 

there is a table with M. expansa individual amino acid data 

given as ratios of crude protein (SI Table 2). Samples from 

the two varieties, and above and below ground grown portions 

of each, were presented separately in the tables, or as a range 

of numbers instead of as averages in the text. This was 

because of discrepancies between years, soil amendments, and 

varieties. Additional details on the amino acid profiling are in 

SI. 

Comparison of M. expansa with Other Protein Sources 

 

      Protein sources from the literature used for comparison 

with M. expansa were standardized to g/100 g dry weight of 

sample. Listed by date of publication, these protein sources 

used for comparison were: egg [38]; corn2 [39]; wheat, 

soybean, and skimmed milk [11,12]; field quinoa seeds and 

hydroponic quinoa leaves and seeds [12]; corn gdhA+ and 

corn gdhA- [6]; five cassava samples and also their average 

[40]; additional corn samples (DDGS, DDGHP, Germ, 

Glutfeed (Gluten feed), Glutmeal (Gluten meal), GrnYD 

(Green YD), GrnHN (Green HN), GrnHO (Green HO), GrnLP 

(Green LP), and Hominy (Hom), also Bar, beet, egg, flax and 

millet [41] (SI Table 1). 

 

      Information on decisions to exclude some profile sources 

is in SI. In addition, the lysine/crude protein ratios for M. 

expansa (SI Table 2) were included in the discussion below, 

relative to a few sources reporting ratio data. There was not 

sufficient matched M. expansa data in the amino acid profiles 

for meaningful statistics. 

 

Cytotoxicity Testing of M. expansa Methanol Extractions 

 

Cytotoxicity Sample Extraction 
 

      Methanol extracts were made, then samples roto-

evaporated. An electric coffee grinder was used to grind 

lyophilized material for the methanol extractions. Ground 

material and methanol were combined in 50ml FalconTM 

tubes. Most samples, including all eight samples from field 

grown material, were extracted at a ratio of 20 g of lyophilized 

plant material to 25 ml of methanol per single sample. Each 

ground sample was left in methanol for overnight extraction in 

a -20˚C freezer. Each day, samples covered in methanol on the 

previous day, were centrifuged at 4000 g (Eppendorf 5810R) 

at 4 °c for 10 min. Thus, each sample was extracted three 

times. 

 

      Extracted samples of var. ‘L’, submitted for cytotoxicity 

testing were: LS1-leaf and stem; L0L1-fresh leaf and stem; 

L8L1-eight-day dried leaf and stem; L0R1-fresh root; and 

L8R1-eight-day dried root. Extracted samples of var. ‘T’ 

submitted for cytotoxicity testing were: T0L1-fresh leaf and 

stem; T8L1-eight-day dried leaf and stem; T0R1-fresh root; 

and T8R1-eight-day dried root. These abbreviations for 

sample names are used below (Table 3). 

 

Roto-evaporation of Methanol for Cytotoxicity Samples 

 

      Methanol was removed from the samples utilizing a 

modified extraction protocol from Jones & Kinghorn [35]. The 

rotary evaporator (roto-vap) extractor (Buchi New Castle, DE) 

utilized a cold finger to return the methanol gas to liquid. Each 

day’s methanol extract was rotated in a round bottom flask for 

5-13 hours on the roto-vap, to remove the methanol. 

Evaporation time varied as the amount of MeOH recovered 

after filtration through cotton sheeting varied, and room 

temperature and relative humidity contributed to the speed of 

methanol loss. Extracted materials from each sample for each 



 

4 | Advances in Nutrition and Food Science, Volume 2019, Issue 01 
 

 Amino Acid Profiles and Cytotoxicity of Mirabilis expansa (Ruiz and Pav.) 

Standl.; Baseline Data for A Rare Indigenous Andean Crop 

Copyright: © 

2019 M Kritzer Van Zant* 

of the three days of extractions were combined into the same 

vial after methanol removal so only one sample was submitted 

to the cell assay from each ground-up sample. Vials were 

stored at -20°C between additions and when not in use. 

 

Drying Of Cytotoxicity Samples 

 

      After the third day’s addition of evaporated material for a 

given sample, each vial was slowly dried under a gentle 

stream of nitrogen at room temperature to remove residual 

methanol. Nitrogen drying typically took at least eight hours 

for most samples and usually about 12 hours. It is doubtful 

that any highly volatile compounds, if present, survived such 

lengthy drying. After methanol removal, and again after 

nitrogen gas drying, samples were stored at -20˚C. After 

nitrogen drying, samples still appeared damp or oily. 

Therefore, all nitrogen dried samples were re-lyophilized 

simultaneously for 24 hrs. Samples were then weighed into 

aliquots in brown glass containers, sealed with fresh Para-

filmTM, and shipped together at room temperature to Ohio for 

the cytotoxicity assay. 

 

Cytotoxicity Testing of M. expansa 
 

      Lyophilized extracted samples were tested on 22 June 

2010, in highly sensitive HT-29 colon cancer cell cytotoxic 

assay, using a modified protocol [37]. Five samples were 

submitted for var. ‘L’, and four more for var. ‘T’ (Table 3). 

The drug Paciltaxil, a known active for the assay, was used as 

a positive control. Control wells received 10 µL of 10% (v/v) 

DMSO as a negative control. Data analysis followed 

Likhitwitayawuid et al. [37]. Absorbance was measured at 515 

nm with a micro plate reader (Bio-Tek µQuant, Winooski, 

VT). ED50 values of the serial dilutions of the test samples 

were calculated with non-linear regression analysis (AISN 

Software, Inc., Mapleton, OR) (Table 3). 

 

Results and Discussion 
 

Amino Acid Profiles and Comparison to Other Protein 

Sources 

 

      Results of the amino acid profiling for each indispensable 

amino acid, CRDP and TOTP follow for each M. expansa 

sample tested (Tables 1 and 2; SI Table 1). Data is presented 

in the text from highest to lowest percentage for each 

category. Means, medians and modes are given for all samples 

for which each amino acid, total protein, or crude protein were 

reported (SI Table 1). M. expansa amino acid percentages 

including both indispensable and dispensable amino acids, 

together with those for sources reported from the literature, are 

presented in full (SI Table 1). 

 

 Plant part Leaf Leaf Leaf Leaf Root Root Root Root 

Treatment Zero 3P 1P&3S 5S 1P&3S Zero 5S 3P 

Plant  

#s 

3L+ 

5L 

9L+ 

14L 

17L+ 

22L 

26L+ 

30L 

17L+ 

22L 

3L+ 

5L 

26L+ 

30L 

9L+ 

14L 

 

 

 

 

Amino 

Acids 

ARG 1.30 1.28 1.36 1.35 0.24 0.21 0.23 0.26 

HIS 0.54 0.53 0.57 0.56 0.13 0.12 0.13 0.13 

ISO 1.14 1.11 1.20 1.19 0.25 0.23 0.26 0.27 

LEU 1.98 1.90 2.03 2.05 0.38 0.35 0.36 0.39 

LYS 1.43 1.41 1.47 1.49 0.38 0.34 0.38 0.39 

MET 0.49 0.46 0.51 0.50 0.11 0.10 0.10 0.11 

PHE 1.41 1.36 1.46 1.44 0.24 0.22 0.25 0.27 

THR 1.04 1.01 1.04 1.09 0.27 0.25 0.26 0.30 

TRP 0.30 0.31 0.32 0.28 0.05 0.05 0.06 0.05 

VAL 1.37 1.34 1.44 1.44 0.31 0.28 0.31 0.32 

Totals CRDP* 28.71 28.70 29.43 30.66 9.31 7.88 9.11 9.25 

TOTP 23.69 22.84 24.43 24.25 5.98 5.34 5.55 5.94 

Notes: 

*Percentage N X 6.25; 

Sample #5 received January 7, 2010; 

W/W%= grams per 100 grams of sample; 

Values standardized, plants combined prior to profiling; 

Results are expressed on an "as is" basis unless otherwise indicated; 

Therefore, these are percentages of the total dry weight. 

 

Table 1: M. expansa indispensable amino acid profiles var. ‘L’. 

 

 

 



 

5 | Advances in Nutrition and Food Science, Volume 2019, Issue 01 
 

 Amino Acid Profiles and Cytotoxicity of Mirabilis expansa (Ruiz and Pav.) 

Standl.; Baseline Data for A Rare Indigenous Andean Crop 

Copyright: © 

2019 M Kritzer Van Zant* 

 

 

 Plant part Root Leaf Stem Root+ 

Treatment 4%S NA NA 2%P 

Plant T25+ Grnhs Grnhs T21 

#s T17    

 

 

 

 

Amino 

Acids 

ARG 0.26 0.99 0.27 0.28 

HIS 0.14 0.42 0.15 0.2 

ISO 0.25 0.84 0.26 0.31 

LEU 0.41 1.49 0.45 0.47 

LYS 0.38 1.25 0.41 0.49 

MET 0.1 0.34 0.11 0.14 

PHE 0.25 0.92 0.29 0.29 

THR 0.26 0.83 0.32 0.31 

TRP 0.05 0.15 0.04 0.08 

VAL 0.32 1.01 0.33 0.38 

Totals    CRDP* 8.94 22.52 8.78 13.91 
TOTP 5.98 16.8 5.99 7.76 

Abbreviation: 

Grnhs = greenhouse-grown. 

Notes: 

*Percentage N X 6.25;  

Sample #5 received January 7, 2010;  

W/W%= grams per 100 grams of sample; 

Values standardized, plants combined prior to profiling;  

Results are expressed on an "as is" basis unless otherwise Indicated;  

Therefore, these are percentages of the total dry weight. 

 

Table 2: M. expansa indispensable amino acid profiles var. ‘T’ 

 

Comparison of M. expansa to Other Crops-Indispensable 

Amino Acids 

 

      For percent ARG, highest to lowest for M. expansa were: 

var. ‘T’ leaf 0.99; var. ‘T’ stem 0.27; var. ‘T’ root 0.26-0.28; 

and var. ‘L’ root 0.21-0.2. Therefore, for percent ARG all M. 

expansa   samples exceeded beet, flax, alfalfa, Bar and millet, 

also corn samples GrnYD, Glutmeal, DDGHP, DDGS, Germ, 

Glutfeed, Hom, GrnHN, GrnHO and GrnLP, and cassava root 

samples #Avg6, #ICB300-Dp, #4, and #10. 

 

      For percent HIS, highest to lowest for M. expansa were: 

var. ‘L’ leaf 0.53-0.57; var. ‘T’ leaf 0.42; var. ‘T’ root 0.14-

0.20; var. ‘T’ stem 0.15; and var. ‘L’ root 0.12-0.13. 

Therefore, for percent HIS all M. expansa samples exceeded 

flax, alfalfa, Bar, beet and millet, also corn samples DDGHP, 

DDGS, Glutfeed, Germ, Hom, GrnHO, GrnHN, GrnLP and 

GrnYD, and cassava root samples #ICB300-Dp, #Avg6, 

#ICB300-3, #10 and #4. 

 

      For percent ISO, highest to lowest for M. expansa were: 

var. ‘L’ leaf 1.11-1.20; var. ‘T’ leaf 0.84; var. ‘T’ root 0.25-

0.31; var. ‘L’ root 0.23-0.27; and var. ‘T’ stem 0.26. 

Therefore, for percent ISO, all M. expansa samples exceeded 

corn samples DDGHP, DDGS, Glutfeed and Germ, and there 

was a great deal of overlap among M. expansa samples with 

the remaining sources. 

 

      For LEU highest to lowest for M. expansa were: var. ‘L’ 

leaf 1.90-2.05; var. ‘T’ leaf 1.49; var. ‘T’ root 0.41-0.47; var. 

‘T’ stem 0.45; and var. ‘L’ root 0.35-0.39. Therefore, for 

percent LEU, all M. expansa samples exceeded flax, millet, 

alfalfa, Bar and beet, also corn samples DDGS, Glutfeed, 

GrnHN, GrnLP, Germ, GrnHO, GrnYD, Hom and DDGHP, 

and all six cassava root samples. 

 

      For percent LYS, highest to lowest for M. expansa were: 

var. ‘L’ leaf 1.41-1.49; var. ‘T’ leaf 1.25; var. ‘T’ root 0.38-

0.49; var. ‘T’ stem 0.41; and var. ‘L’ root 0.34-0.39. 

Therefore, for percent LYS, all M. expansa samples exceeded 

egg [41], flax, alfalfa, beet, Bar, and millet, also corns gdhA+, 

gdhA-, corn2, DDGHP, Glutmeal, Germ, DDGS, Glutfeed, 

Hom, GrnLP, GrnHO, GrnHN and GrnYD, and all six cassava 

root samples. 

 

      For percent MET, highest to lowest for M.  expansa were: 

var. ‘L’ leaf 0.46-0.51; var. ‘T’ leaf 0.34; var. ‘T’ root 0.10-

0.14; var. ‘T’ stem 0.11; and var. ‘L’ root 0.10-0.11. 

Therefore, for percent MET, all M. expansa samples exceeded 

flax, alfalfa, Bar, beet, corns DDGHP, DDGS, Glutfeed, 
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Germ, GrnHN, GrnHO, GrnLP, Hom and GrnYD, and all six 

cassava root samples. 

 

      For percent PHE, highest to lowest for M.  expansa were: 

var. ‘L’ leaf 1.36-1.46; var. ‘T’ leaf 0.92; var. ‘T’ stem 0.29; 

var. ‘T’ root 0.25-0.29; and var. ‘L’ root 0.22-0.27. Therefore, 

for percent PHE, all M. expansa samples exceeded flax, 

alfalfa, millet, Bar, beet, also corns DDGS, Glutfeed, Germ, 

Hom and  GrnLP, and cassava roots #9, #Avg6,  #10, and #4. 

 

      For percent THR highest to lowest for M.  expansa were: 

var. ‘L’ leaf 1.01-1.09; var. ‘T’ leaf 0.83; var. ‘T’ stem 0.32; 

var. ‘T’ root 0.26-0.31; and var. ‘L’ root 0.25-0.30. Therefore, 

for percent THR, all M. expansa samples exceeded egg [41], 

flax, alfalfa, millet, beet, Bar, corns Glutmeal, DDGS, 

Glutfeed, DDGHP, Germ, Hom, GrnHN, GrnHO, GrnLP and  

GrnYD, and all six cassava root samples. 

 

      For percent TRP, highest to lowest for M. expansa were: 

var. ‘L’ leaf 0.28-0.32; var. ‘T’ leaf 0.15; var. ‘T’ root 0.05-

0.08; var. ‘L’ root 0.05-0.06; and var. ‘T’ stem 0.04. 

Therefore, for percent TRP, all M. expansa samples exceeded 

alfalfa, millet, Bar, beet, also corns Glutmeal, DDGHP, 

DDGS, Germ, GrnLP, Hom, Glutfeed, GrnHN, GrnHO, 

GrnLP and GrnYD. However, the percent of TRP was unusual 

for M. expansa indispensable amino acids as it does not 

exceed the amount in any of the six cassava samples. 

 

      For VAL highest to lowest for M.  expansa were: var. ‘L’ 

leaf 1.34-1.44; var. ‘T’ leaf 1.01; var. ‘T’ root 0.32-0.38; var. 

‘T’ stem 0.33; and var. ‘L’ root 0.28-0.32. Therefore, for 

percent VAL, all M. expansa samples exceeded flax, egg [38], 

alfalfa, millet, Bar, beet, also corns Glutmeal, DDGHP, 

DDGS, Glutfeed, Germ, Hom, GrnLP, GrnHN and GrnYD,  

and all six cassava root samples. 

 

      For percent of every individually considered indispensable 

amino acid, skim milk, all three quinoa samples, soybean, and 

wheat, exceeded all M. expansa samples. Additionally, and 

only for percent of MET, one egg sample [38] also exceeded 

all M. expansa samples. However, all M. expansa samples 

exceeded corns DDGS, Germ and GrnLP, for all ten 

indispensable amino acids. For percent of nine indispensable 

amino acids all M. expansa samples exceeded corn Hom, 

alfalfa, beet, and Bar, with ISO the sole exception. M. 

expansa, closely planted in an experiment in the Andes, 

produced significantly higher fodder yields than improved 

alfalfa grown in California [17-18]. All M. expansa samples 

exceeded flax and millet, for percent of eight indispensable 

amino acids. ISO was higher in flax and millet, TRP in flax, 

and TYR in millet, than in M. expansa. All M. expansa 

samples also exceeded eight indispensable amino acids for 

corns GrnYD, DDGHP and GrnHN. Seven of the same 

indispensable amino acids, ARG, LEU, LYS, MET, THR, 

TRP and VAL were exceeded by M. expansa for corns 

GrnYD, DDGHP and GrnHN. In addition, all M. expansa 

samples exceeded corn GrnHO for percent of six 

indispensable amino acids, and corns Glutmeal and Glutfeed 

for percent of five indispensable amino acids each. Mirabilis 

expansa exceeded the remaining sources examined for fewer 

than five indispensable amino acids (SI Table 1). 

 

      For indispensable amino acids in cassava roots, M. 

expansa exceeded cassavas #4, #10, and #Avg6 for eight 

indispensable amino acids each, cassava #ICB300-Dp for 

seven indispensable amino acids, and cassavas #9 and 

#ICB300-3 for six indispensable amino acids each. M. 

expansa samples overlapped all remaining sources examined, 

for percent of individual indispensable amino acids. Amounts 

of overlap varied for particular M. expansa samples (SI Table 

1). 

 

    Percentages of dispensable amino acids had more complex 

patterns than indispensable amino acids for M. expansa, 

relative to the other sources, though both varieties were 

competitive for some dispensable amino acids (SI Table 1). 

 

Comparison of M. expansa to Other Crops-Totals 

 

      TOTP was not reported in the literature for any corn 

sample other than corn2, nor for alfalfa, Bar, beet, egg [41], 

flax or millet. It is unclear if TOTP values from the literature 

include all amino acids for every sample, or only included the 

amino acids assayed. Therefore, it was only possible to 

compare TOTP to those few samples for which it was 

reported. CRDP is not reported for any of the cassava root 

samples, gdhA+ and gdhA- corn, or egg [34]. Numbers for 

TOTP and CRDP in M. expansa were encouraging. For 

percent TOTP, highest to lowest were: var. ‘L’ leaf 22.84-

24.43; var. ‘T’ leaf 16.8; var. ‘T’ root 5.98-7.76; var. ‘T’ stem 

5.99; and var. ‘L’ root 5.34-5.98. Therefore, the quantity of 

TOTP in all M. expansa samples was higher than in all other 

sources reported, including skim milk, wheat, soybean and the 

three quinoa samples, which had consistently exceeded M. 

expansa for percent of individual indispensable amino acids. 

M. expansa leaves of both varieties also exceeded egg [38] for 

TOTP. M. expansa leaves had more than three times the 

TOTP of any other source. SI Results and Discussion contains 

a detailed comparison of M. expansa TOTP to those of these 

other protein sources. 

 

       CRDP is generally considered an estimate of TOTP and 

therefore another way to compare M. expansa with other 

protein sources. CRDP is more likely to be a uniform 

measurement than TOTP. This is because when assessing 

TOTP, there is some loss of protein due to degradation during 

hydrolysis, though this degradation occurs in a fairly 

consistent manner for matching samples. For percent CRDP, 

highest to lowest were: var. ‘L’ leaf 28.70-30.66; var. ‘T’ leaf 

22.52; var. ‘T’ root 8.94-13.91; var. ‘L’ root 7.88-9.31; and 

var. ‘T’ stem 8.78. Therefore, for percentage per 100 g of 

CRDP, all M. expansa leaf samples exceeded all other protein 

sources presented here by more than double. Var. ‘L’ leaves 

exceeded CRDP in all other sources more than three-fold. 

Also for percentage CRDP, M. expansa root samples 

overlapped with skim milk and soybean. In addition, for 

percentage CRDP, all M. expansa samples exceeded wheat, all 

quinoa samples, egg [41], flax, alfalfa, Bar, millet, beet, and 
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all reported corn samples. SI Results and Discussion contains 

a detailed comparison of M. expansa CRDP to those of these 

other protein sources. 

 

      Hemp seeds (Cannabis sativa L.) are known for their high 

protein content, having about 24% crude protein [43]. For dry 

samples that would be ~24g/100g for hemp, while M. expansa 

leaves range from 22.52-30.66 g/100 g. 

 

      Though, this comparison of M. expansa with other protein 

sources is preliminary, and not statistically based, it makes a 

very strong case for M. expansa being much higher than all 

other samples with which it was compared, for leaves and 

roots in TOTP, leaves in CRDP, and competitive or higher for 

roots in CRDP for both varieties. In addition, for the 

percentages of every indispensable amino acid, CRDP and 

TOTP, leaves of both varieties exceeded roots of both 

varieties and also exceeded var. ‘T’ stem. These numbers are 

particularly impressive as the crop has not to date been bred 

with modern methods to improve amino acid profiles. 

 

      M. expansa var. ‘T’ enlarged stem is usually closer to roots 

of both varieties than to leaves of either, for percentages of 

each amino acid and of CRDP and TOTP. This is most likely 

related to M. expansa’s use of both roots and stems for 

storage. Var. ‘L’ leaves had a higher percentage of most amino 

acids and more TOTP and CRDP than var. ‘T’ leaves. The 

reverse was true for roots. Var. ‘T’ roots had more of every 

indispensable amino acid than var. ‘L’ roots. Var. ‘T’ roots 

also overlapped with, or exceeded, var. ‘L’ roots for TOTP 

and CRDP. It is tempting therefore to say var. ‘L’ is better for 

forage. However, each variety had a different degree of 

response to excess water [18,22]. 

 

      No cassava data was reported for ISO, TRP, or CRDP 

[40]. All M. expansa samples exceeded cassava roots for 

percentages of indispensable LEU, LYS, MET, PHE, THR, 

and VAL [40]. All M. expansa leaf samples also greatly 

exceeded all cassava samples for ARG and HIS [40]. Var. ‘L’ 

roots exceeded most cassava samples for all reported 

indispensable amino acids. Var. ‘T’ roots and stem exceeded 

all cassava samples for indispensable HIS, LEU, LYS, MET, 

PHE, THR, and VAL, and approached or exceeded most 

cassava samples for ARG [40]. Cassava leaves had been 

reported to have about 7% protein on the 2016 CGIAR 

website which no longer carries that information [44]. Based 

on the CGIAR information; it appeared that M. expansa leaves 

of both varieties greatly exceed cassava leaves for TOTP. 

However, Nassar and Marques [45] reported 22.73 to 32.58% 

crude protein for cassava leaves, along with their high cyanide 

content, and the need to breed low cyanide cassava varieties. 

Until low cyanide varieties of cassava are developed, or 

methods for separating cyanide from cassava protein, cassava 

leaf protein cannot be utilized for food or fodder. Additional 

considerations also exist for M. expansa relative to cassava. 

Roots of improved cassava varieties are still relatively poor 

protein sources. However, cassava roots are a major source of 

starch world-wide. Cassava is grown as a cash crop for export 

in regions where many people need to consume more of the 

cassava they grow, or use the same land to grow other crops 

for their own consumption. Much of the world depends on 

cassava for human food and animal feed, particularly in the 

tropics. M. expansa not only has a competitive amino acid 

profile but simultaneously produces large amounts of quality 

starch, on arid soils, while additionally providing high quality 

forage. Most cassava is grown on wet soils.  

  

     In all reported cases, leaves of M. expansa exceeded all 

true grain samples examined, except wheat, for percentages of 

all indispensable amino acids. Dispensable HLY, HPR, LAN, 

and ORN were not reported here from any sources other than 

M. expansa, itself lacking LAN altogether. In addition, 

dispensable TAU was not reported for any true grain including 

wheat. M. expansa roots and var. ‘T’ stem, were competitive 

with true grains for indispensable amino acids. M. expansa 

exceeded all true grains considered for CRDP where data was 

available for comparison. 

 

Cytotoxicity Screening with HT-29 Colon Cancer Cells 

 

 Variety Sample 

description 

HT-29 

LD50 

 

 

 

 

Sample # 

LS1 var. ‘L’ leaf/stem >20 

L0L1 var. ‘L’ fresh leaf/stem >20 

L8L1 var. ‘L’ 8-day leaf/stem >20 

L0R1 var. ‘L’ fresh root >20 

L8R1 var. ‘L’ 8-day root >20 

T0L1 var. ‘T’ fresh leaf/stem >20 

T8L1 var. ‘T’ 8-day leaf/stem >20 

T0R1 var. ‘T’ fresh root >20 

T8R1 var. ‘T’ 8-day root >20 

Control Paclitaxel  active control 0.001 
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Notes: 

Results are expressed as ED50 values (µg/ml); 

Samples exhibiting ED50 >20 are considered inactive;  

All of these M. expansa samples were inactive; 

All samples were run simultaneously on June 22, 2010;  

LS1 was only subjected to a single night of methanol extraction compared to three changes of 

methanol over three nights for All other samples. 

 

Sample #/Description Abbreviations:  

in sample names first L = var. 'L'; second L = leaf  

T = var. ‘T’ 

8/8-day = lyophilized after curing eight days by hanging in barn;  

R = root. 

0/fresh = lyophilized on day of harvest;  

 

 

Table 3: Cytotoxicity testing of M. expansa methanol extracts against HT-29  colon cancer. 

      Results of the cytotoxicity screening are expressed as ED50 

values (μg/ml) (Table 3). Samples exhibiting ED50 >20 are 

considered inactive. Cytotoxicity testing against HT-29  colon 

cancer gave negative results for M. expansa for every sample 

tested. Though cytotoxicity testing of these extracts only 

addressed short-season grown material in clones of two 

Andean varieties grown in southern Illinois, the results 

consistently gave reassurance that there were no toxic non-

volatile micro-molecules in that material, a cautious step in the 

right direction for the safety of M. expansa for food and 

forage. This cytotoxicity testing did not address questions 

regarding the safety of the Class I ribosome inhibitor and also 

did not negate concerns over the crop’s high oxalic acid 

content. However, both issues might be addressed through 

processing. Though no difference was seen in the southern 

Illinois summer grown samples, neither barn dried first, nor 

lyophilized fresh, this may change in roots grown for longer 

periods. Lyophilization itself may also have caused the same 

changes as air drying does, especially in the extremely arid 

Andes. In the Andes, roots are typically grown for 1-2 yrs 

before harvest [17]. Testing is needed, to determine which 

processing methods are best, and/or how to extract the protein 

and starch, and how safe M. expansa forage is for livestock. 

 

Conclusions 
 

      Domesticated M. expansa varieties ‘L’ and ‘T’ appear to 

be living protein machines. More information is needed on the 

safe consumption of M. expansa for both humans and 

livestock. New conservation efforts are needed for existing 

varieties and wild types, including the breeding of new 

varieties for survival in the face of climate and other change in 

the Andes, and for use in arid areas around the world. It would 

be helpful if extant crop varieties and wild species could be 

conserved at more sites, including conservation botanical 

gardens outside of South America. This would serve as a 

hedge against loss of this rare crop due to rapid climate change 

and other factors. Remediation of oxalates should be explored, 

including fermentation with bacteria having pathways to break 

oxalate bonds, mechanical separation, and/or enzymatic 

digestion, and to separate protein and starch from oxalates.  

       

      Developing new crop varieties, may improve palatability 

and safety for M. expansa consumption, and improve the crop 

in other ways. However, it should also be considered that 

reducing the presence of oxalates and/or the amount of the 

enzyme inhibiting protein, may also result in the loss of 

natural protection for the crop while it is being grown and 

stored. That may mean it will be better to focus on oxalate 

remediation during post-harvest processing than on overly 

reducing the oxalate load through breeding. Care should also 

be taken, as for any crop, not to create crop varieties that 

become widely invasive. In the case of M. expansa, this might 

result if its limiting factor of extreme sensitivity to too much 

water in the root zone were to be strongly reduced. The 

extremely high potential for the crop, as a source of large 

amounts of complete protein, quality starch, and forage, with 

little water on marginal soils [18,22], makes these worthwhile 

tasks. Comparing amino acid profiles for M. expansa with 

those of other sources gives a baseline for future research and 

increases understanding of M. expansa’s value as a protein 

source for human food, animal feed, and fodder. Results from 

research on M. expansa illustrate the value of further 

examination of neglected crops. 

 

Abbreviations and Nomenclature 
 

      Indispensable amino acids (IAAs): arginine (ARG); 

histidine (HIS); isoleucine (ISO); leucine (LEU); lysine 

(LYS); methionine (MET); phenylalanine (PHE); threonine 

(THR); tryptophan (TRP); valine (VAL). Dispensable amino 

acids: alanine (ALA); aspartic acid (ASP);cysteine (CYS); 

glutamic acid (GLU); glycine (GLY); hydroxyproline (HPR); 

hydroxylysine (HLY); lanthionine (LAN); ornithine (ORN); 

proline (PRO); serine (SER); taurine (TAU); tyrosine (TYR). 

Total amino acids: crude protein (CRDP); total protein 

(TOTP). Amino acid profile samples from the literature use 

coded abbreviations from the sources so are only partially 

explained here. Glutfeed (Gluten feed), Glutmeal (Gluten 
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LEU 
PHE 

meal), GrnYD (Green YD), GrnHN (Green HN), GrnHO 

(Green HO), GrnLP (Green LP); hominy (Hom); barley (Bar). 

Cytotoxicity sample names used in (Table 3) from var. ‘L’ 

are: LS-leaf and stem; LS1Aq-leaf and stem fraction aqueous 

resuspension; L0L1-fresh leaf and stem; L8L1-eight-day dried 

leaf and stem; L0R1-fresh root; and L8R1-eight-day dried 

root. Cytotoxicity sample names used in Table 3 from var. ‘T’ 

are: T0L1-fresh leaf and stem; T8L1-eight-day dried leaf and 

stem; T0R1-fresh root; and T8R1-eight-day dried root. 

 

Supporting Information (SI) 
 

      SI consists of additional text, the table of all amino acid 

profile results for M. expansa and from the literature (SI 

Table 1), and the same amino acid data transformed as ratios 

of crude protein (SI Table 2). In addition  to reduced versions 

of (SI Tables 1) and (SI Tables 2), links are given within 

table notes to download Excel versions of each table, under SI 

Results and Discussion, below. 

 

      Additional text includes both SI Materials and Methods 

and SI Results and Discussion. SI Materials and Methods 

consist of more detailed notes on the extractions, drying of 

extracts, and the cytotoxicity assay. SI Results and Discussion 

includes text descriptions for each indispensable amino acid, 

CRDP, and TOTP, here including the percent value for each 

source compared, listed from highest to lowest. All M. 

expansa and literature profile amino acid percentages, 

including those for dispensable amino acids, are presented (SI 

Table 1).  In addition, for M. expansa, percent of each amino 

acid, including dispensable amino acids, are given as a ratio of 

CRDP (SI Table 2). In SI Conclusions, there is additional 

discussion of the results of the cytotoxicity screening, and 

additional general considerations are added to those, given in 

Conclusions, above. 

 

SI Materials and Methods 
 

Cultivation and Production of M. expansa Samples 

 

      Var. ‘L’ harvested and lyophilized in 2008, consisted of 

material grown in, and combined from, several outdoor plots 

amended with either 5 % steer manure, 3 % peat, a mixture of 

1 % peat with 3 % steer manure, and an all sand control. Var. 

‘T’ samples were harvested and lyophilized in 2009. Var. ‘T’ 

root samples were from two plants grown in plots originally 

amended with 4 % steer manure, and root with some attached 

underground enlarged rhizome from a single root grown in 2 

% peat. The single stem sample, from var. ‘T’, had become 

somewhat enlarged with stored starch. This stem sample was 

from exclusively greenhouse-grown stock plants. Two var. ‘T’ 

leaf samples, from the same exclusively greenhouse-grown 

plants, included attached enlarged stems, and leaf without 

stem, and were also profiled separately. Numbers of samples 

depended on combinations of soil treatments, and survivorship 

from those plots. 

 

Comparison of M. expansa with Other Protein Sources 

 

      Data from the literature for quinoa [12], all corn samples 

except corn2 [39], wheat and milk [7], originally selected for 

comparison, could not be standardized to the amino acid data 

from the M. expansa profiles. Therefore, these sources were 

dropped from the comparison and replaced with several from 

the USB/US [41] swine data charts. Nassar and Sousa’s [40] 

cassava data was used to replace cassava data from Schlick 

and Bubenheim [12]. M. expansa’s profile data came from 

lyophilized material from individual plants, combined for each 

level of soil amendment prior to profiling. Therefore, each 

data point was measured individually and is not an average of 

results. 

 

General Considerations for the Cytotoxicity Testing of M. 

expansa 
 

      Comparison was also made of cured and uncured material 

for the cytotoxicity test, with no obvious differences emerging 

from the negative data. Though variables for all samples were 

imperfectly matched between varieties, it was the best match 

possible with material available at that time. For amino acid 

profiling, lyophilized samples were cut into small pieces with 

a heavy scissors, weighed to a minimum of five grams each, 

then packed into FalconTM tubes, and shipped to University of 

Missouri (UM). In the profile assay, cation exchange 

chromatography (CIEC-HPLC) was combined with post-

column ninhydrin derivation and quantization. 

 

Cytotoxicity Sample Extraction 

 

      LS1 and its derivative, LS1Aq, are briefly described 

above. After completing the practice run which resulted in 

samples LS1 and LS1Aq (initially named LR1), Dr. Chai was 

consulted and a decision made to extract the remaining field 

grown samples at half the concentration of sample to 

methanol. This reduction was to reduce time needed to 

evaporate methanol. The improved ratio was 20 g of 

lyophilized plant material to 25 ml of methanol for each 

subsequent extraction resulting in a single sample. This 

improved ratio was used to produce all eight samples 

submitted for cytotoxicity testing from field grown material. 

 

      Supernatant from each methanol extraction was strained 

daily by pouring through non-sterile cotton sheeting, with a 

few ml of methanol squirted onto the cotton filter to wash 

through trapped supernatant. Supernatant was subjected to 

methanol removal each extraction day, and the pellet re-

suspended in fresh methanol for further extraction. This was 

repeated once per day, for a total of three times per sample. 

Extracted methanol from each of the three days was 

refrigerated until transported over ice to another building for 

methanol removal. To get better coverage of ground up 

material with methanol, Falcon tubes were tightly capped and 

laid on their sides in the refrigerator. Each morning of the 

extraction period, tubes were shaken up, and then spun down. 

Altogether, material from ten var. ‘T’, and 15 var. ‘L’ plants 

were included in the cytotoxicity testing. 
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Roto-evaporation of Methanol for Cytotoxicity Samples 

 

      During rotation, the flask was kept slightly immersed in a 

water bath at 40°c or cooler. As the water bath on the rotary 

evaporator did not have a properly functioning thermostat, 

there was considerable fluctuation in temperature as methanol 

evaporation proceeded. Ice and/or ice water were frequently 

added back to the water bath to lower temperatures when they 

began to climb out of range. The speed at which the flask spun 

was manually slowed or sped up as needed, which changed the 

amount of energy from rotation and thus heat both inside and 

outside the flask. On the advice of John Haddock, styrofoam 

peanuts were added to the water in which the round bottom 

flask was rotating, to help make the temperature more even, 

and allowed the heating dial to be positioned at a lower 

temperature. Methanol, removed and purified on the roto-vap 

each day for each sample, was included along with fresh 

methanol to re-suspend the same sample on the following 

days, until each pellet was discarded. 

 

       TOR1 was the only root sample not to have lyophilized 

material which had been grown in each of the different plot 

types combined for that variety prior to grinding and 

extraction. T0R1 did not include material from a one percent 

peat and three percent steer manure plot, as it had been used 

up in the amino acid profiling. A single day’s evaporation of 

L0R1 was heated to ~50°C, which was a sufficiently high 

temperature to create a visible change. The other two days of 

L0R1 extraction were combined with the overheated material, 

then processing continued in the normal manner. 

 

      Production and development of the protocols while 

extracting and evaporating LS1 and LS1Aq are detailed in 

Kritzer Van Zant’s dissertation [22], and include more details 

on modifications of drying times after roto-evaporation, and 

information on protocol adjustments due to bands of white and 

yellow crystals that adhered to the inside of the extraction vial 

during roto-evaporation. At least some of the crystal bands 

were suspected of being calcium oxalate. Their handling may 

offer a clue on how to mechanically separate oxalate crystals 

from protein and starch. 

 

Drying of Cytotoxicity Samples 

 

      Some samples were dried with nitrogen gas a second time 

on the day following initial drying, then returned to the 

freezer. This was done because there appeared to still be water 

in the samples. After 12 hrs of nitrogen drying, samples dried 

to a tarry-oily often still liquid substance, which had either a 

light golden or light green cast, and varied in clarity. In 

general, leaf/stem material was more likely to be greenish, 

probably due to the presence of chlorophyll. After all the 

samples were extracted, the wet appearance of most of each 

extract was unsatisfactory, as it was unclear if any methanol 

was still trapped in the samples. Prior to re-lyophilization, 

each sample was homogenized with a metal stirring rod, and 

vials were individually covered with para-film. Holes were 

poked into the film with a pin cleaned with ethanol. On the 

advice of Jim Persinger, glass lyophilization chambers were 

wrapped in aluminum foil to limit exposure of the samples to 

UV light. 

 

      This second lyophilization gave the extracted material a 

fluffy, crystalline and fully dry appearance. This fluffy 

material stuck to the inside of the vials. Fully dried material 

often varied in color, in patches in each sample, and appeared 

spun like cotton candy containing tiny tar-flecked specks. In 

many cases, these masses of webby material were spread 

along the inside wall of the vials and up against the para-film 

used to cover each bottle during the lyophilization process. 

After re-lyophilization, all material in each vial was stirred 

down from the vial walls, with a small metal spatula sterilized 

with ethanol and after several minutes wiped dry on a sterile 

wipe, to get a more homogenous substance. Even after stirring 

with the spatula, the material appeared to be a mix of tar 

specks and crystals. Remaining extracted and re-lyophilized 

samples were stored in a desiccation chamber at room 

temperature. 

 

      Should methanol extraction of micro-molecules be 

repeated in M. expansa, nitrogen drying time should be 

reduced to a few minutes followed by post extraction re-

lyophilization. This should become part of the protocol. Lack 

of sufficient plant material, limits on access to equipment, and 

time tables affecting collaborators and benefactors, have 

caused repetition of extractions to be impractical to date. 

 

Cytotoxicity Testing of M. expansa  

 

      For the cytotoxicity assay cells were cultured in MEME 

medium (Hyclone, Logan UT) modified with amphotericin B 

(Fungizone, 0.25 µg/mL), 10% fetal bovine serum (FBS), 

penicillin (100 units/mL) and streptomycin (100 µg/mL). Cells 

were grown in an atmosphere of 95% air and 5% CO2 in a 

humidified incubator at 37°C. Once cells reached a near-

confluent state, usually taking five or more days, they were 

trypsinized and split for sub-culture. At 60-70% confluence, 

medium was changed and cells were used one day later for 

testing. Harvested cells were diluted for seeding into 96-well 

plates  (9500 cells/190 µL) with complete medium. Cells were 

then tested with the methanol extracted samples (10µL/well in 

triplicate) at various concentrations of sample. Plates were 

incubated at 37°C, in 5% CO2, for three days. Twenty % 

trichloroacetic acid (TCA; 100 µL/aliquot) was added to each 

well on the third day. Plates were then set for 30 minutes at 

4°C. Plates were next washed three times with tap water, and 

allowed to air dry overnight. After air-drying, 0.4% 

sulforhodamine B (SRB; 100 µL/well) was added and the 

plates left at room temperature for 30 min. Each well was then 

washed with 1% acetic acid and the plates were again allowed 

to air dry. Bound stain was solubilized with 10mM unbuffered 

Tris base (pH 10, 200 µL/well). 

 

 

SI Results and Discussion 

 

      Amino acid profiles were compared between those for M. 

expansa, and a variety of plant and other protein sources taken 
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from the literature (Tables 1 and 2, SI Table 1). In addition, 

the percentage of CRDP for each M. expansa amino acid is 

given in a separate table (SI Table 2). As stated in Materials 

and Methods above, all profiles data is standardized to g/100 

g. There is also consideration in this section of the potential 

meaning of the uniformly negative results for the ethanol 

extractions (Table 3). 

 

M. expansa Compared with Other Crops, Data from All 

Sources Analyzed
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 Var/ 

Source 

 'T' 'T' 'T' 'T' 'L' 'L' 'L' 'L' 'L' 'L' 'L' 'L' Quin- 

oa 

Quin-

oa 

Quin-

oa 

Wheat Soy-

bean 

Skim- 

milk 

Cas-

sava 

Cas-

sava 

Cas-

sava 

Cas-

sava 

Cas- 

sava 

Cas-

sava 

Corn 

 

Corn 

 

Corn2 Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Corn 

 

Alf Bar Beet Egg 

 

Flax Mil 

-let 

Egg Max Min Mean Medi

-an 

Details              Hy-

drop 

Hy-

drop 

Field    ICB 

300-3 

#10 #4 #9 ICB 

300-

Dp 

Avg6 gdhA+ gdhA-  DDGS DDGHP Germ Glut-

feed 

Glut-

meal 

Grn-

YD 

Grn-

HN 

Grn-

HO 

Grn-

LP 

Hom            

Plant Part  Root Leaf Stem Root+ Leaf Leaf Leaf Leaf Root Root Root Root lvs Seeds Seeds    Root Root Root Root Root Root                         

Treatment  4%S NA NA 2%P Zero 3P 1P 

& 

3S 

5S 1P 

& 

3S 

Zero 5S 3P                                     

Plant #s  T25+ 

T17 

Grn-

hse 

Grn-

hse 

T21 3L 

+ 

5L 

9L 

+ 

14L 

17L 

+ 

22L 

26L 

+ 

30L 

17L 

+ 

22L 

3L 

+ 

5L 

26L 

+ 

30L 

9L 

+ 

14L 

                                    

Indispen-

sable 

Amino 

Acids 

Arginine Arg 0.26 0.99 0.27 0.28 1.30 1.28 1.36 1.35 0.24 0.21 0.23 0.26 4 9.4 7.9 4.8 7.2 3.7 0.26 0.06 0.08 0.32 0.11 0.17 0.39 0.37 0.5 0.116 0.152 0.110 0.104 0.193 0.037 0.043 0.043 0.041 0.056 0.071 0.054 0.032  0.297 0.041 1.19 9.40 0.03 1.16 0.26 

Histidine His 0.14 0.42 0.15 0.2 0.54 0.53 0.57 0.56 0.13 0.12 0.13 0.13 1.2 3 2.7 2.2 2.5 2.6 0.04 0.01 0.01 0.03 0.04 0.02 0.22 0.21 0.2 0.071 0.110 0.042 0.067 0.128 0.023 0.026 0.027 0.025 0.028 0.037 0.025 0.023  0.068 0.020 0.45 3.00 0.01 0.46 0.13 

 

and 

Iso- 

leucine 

Iso 0.25 0.84 0.26 0.31 1.11-

1.20 

1.11 1.20 1.19 0.25 0.23 0.26 0.27 3.2 3.9 5.2 3.8 4.9 6.3       0.26 0.24 0.39 0.104 0.173 0.045 0.066 0.248 0.028 0.033 0.031 0.033 0.036 0.068 0.039 0.031 0.287 0.156 0.046 0.86 6.30 0.03 0.99 0.25 

 

Their 

Abbre- 

viations 

Leucine Leu 0.41 1.49 0.45 0.47 1.98 1.90 2.03 2.05 0.38 0.35 0.36 0.39 5.6 6.4 6.7 6.8 7.6 9.7 0.13 0.01 0.00 0.04 0.13 0.06 0.89 0.85 1.1 0.332 0.096 0.109 0.196 1.019 0.099 0.117 0.106 0.110 0.098 0.121 0.077 0.053 0.403 0.206 0.124 1.19 9.70 0.00 1.43 0.37 

Lysine Lys 0.38 1.25 0.41 0.49 1.43 1.41 1.47 1.49 0.38 0.34 0.38 0.39 3.5 5.9 6.2 2.9 6.4 7.7 0.10 0.02 0.02 0.03 0.08 0.05 0.24 0.23 0.24 0.078 0.117 0.079 0.063 0.102 0.026 0.027 0.028 0.029 0.038 0.074 0.041 0.052 0.309 0.124 0.023 0.96 7.70 0.02 1.04 0.24 

Methio-

nine 

Met 0.1 0.34 0.11 0.14 0.49 0.46 0.51 0.50 0.11 0.10 0.10 0.11 0.8 1 1.4 1.7 1.4 2.5 0.04 0.00 0.00 0.02 0.04 0.02 0.23 0.21  0.058 0.086 0.026 0.035 0.143 0.017 0.022 0.020 0.020 0.018 0.025 0.020 0.007 0.148 0.059 0.031 0.48 2.50 0.00 0.32 0.10 

Phenyl-

alanine 

Phe 0.25 0.92 0.29 0.29 1.41 1.36 1.46 1.44 0.24 0.22 0.25 0.27 3.9 4.1 3.8 4.5 4.9 4.9 0.13 0.06 0.00 0.07 0.12 0.07 0.38 0.35  0.134 0.238 0.058 0.076 0.384 0.039 0.041 0.042 0.037 0.043 0.084 0.055 0.030  0.157 0.056 0.86 4.90 0.00 0.91 0.24 

Threo-nine Thr 0.26 0.83 0.32 0.31 1.04 1.01 1.04 1.09 0.27 0.25 0.26 0.30 3.5 3.5 4.1 3.1 4.2 4.6 0.06 0.01 0.01 0.02 0.07 0.03 0.27 0.27 0.39 0.097 0.054 0.052 0.074 0.208 0.029 0.031 0.031 0.030 0.040 0.070 0.035 0.038 0.225 0.126 0.040 0.61 4.60 0.01 0.75 0.24 

Trypto-

phan 

Trp 0.05 0.15 0.04 0.08 0.30 0.31 0.32 0.28 0.05 0.05 0.06 0.05 1.6 1.1 1.2 1.1 1.3 1.4       0.05 0.05 0.07 0.020 0.024 0.011 0.007 0.031 0.006 0.007 0.007 0.007 0.010 0.024 0.011 0.010 0.073 0.052 0.016 0.2 1.60 0.01 0.27 0.05 

Valine Val 0.32 1.01 0.33 0.38 1.37 1.34 1.44 1.44 0.31 0.28 0.31 0.32 4 4.5 4.6 4.7 5 6.9 0.12 0.03 0.03 0.04 0.11 0.06 0.37 0.34 0.46 0.138 0.211 0.073 0.101 0.279 0.039 0.044 0.042 0.046 0.052 0.086 0.052 0.045 0.330 0.174 0.057 0.89 6.90 0.03 0.97 0.30 

Dispen-

sable 

Amino 

Acids 

 

and  

 

Their 

Abbre- 

viations 

Alanine Ala 0.34 1 0.41 0.5 1.29 1.24 1.32 1.33 0.35 0.40 0.32 0.42 3.9 4 4.4 3.8 4.3 4 0.09 0.02 0.02 0.04 0.10 0.05 0.55 0.53                   4.40 0.02 1.34 0.52 

Aspartic 

Acid 

Asp 0.51 1.73 0.63 0.57 2.28 2.23 2.36 2.36 0.49 0.45 0.49 0.55 8 9 8.1 5.3 12 8.3 0.15 0.02 0.03 0.05 0.14 0.08 0.49 0.47                   12.00 0.02 2.57 0.56 

Cysteine Cys 0.09 0.28 0.16 0.1 0.38 0.39 0.42 0.38 0.08 0.08 0.08 0.10 0.6 1 1.4 2.3 1.5 0.9 0.03 0.03 0.03 0.03 0.03 0.03 0.21 0.21  0.038 0.080 0.031 0.046 0.109 0.019 0.022 0.019 0.019 0.018 0.018 0.028 0.006 0.111 0.059 0.018  2.30 0.01 0.27 0.08 

Glutamic 

Acid 

Glu 0.79 2.01 0.7 1.21 3.78 3.54 3.92 3.74 0.65 0.66 0.60 0.68 14 15 14 27 18 23 0.22 0.04 0.07 0.15 0.22 0.14 1.41 1.36                       

Glycine Gly 0.29 0.96 0.38 0.33 1.31 1.27 1.36 1.36 0.27 0.25 0.28 0.30 4.3 5.3 5.7 4 4.2 2.2 0.08 0.01 0.02 0.04 0.08 0.04 0.31 0.31                       

Hydroxy-

lysine 

Hly 0.13 0.15 0.1 0.24 0.14 0.16 0.16 0.15 0.10 0.17 0.10 0.13                                     

Hydroxy-

proline 

HPr 0.04 0.08 0.07 0.06 0.06 0.06 0.10 0.11 0.08 0.06 0.07 0.08       0.07 0.01 0.01 0.02 0.07 0.04                         

Lanthio-

nine 

Lan 0 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00                                     

Orni-thine Orn 0 0.01 0 0 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00                                     

Proline Pro 0.91 0.9 0.33 1.33 1.57 1.43 1.55 1.49 1.12 0.65 0.84 0.69 3.6 3.5 4 10 5.5 11 0.05 0.00 0.00 0.00 0.07 0.02 0.67 0.67                       

Serine Ser 0.23 0.74 0.3 0.26 0.94 0.91 0.90 0.98 0.25 0.23 0.24 0.28 3.6 4.4 4.6 5 5.6 6 0.09 0.01 0.02 0.03 0.08 0.05 0.33 0.33                       

Taurine Tau 0.08 0.09 0.1 0.08 0.03 0.03 0.04 0.04 0.06 0.08 0.02 0.02                                     

Tyrosine Tyr 0.15 0.61 0.18 0.13 0.90 0.86 0.89 0.91 0.17 0.16 0.17 0.20 2.6 3.2 3.1 3.1 3.5 5 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.26  0.116 0.197 0.042 0.058 0.325 0.025 0.020  0.032 0.040 0.055 0.029 0.040  0.103 0.031      

Amino 

Acid 

Totals 

Total 

Protein 

TOTP 5.98 16.8 5.99 7.76 23.69 22.84 24.43 24.25 5.98 5.34 5.55 5.94 1.4 2 2.8 4 2.9 3.4 1.65 0.34 0.34 0.92 1.45 0.94   0.38                 7.69     

Crude 

Protein* 

CRDP 8.94 22.52 8.78 13.91 28.71 28.70 29.43 30.66 9.31 7.88 9.11 9.25 6.5 7.3 6.9 7.6 8.4 9.9         0.96 2.740 4.180 1.480 2.150 6.020 0.830 0.920 0.840 0.920 1.030 1.700 1.130 0.860 4.700 3.360 1.110      

% dry 

matter 

                            8.800 9.000 9.100 9.000 9.000 8.900 8.700 8.700 8.800 9.000 9.200 8.900 9.100  9.000 9.000      

 

Abbreviations:  

      

Grnhse = Greenhouse      

hydrop = hydroponic      

Var = variety      

       

Notes:  

      

All percentages are given as standardized combined values in W/W% = g/100g of sample.       

* Percentage N X 6.25. **Sample #5 received January 7, 2010.       

Results are expressed on an "as is" basis unless otherwise indicated.      

So these are percentages of the total dry weight.      

It is not clear if the category '% dry weight' is the same as either crude or total protein for any given source.      

Lit cited numbers match those in the paper.  
 

Key to Lit Cited:  

 

6  = Gutherie et al. 2004;      

11 = Souci et al. 1994;       

11 = Schlick et al. 1996;      

38 = Hawley et al. 1946;      

39 = Lewis et al. 1982;      

40 = Nassar and Sousa 2007;  

 41 = USB/US Pork Center of Excellence 2009. 

 

(Download SI Table 1 for Excel at: https://www.kosmospublishers.com/wp-content/uploads/2019/03/SITable1MexpAAsVsOther5Feb2019.xlsx) 

 

 

SI Table 1: Comparison of Mirabilis expansa Amino Acid profiles to those of other protein sources from the literature. 
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Units 

 

g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g g/100 g 

 

AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio AA ratio 

Var 

 

'T' 'T' 'T' 'T' 'L' 'L' 'L' 'L' 'L' 'L' 'L' 'L' 

 

'T' 'T' 'T' 'T' 'L' 'L' 'L' 'L' 'L' 'L' 'L' 'L' 

Plant Part 

 

Root Leaf Stem Root+ Leaf Leaf Leaf Leaf Root Root Root Root 

 

Root Leaf Stem Root+ Leaf Leaf Leaf Leaf Root Root Root Root 

Treatment 

Plant #s 

 

4%S 

T25+T17 

NA 

Grnhse 

NA 

Grnhse 

2%P 

T21 

Zero 

3L+5L 

3P 

9L+14L 

1P&3S 

17L+22L 

5S 

26L+30L 

1P&3S 

17L+22L 

Zero 

3L+5L 

5S 

26L+30L 

3P 

9L+14L 

 

4%S 

T25+T17 

NA 

Grnhse 

NA 

Grnhse 

2%P 

T21 

Zero 

3L+5L 

3P 

9L+14L 

1P&3S 

17L+22L 

5S 

26L+30L 

1P&3S 

17L+22L 

Zero 

3L+5L 

5S 

26L+30L 

3P 

0 

Indispensible 

Amino Acids 

 

and  

 

Their 

Abbreviations 

 

 

 

 

 

Arginine Arg 0.26 0.99 0.27 0.28 1.30 1.28 1.36 1.35 0.24 0.21 0.23 0.26 Arg 2.91 4.40 3.08 2.01 4.53 4.46 4.62 4.40 2.58 2.66 2.52 2.81 

Histidine His 0.14 0.42 0.15 0.2 0.54 0.53 0.57 0.56 0.13 0.12 0.13 0.13 His 1.57 1.87 1.71 1.44 1.88 1.85 1.94 1.83 1.40 1.52 1.43 1.41 

Isoleucine Iso 0.25 0.84 0.26 0.31 1.11-1.20 1.11 1.20 1.19 0.25 0.23 0.26 0.27 Iso 2.80 3.73 2.96 2.23 3.87-4.18 3.87 4.08 3.88 2.69 2.92 2.85 2.92 

Leucine Leu 0.41 1.49 0.45 0.47 1.98 1.90 2.03 2.05 0.38 0.35 0.36 0.39 Leu 4.59 6.62 5.13 3.38 6.90 6.62 6.90 6.69 4.08 4.44 3.95 4.22 

Lysine Lys 0.38 1.25 0.41 0.49 1.43 1.41 1.47 1.49 0.38 0.34 0.38 0.39 Lys 4.25 5.55 4.67 3.52 4.98 4.91 4.99 4.86 4.08 4.31 4.17 4.22 

Methionine Meth 0.1 0.34 0.11 0.14 0.49 0.46 0.51 0.50 0.11 0.10 0.10 0.11 Meth 1.12 1.51 1.25 1.01 1.71 1.60 1.73 1.63 1.18 1.27 1.10 1.19 

Phenylalanine Phe 0.25 0.92 0.29 0.29 1.41 1.36 1.46 1.44 0.24 0.22 0.25 0.27 Phe 2.80 4.09 3.30 2.08 4.91 4.74 4.96 4.70 2.58 2.79 2.74 2.92 

Threonine Thr 0.26 0.83 0.32 0.31 1.04 1.01 1.04 1.09 0.27 0.25 0.26 0.30 Thr 2.91 3.69 3.64 2.23 3.62 3.52 3.53 3.56 2.90 3.17 2.85 3.24 

Tryptophan Trp 0.05 0.15 0.04 0.08 0.30 0.31 0.32 0.28 0.05 0.05 0.06 0.05 Trp 0.56 0.67 0.46 0.58 1.04 1.08 1.09 0.91 0.54 0.63 0.66 0.54 

Valine Val 0.32 1.01 0.33 0.38 1.37 1.34 1.44 1.44 0.31 0.28 0.31 0.32 Val 3.58 4.48 3.76 2.73 4.77 4.67 4.89 4.70 3.33 3.55 3.40 3.46 

Dispensable 

Amino Acids 

 

and  

 

Their 

Abbreviations 

 

 

 

 

 

 

 

 

Alanine Ala 0.34 1 0.41 0.5 1.29 1.24 1.32 1.33 0.35 0.40 0.32 0.42 Ala 3.80 4.44 4.67 3.59 4.49 4.32 4.49 4.34 3.76 5.08 3.51 4.54 

Aspartic Acid Asp 0.51 1.73 0.63 0.57 2.28 2.23 2.36 2.36 0.49 0.45 0.49 0.55 Asp 5.70 7.68 7.18 4.10 7.94 7.77 8.02 7.70 5.26 5.71 5.38 5.95 

Cysteine Cyst 0.09 0.28 0.16 0.1 0.38 0.39 0.42 0.38 0.08 0.08 0.08 0.10 Cyst 1.01 1.24 1.82 0.72 1.32 1.36 1.43 1.24 0.86 1.02 0.88 1.08 

Glutamic Acid Glu 0.79 2.01 0.7 1.21 3.78 3.54 3.92 3.74 0.65 0.66 0.60 0.68 Glu 8.84 8.93 7.97 8.70 13.17 12.33 13.32 12.20 6.98 8.38 6.59 7.35 

Glycine Gly 0.29 0.96 0.38 0.33 1.31 1.27 1.36 1.36 0.27 0.25 0.28 0.30 Gly 3.24 4.26 4.33 2.37 4.56 4.43 4.62 4.44 2.90 3.17 3.07 3.24 

Hydroxylysine HLy 0.13 0.15 0.1 0.24 0.14 0.16 0.16 0.15 0.10 0.17 0.10 0.13 HLy 1.45 0.67 1.14 1.73 0.49 0.56 0.54 0.49 1.07 2.16 1.10 1.41 

Hydroxyproline HPr 0.04 0.08 0.07 0.06 0.06 0.06 0.10 0.11 0.08 0.06 0.07 0.08 HPr 0.45 0.36 0.80 0.43 0.21 0.21 0.34 0.36 0.86 0.76 0.77 0.86 

Lanthionine Lan 0 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Lan 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ornithine Orn 0 0.01 0 0 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 Orn 0.00 0.04 0.00 0.00 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 

Proline Pro 0.91 0.9 0.33 1.33 1.57 1.43 1.55 1.49 1.12 0.65 0.84 0.69 Pro 10.18 4.00 3.76 9.56 5.47 4.98 5.27 4.86 12.03 8.25 9.22 7.46 

Serine Ser 0.23 0.74 0.3 0.26 0.94 0.91 0.90 0.98 0.25 0.23 0.24 0.28 Ser 2.57 3.29 3.42 1.87 3.27 3.17 3.06 3.20 2.69 2.92 2.63 3.03 

Taurine Tau 0.08 0.09 0.1 0.08 0.03 0.03 0.04 0.04 0.06 0.08 0.02 0.02 Tau 0.89 0.40 1.14 0.58 0.10 0.10 0.14 0.13 0.64 1.02 0.22 0.22 

Tyrosine Tyr 0.15 0.61 0.18 0.13 0.90 0.86 0.89 0.91 0.17 0.16 0.17 0.20 Tyr 1.68 2.71 2.05 0.93 3.13 3.00 3.02 2.97 1.83 2.03 1.87 2.16 

Amino 

Acid 

Total 

Total 

Protein 

 

5.98 16.8 5.99 7.76 23.69 22.84 24.43 24.25 5.98 5.34 5.55 5.94 

             Crude 

Protein* 

 

8.94 22.52 8.78 13.91 28.71 28.70 29.43 30.66 9.31 7.88 9.11 9.25 

              

Notes:   

       

* Percentage N X 6.25. **Sample #5 received January 7, 2010. W/W%= g/100g of sample.        

Results are expressed on an "as is" basis unless otherwise indicated.        

So these are percentages of the total dry weight.        

It is not clear if the category '% dry weight' is the same as either crude or total protein for any given source.        

Percentages of AAs on the left are in standardized combined values in g/100g dry sample.        

Percentages of AAs on the right are given as ratios of crude protein.        

Lit cited numbers match those in the paper.        

         

Key to Lit Cited:  

         

6 = Gutherie et al. 2004;        

11 = Souci et al. 1994;         

12 = Schlick et al. 1996;        

38 = Hawley et al. 1946;        

39 = Lewis et al. 1982;        

40 = Nassar and Sousa 2007;        

41 = USB/US Pork Center of Excellence 2009. 

 

(Download SI Table 2 for Excel at: https://www.kosmospublishers.com/wp-content/uploads/2019/03/SITable2MexpAAsVsOther5Feb2019.xlsx) 

 

SI Table 2: Ratios of Mirabilis expansa Amino Acid Profiles/Crude Protein.

https://www.kosmospublishers.com/wp-content/uploads/2019/03/SITable2MexpAAsVsOther5Feb2019.xlsx
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Comparison of M. expansa to Other Crops-Indispensable 

Amino Acids 

 

      For percent ARG, with no value reported for egg [41], 

highest to lowest were hydroponic quinoa seeds 9.4; quinoa 

field seeds 7.9; soybean 7.2; wheat 4.8; quinoa hydroponic 

leaves 4.0; skim milk 3.7; var. ‘L’ leaf 1.28-1.36; egg [38] 

1.19; var. ‘T’ leaf 0.99; corn2 0.5; corn gdhA+ 0.39; corn 

gdhA- 0.37; cassava root #9 0.32; var. ‘T’ stem 0.27; var. 

‘T’ root 0.26-0.28; cassava root #ICB300-3 0.26; var. ‘L’ 

root 0.21-0.2; corn GrnYD 0.037; beet 0.032; flax 0.297; 

corn Glutmeal 0.193; cassava root #Avg6 0.17; corns 

DDGHP 0.152 and DDGS 0.116; cassava root # ICB-300-

Dp and corn Germ both 0.11; corn Glutfeed 0.104; cassava 

root #4 0.08; alfalfa 0.071; cassava root #10 0.06; corn Hom 

0.056; Bar 0.054; corns GrnHN and GrnHO both 0.043; and 

corn GrnLP and millet both 0.041. 

 

      For percent HIS, with no value reported for egg [41], 

highest to lowest were: hydroponic quinoa seeds 3.0; quinoa 

field seeds 2.7; skim milk 2.6; soybean 2.5; wheat 2.2; 

hydroponic quinoa leaves 1.2; var. ‘L’ leaf 0.53-0.57; egg 

[38] 0.45; var. ‘T’ leaf 0.42; corns gdhA+ 0.22, gdhA- 0.21, 

and corn2 0.20; var. ‘T’ root 0.14-0.20; var. ‘T’ stem 0.15; 

corn Glutmeal 0.128; var. ‘L’ root 0.12-0.13; corns DDGHP 

0.110 and DDGS 0.071; flax 0.068; corns Glutfeed 0.067 

and Germ 0.042; cassava root #ICB300-Dp 0.04; alfalfa 

0.037; cassava root #9 0.03; corns Hom 0.028, GrnHO 

0.027, and GrnHN 0.026;  corn GrnLP and Bar both 0.025; 

corn GrnYD and beet both 0.023; cassava root #Avg6 and 

millet both 0.020; cassava root #ICB300-3 0.024; and 

cassava roots #10 and #4 both 0.01. 

 

     For percent ISO, with no values reported for any cassava 

roots, highest to lowest were: skim milk 6.30; quinoa field 

seeds 5.2; soybean 4.9; quinoa hydroponic seeds 3.9; wheat 

3.8; quinoa hydroponic leaves 3.2; var. ‘L’ leaf 1.11-1.20; 

egg [38] 0.86; var. ‘T’ leaf 0.84; corn2 and Bar both 0.39; 

egg [41] 0.287; flax 0.156; alfalfa 0.068; millet 0.046; corn 

Hom 0.036; corns GrnHN and GrnLP both 0.033; corn 

GrnHO and beet both 0.031; corns GrnYD 0.028 and gdhA+ 

0.26; var. ‘T’ root 0.25-0.31; corns Glutmeal 0.248 and 

gdhA- 0.24; var. ‘L’ root 0.23-0.27; var. ‘T’ stem 0.26 and 

corns DDGHP 0.173, DDGS 0.104, Glutfeed 0.066, and 

Germ 0.045. 

 

      For LEU highest to lowest were: skim milk 9.70; 

soybean 7.6; wheat 6.8; quinoa field seeds 6.7; quinoa 

hydroponic seeds 6.4; quinoa hydroponic leaves 5.6; var. ‘L’ 

leaf 1.90-2.05; var. ‘T’ leaf 1.49; egg [38] 1.19; corn2 1.10, 

corns Glutmeal 1.019, corn gdhA+ 0.89 and corn gdhA- 

0.85; var. ‘T’ root 0.41-0.47; var. ‘T’ stem 0.45; egg [41] 

0.403; var. ‘L’ root 0.35-0.39; corn DDGS 0.332; flax 

0.2016; corn Glutfeed 0.196; cassava roots #ICB300-3 and 

ICB300-Dp both 0.13; millet 0.124; alfalfa 0.121; corns 

GrnHN 0.117, GrnLP 0.110, Germ 0.109, GrnHO 0.106, 

GrnYD 0.099, Hom 0.098, and DDGHP 0.096; Bar 0.077; 

cassava root #Avg6 0.06; beet 0.053; cassava root #9 0.04; 

cassava root #10 0.01; and cassava root #40.00. 

 

      For percent LYS, highest to lowest were: skim milk 

7.70; soybean 6.4; quinoa field seeds 6.2; quinoa hydroponic 

seeds 5.9; quinoa hydroponic leaves 3.5; wheat 2.9; var. ‘L’ 

leaf 1.41-1.49; var. ‘T’ leaf 1.25; egg [38] 0.96; var. ‘T’ root 

0.38-0.49; var. ‘T’ stem 0.41; var. ‘L’ root 0.34-0.39; egg 

[41] 0.309; corns gdhA+ and corn2 both 0.24, and gdhA- 

0.23; flax 0.124; corns DDGHP 0.117 and Glutmeal 0.102; 

cassava root #ICB300-3 0.10; cassava root #ICB300-Dp 

0.08; corns Germ 0.079 and DDGS 0.078; alfalfa 0.074; 

corn Glutfeed 0.063; beet 0.052; cassava root #Avg6 0.05; 

Bar 0.041; corn Hom 0.038; cassava root #9 0.03; corns 

GrnLP 0.029, GrnHO 0.028, GrnHN 0.027, and GrnYD 

0.026; millet 0.023; and cassava roots #10 and #4 both 0.02. 

 

      For percent MET, with no value reported for corn2, 

highest to lowest were: skim milk 2.50; wheat 1.7; quinoa 

field seeds and soybean both 1.4; hydroponic quinoa seeds 

1.0, hydroponic quinoa leaves 0.8; egg [38] 0.48; var. ‘L’ 

leaf 0.46-0.51; var. ‘T’ leaf 0.34; corns gdhA+ 0.23 and 

gdhA- 0.21; egg [41] 0.148; corn Glutmeal 0.143; var. ‘T’ 

root 0.10-0.14; var. ‘T’ stem 0.11; var. ‘L’ root 0.10-0.11; 

corn DDGHP 0.086; flax 0.059; corn DDGS 0.058; cassava 

roots #ICB300-3 and ICB300-Dp both 0.04; corn Glutfeed 

0.035; flax 0.031; corn Germ 0.026; alfalfa 0.025; corn 

GrnHN 0.022; cassava roots #9 and #Avg6, and corns 

GrnHO and GrnLP, and Bar, all five 0.02; corns Hom 0.18 

and GrnYD 0.017; beet 0.007; and cassava roots #10 and #4 

both 0.00. 

 

      For percent PHE, with no values reported for corn2 or 

egg [41], highest to lowest were: soybean and skim milk 

both 4.90; wheat 4.50; hydroponic quinoa seeds 4.10; 

hydroponic quinoa leaves 3.90; quinoa field seeds 3.80; var. 

‘L’ leaf 1.36-1.46; egg [38] 0.86; corns gdhA+ 0.38 and 

gdhA- 0.35; cassava root #ICB300-Dp 0.12; cassava root 

#ICB300-3 0.13; var. ‘T’ leaf 0.92; corns GrnHO 0.042, 

GrnHN 0.041, GrnYD 0.039, and Glutmeal 0.384; var. ‘T’ 

stem 0.29; var. ‘T’ root 0.25-0.29; corn DDGHP 0.238; var. 

‘L’ root 0.22-0.27; flax 0.157; corn DDGS 0.134; alfalfa 

0.084; corn Glutfeed 0.076; cassava roots #9 and #Avg6 

both 0.07; cassava root #10 0.06; corn Germ 0.058; millet 

0.056; Bar 0.055; corns Hom 0.043 and GrnLP 0.037; beet 

0.030; and cassava root #4 0.00.  

 

      For THR highest to lowest were: skim milk 4.60; 

soybean 4.2; quinoa field seeds 4.1; hydroponic quinoa 

leaves and seeds both 3.5; wheat 3.1; var. ‘L’ leaf 1.01-1.09; 

var. ‘T’ leaf 0.83; egg [38] 0.61; corn2 0.39; var. ‘T’ stem 

0.32; corns gdhA+ and gdhA- both 0.27; var. ‘T’ root 0.26-

0.31; var. ‘L’ root 0.25-0.30; egg [41] 0.225; corn Glutmeal 

0.208; flax 0.126; corns DDGS 0.097 and Glutfeed 0.074; 

cassava root #ICB300-Dp and alfalfa both 0.07; cassava root 

#ICB300-3 0.06; corns DDGHP 0.054 and Germ 0.052; 

corn Hom and millet both 0.040; beet 0.038; Bar 0.035; 

corns GrnHN and GrnHO both 0.031; cassava root #Avg6 

and corn GrnLP both 0.030; corn GrnYD 0.029; cassava 

root #9 0.02; and cassava roots #10 and #4 both 0.01. 

 

      For percent TRP, with no values reported for cassava 

roots, highest to lowest were: hydroponic quinoa leaves 

1.60; skim milk 1.40; soybean 1.30; quinoa field seeds 1.20; 

hydroponic quinoa seeds and wheat both 1.1; var. ‘L’ leaf 

0.28-0.32; egg [38] 0.20; var. ‘T’ leaf 0.15; egg [41] 0.073; 

corn2 0.07; flax 0.052; corns gdhA+ and gdhA- both 0.05; 

var. ‘T’ root 0.05-0.08; var. ‘L’ root 0.05-0.06; var. ‘T’ stem 

0.04; corn Glutmeal 0.031; corn DDGHP and alfalfa both 
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0.024; corn DDGS 0.02; millet 0.016; corn Germ and Bar 

both 0.011; corns GrnLP and Hom, and beet, all three 0.010; 

corns Glutfeed, GrnHN, GrnHO, and GrnLP, all four 0.007; 

and corn GrnYD 0.006. 

 

      For VAL from highest to lowest were: skim milk 6.90; 

soybean 5.0; wheat 4.7; quinoa field seeds 4.6; hydroponic 

quinoa seeds 4.5; hydroponic quinoa leaves 4.0; var. ‘L’ leaf 

1.34-1.44; var. ‘T’ leaf 1.01; corn2 0.46; corns gdhA+ 0.37 

and gdhA- 0.34; egg [41] 0.330; var. ‘T’ root 0.32-0.38; var. 

‘T’ stem 0.33; var. ‘L’ root 0.28-0.32; corns Glutmeal 0.279 

and DDGHP 0.211; flax 0.174; corn DDGS 0.138; cassava 

root #ICB300-3 0.12; cassava root #ICB300-Dp 0.11; corn 

Glutfeed 0.101; egg [38] 0.890; alfalfa 0.086; corn Germ 

0.073; cassava root #Avg6 0.06; millet 0.057; corn Hom and 

Bar both 0.052; corn GrnLP 0.046; beet 0.045; corns 

GrnHN 0.044 and GrnHO 0.042; cassava root #9 0.04; corn 

GrnYD 0.039; and cassava roots #10 and #4 both 0.03. 

 

Comparison of M. expansa to Other Crops-Totals 
 

      For percent TOTP, with no values reported for any corn 

except corn2 and also not for alfalfa, Bar, beet, egg [41], 

flax or millet, highest to lowest were: var. ‘L’ leaf 22.84-

24.43; var. ‘T’ leaf 16.8; egg [38] 7.69; var. ‘T’ root 5.98-

7.76; var. ‘T’ stem 5.99; var. ‘L’ root 5.34-5.98; wheat 4.0; 

skim milk 3.4; soybean 2.9, quinoa field seeds 2.8, 

hydroponic quinoa seeds 2.0; hydroponic quinoa leaves 1.4; 

cassava root #ICB300-3 1.65; cassava root #ICB300-Dp 

1.45; cassava root #Avg6 0.94; cassava root #9 0.92; and 

cassava roots #10 and #4 both 0.34. 

 

      For percent CRDP, with no values reported for any 

cassava samples and not for corns gdhA+ and gdhA-, nor for 

egg [38], highest to lowest were: var. ‘L’ leaf 28.70-30.66; 

var. ‘T’ leaf 22.52; skim milk 9.9; var. ‘T’ root 8.94-13.91; 

soybean 8.40; var. ‘L’ root 7.88-9.31; var. ‘T’ stem 8.78; 

wheat 7.6; hydroponic quinoa seeds 7.3; quinoa field seeds 

6.9; hydroponic quinoa leaves 6.5; corn Glutmeal 6.02; egg 

[41] 4.70; corn DDGHP 4.18; flax 3.36; corns DDGS 2.74 

and Glutfeed 2.15; alfalfa 1.70; corn Germ 1.48; Bar 1.13; 

millet 1.11; corn Hom 1.03 and corn2 0.96; corns GrnHN 

and GrnLP both 0.92; beet 0.86; and corns GrnHO 0.84 and 

GrnYD 0.83. 

 

Cytotoxicity Screening with HT-29 Colon Cancer Cells 

 

      Though disappointing from the standpoint of curing 

cancer, the results of the cell assay can be considered 

favorable preliminary food safety data, at least for non-

volatile micro-molecules in varieties ‘L’ and ‘T’. In 

addition, these results are limited to short season southern 

Illinois grown M. expansa [18]. Northern temperate growing 

seasons are only a few months long. Andean material is 

often grown from about nine months to two years, prior to 

harvest. Possibly, more mature and biennial plants begin to 

produce additional compounds, or do so in response to 

environmental stimuli not in effect during the growth 

experiments in southern Illinois. 

 

      Problems with the nitrogen drying of extracted material 

for the cytotoxicity assay, most likely resulted in loss of any 

active volatile compounds, if present. If the need and 

opportunity arise for future methanol extractions of M. 

expansa, a much shorter typical drying time under nitrogen 

should be followed by lyophilization in hopes of retaining 

volatile chemicals. It is unclear why it is difficult to dry the 

M. expansa samples. It may be the high amounts of calcium 

oxalate crystals, or the minute size of M. expansa starch 

molecules, interfere with drying. Possibly a clear oil gave 

the appearance of residual methanol in the samples. 

 

      There were limits on when methanol extractions could 

be done, due to availability of equipment and supplies for 

that purpose. There were also limits on when the extracts 

could be submitted for the cytotoxicology assay. Therefore, 

there has been no opportunity to date to repeat the 

extractions or cytotoxicity tests. There were problems with 

maintaining even temperatures during the extraction process 

as the rotary evaporator had a faulty temperature gauge. 

These issues are discussed in greater detail in Appendix D-1 

of Kritzer Van Zant’s dissertation [22]. Manual control of 

the water bath temperature was required when that 

temperature fluctuated. As extractions of individual samples 

lasted up to 15 hours without interruption, requiring 

continuous attention, there were several moments when 

temperatures briefly became high enough to potentially 

damage micro-molecules in at least two samples. In 

addition, the difficulty of drying the samples with nitrogen 

gas, and the long drying periods initially tried with that gas, 

may have caused the loss of volatile molecules. It must be 

considered that consistent negative results from the 

cytotoxicity assay are more believable under these 

limitations, than they would have been had any of them been 

positive. Despite these limitations, consistently negative 

cytotoxicity results indicate there is unlikely to be a non-

volatile micro-molecule toxin in short season southern 

Illinois grown varieties ‘L’ or ‘T’. 

 

SI Conclusions 

 

      Fortunately, modern methods as well as traditional ones 

are available to address the high calcium oxalate load in M. 

expansa, and may prove valuable for other foods as well.  

Several methods may be of use in separating calcium 

oxalate crystals from the starch and protein in M. expansa. 

From our experience making the extractions, and from 

personal communication with Jorge Vivanco, a different 

solvent than methanol should be used if centrifuging is to be 

part of processing to remove the crystals, in order to 

maintain the integrity of the protein. 

 

Though dispensable ornithine production was extremely low 

and undetected in the field grown plants, it is interesting that 

ornithine was detected in var. ‘T’ grown in the greenhouse. 

It may just be that the amount of ornithine produced in that 

sample was barely of sufficient quantity for the sensitivity of 

the amino acid profile assay to recognize it, while in other 

samples levels of ornithine produced were in amounts too 

low for recognition. Perhaps there is an epigenetic 

component to ornithine production. This could hold 

implications for production of other amino acids in M. 

expansa as well. M. expansa may hold additional value, for 

better understanding of the effects of differences in ploidy 

and/or epigenetics in real time, based on the crop’s highly 

plastic morphology, and perhaps on its chemistry as well. 
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