
Frontiers in Plant Science | www.frontiersin.org 1 August 2021 | Volume 12 | Article 715936

ORIGINAL RESEARCH
published: 16 August 2021

doi: 10.3389/fpls.2021.715936

Edited by: 
Sergio Tombesi,  

Catholic University of the Sacred Heart, 
Italy

Reviewed by: 
Izabela Michalak,  

Wrocław University of Science and 
Technology, Poland

Peizhi Yang,  
Northwest A&F University, China

*Correspondence: 
Jeffrey J. Volenec  

jvolenec@purdue.edu

†Present address: 
W. Kess Berg,  

Advanced Agrilytics, Indianapolis, IN, 
United States

Specialty section: 
This article was submitted to  

Crop and Product Physiology,  
a section of the journal  

Frontiers in Plant Science

Received: 27 May 2021
Accepted: 20 July 2021

Published: 16 August 2021

Citation:
Berg WK, Brouder SM, 

Cunningham SM and 
Volenec JJ (2021) Potassium and 
Phosphorus Fertilizer Impacts on 

Alfalfa Taproot Carbon and Nitrogen 
Reserve Accumulation and Use 

During Fall Acclimation and Initial 
Growth in Spring.

Front. Plant Sci. 12:715936.
doi: 10.3389/fpls.2021.715936

Potassium and Phosphorus Fertilizer 
Impacts on Alfalfa Taproot Carbon 
and Nitrogen Reserve Accumulation 
and Use During Fall Acclimation and 
Initial Growth in Spring
W. Kess Berg †, Sylvie M. Brouder , Suzanne M. Cunningham  and Jeffrey J. Volenec *

Department of Agronomy, Purdue University, West Lafayette, IN, United States

Phosphorus (P) and potassium (K) impact alfalfa (Medicago sativa L.) performance, but 
how these nutrients alter taproot physiology during fall acclimation and subsequent growth 
in spring is unclear. Our objectives were to: (1) determine seasonal patterns for taproot 
P and K concentrations during fall acclimation and during initial shoot growth in spring; 
(2) determine how P and K nutrition impacts accumulation of taproot C and N reserves 
during fall and their subsequent use when shoot growth resumes in spring; and (3) assess 
how addition of P and K fertilizer impacts survival and shoot growth in spring. Two P 
(0 and 75 kg ha−1) and two K (0 and 400 kg ha−1) treatments were applied and taproots 
were sampled between September and December, and again from March to May over 
2 years. Concentrations of taproot sugar, starch, buffer-soluble protein, amino-N, and 
RNA pools were determined. While P and K fertilizer application increased taproot P and 
K concentrations two- to three-fold, concentrations of P and K in taproots over time did 
not change markedly during cold acclimation in fall, however, taproot P declined in spring 
as plant growth resumed. Compared to the 0K-0P treatment, taproots of plants fertilized 
with 400K-75P had higher starch, protein, amino-N, and RNA, but reduced sugar 
concentrations in fall. Concentrations of all these pools, except starch, declined during 
the initial 2 weeks of sampling beginning in late March as shoot growth resumed in spring. 
Herbage yield in May was highest for the 400K-75P treatment and least for the 0K-0P 
treatment, differences that were associated with variation in mass shoot−1 and not shoots 
m−2. High yield of the 400K-75P plants in May was consistently associated with greater 
concentrations and use of amino-N, soluble protein, and RNA pools in taproots, and not 
with accumulation and use of starch and sugar pools. Understanding factors leading to 
the accumulation of taproot N reserves and RNA during cold acclimation in fall and their 
use during the initial growth in spring should enhance efforts to improve alfalfa growth 
and herbage yield in spring.
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INTRODUCTION

Total nonstructural carbohydrates (sugar and starch) have long 
been positively associated with improved winter survival of 
alfalfa (Graber et  al., 1927; Bula et  al., 1956). More recently, 
the underlying physiological basis for improved winter survival 
and rapid shoot growth of alfalfa after harvest has been expanded 
to include taproot N reserves, including protein and amino 
acid pools (Hendershot and Volenec, 1993; Avice et  al., 1996; 
Barber et  al., 1996; Cunningham and Volenec, 1996; Volenec 
et  al., 1996; Berg et  al., 2009). Adequate P and K nutrition 
also has a positive impact on alfalfa yield and persistence 
(Berg et  al., 2005, 2007; Lissbrant et  al., 2010). While low K 
nutrition has traditionally been associated with poor persistence 
(Brown, 1928), application of fertilizer P to K-deficient soils 
can intensify plant losses (Berg et  al., 2018; Volenec et  al., 
2021). The impact of P and K nutrition on accumulation of 
taproot C and N pools during fall and their subsequent utilization 
throughout winter and in early spring when growth resumes 
have not been critically evaluated. This information would 
enhance our understanding of the physiological mechanisms 
influenced by P and K that are associated with enhanced winter 
hardiness, improved plant persistence, and increased shoot 
growth in spring.

Accumulation of nonstructural carbohydrates, and especially 
soluble sugars, in alfalfa taproots in fall is thought to enhance 
tolerance to low temperatures and other stresses associated 
with winter (Castonguay et al., 2006). For example, fall-dormant, 
winter-hardy alfalfa cultivars had higher taproot sugar (not 
starch) concentrations when compared to non-dormant plants 
that died over winter (Cunningham and Volenec, 1998; 
Cunningham et  al., 2001, 2003; Lu et  al., 2018). These sugars 
have both a cryoprotective role, but also serve as respiratory 
substrates during winter and immediately after defoliation in 
summer when carbohydrates from photosynthesis are limited. 
Avice et  al. (1996) used stable isotope labeling to demonstrate 
that nonstructural carbohydrate depletion from taproots of 
defoliated alfalfa was almost exclusively due to respiratory 
metabolism; very little of the 13C label was transferred from 
taproots to shoots during regrowth. However, high taproot 
sugar concentrations do not ensure winter hardiness. Using 
alfalfa cultivars differing in fall dormancy, Haagenson et  al. 
(2003b) reported that the reduced winter survival of plants 
defoliated in mid-fall occurred despite these plants having 
higher taproot sugar concentrations when compared to plants 
left uncut in fall. Surprisingly, defoliation in mid-fall increased 
sugar concentrations 5-fold in taproots of the least fall dormant 
cultivar (fall dormancy = 9) to levels similar to those observed 
in uncut, moderately winter hardy, semi-dormant cultivars, but 
this increase was not associated with enhanced winter survival. 
These authors reported that changes in taproot protein 
concentrations were associated with cultivar- and defoliation-
induced differences in winter survival.

Hendershot and Volenec (1993) showed that alfalfa taproots 
accumulate N as amino acids and protein during fall that are 
subsequently depleted when shoot growth resumes in spring, 
but did not relate these changes to agronomic performance. 

Later work (Li et  al., 1996) confirmed fall accumulation/spring 
depletion of these N pools in taproots of several forage legumes, 
including birdsfoot trefoil (Lotus corniculatus L.), red clover 
(Trifolium pretense L.), and sweet clover (Melilotus officinalis L.). 
Taproot protein was positively associated with winter hardiness 
among cultivars and selections differing in fall dormancy 
(Cunningham et  al., 2001). A major constituent of the taproot 
protein pool, vegetative storage proteins (VSPs), accumulate 
in fall and are preferentially depleted in spring when shoot 
growth resumes (Cunningham and Volenec, 1996). The extensive 
mobilization of VSPs and utilization of this N in new shoot 
growth were verified using 15N labeling (Avice et  al., 1996; 
Barber et  al., 1996). However, taproots of winter hardy and 
non-hardy alfalfa cultivars generally contained similar VSP 
concentrations (Cunningham and Volenec, 1996; Lu et  al., 
2018). This suggests that, while VSPs serve as an important 
source of N and are important for initial shoot regrowth in 
spring or after harvest, they may not control alfalfa winter 
hardiness per se.

Few studies have determined the impact of P and K nutrition 
on alfalfa taproot reserves, especially in the context of cold 
acclimation in fall and subsequent spring growth. In general, 
adequate P and K nutrition increases net photosynthesis (Cooper 
et  al., 1967; Wolf et  al., 1976; Dietz and Foyer, 1986; Hart 
and Greer, 1988; Tighe-Neira et  al., 2018; Hu et  al., 2019) 
and enhances carbohydrate assimilation and transport to storage 
organs (Conti and Geiger, 1982; Foyer and Spencer, 1986; Wang 
et  al., 2018). In a greenhouse study, Li et  al. (1997) observed 
low concentrations of starch and protein, and low VSP levels 
in taproots of K-deficient alfalfa plants, traits that were associated 
with poor survival of defoliated plants. In a related greenhouse 
experiment, Li et  al. (1998) found that taproots of P-sufficient 
plants had slightly lower starch concentrations, but mobilized 
these starch reserves more extensively after defoliation and 
had more rapid shoot regrowth when compared to P-deficient 
plants. Taproot protein concentrations also declined rapidly in 
high-P plants when compared to those not supplied P. Using 
cluster analysis, Lissbrant et  al. (2010) reported that taproots 
of K- and P-deficient plants sampled in the field in May had 
lower concentrations of protein and amino-N when compared 
to plants receiving adequate P and K. Small differences in 
taproot sugar and starch concentrations were observed in this 
study even though variation in P and K fertility resulted in 
large forage yield differences. Survival of alfalfa was poorest 
when K-deficient plants were fertilized with P. Most plants 
died between May and December, and this was associated 
with low concentrations of proteins and amino-N in taproots 
(Berg et  al., 2018). Potassium deficiency results in low N2-
fixation, decreases nodule number, and reduces photosynthesis 
and C transport to nodulated roots (Duke et  al., 1980; Collins 
and Duke, 1981; Barta, 1982; Collins et al., 1986; Rao et al., 1990).

Our understanding of P and K concentrations in taproots 
of perennial legumes and how this relates to plant growth, 
persistence, and reserve accumulation and use is limited. This 
is despite the fact that taproots and crowns are the primary 
tissue remaining after harvest in summer and surviving 
overwinter. Taproot P concentrations increase gradually between 
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early fall and late winter in alfalfa, birdsfoot trefoil, red clover, 
and sweet clover (Li et al., 1996). This change was accompanied 
by as much as a 3-fold increase in taproot phytate. Taproot 
P and phytate both declined substantially when shoot growth 
resumed in spring. By comparison, taproot K concentrations 
of these species generally declined in late fall (except red 
clover) and then slowly increased from December to May 
for all species. Unlike taproot P, there was no reduction in 
K concentrations when shoot growth resumed suggesting that 
K storage in taproots and remobilization to shoots do not 
occur in these species. Berg et  al. (2018) compared taproot 
P and K concentrations to shoot P and K concentrations of 
clusters created by varied P and K fertilizer applications. 
Across a nearly 8-fold range in P concentrations, they found 
that taproot and shoot P concentrations were generally similar, 
with taproot levels being on average about 80% of shoot 
concentrations. By comparison, the 5-fold range in taproot 
K concentration was, on average, 28% those observed in 
shoots suggesting preferential partitioning of K to shoots over 
taproot tissues.

We hypothesize that the application of P and K fertilizer 
will enhance accumulation of specific taproot C and N reserve 
pools throughout the fall and that higher concentrations of 
these root reserves will improve winter hardiness and/or increase 
spring shoot growth of alfalfa. Our objectives were to: (1) 
determine seasonal patterns for taproot P and K concentrations 
during fall acclimation and during initial shoot growth in 
spring; (2) determine how P and K nutrition impacts 
accumulation of taproot C and N reserves during fall and 
their subsequent use when shoot growth resumes in spring; 
and (3) assess how addition of P and K fertilizer impacts 
plant survival and shoot growth in spring.

MATERIALS AND METHODS

Field Design and Sampling
In April 1997, a 1.4-ha site at the Throckmorton Purdue-
Agricultural Center located 15  km south of West Lafayette, 
IN, was seeded to Pioneer Brand “5454” alfalfa. This site 
was selected for study because soil tests indicated low 
concentrations of extractable P (9 to 15  mg  kg−1) using the 
Bray P1 method (Bray and Kurtz, 1945; Sims, 2009) and low 
to moderate levels of exchangeable K (108 to 138  mg  kg−1) 
according to Culman et  al. (2020). Herbage was removed 
with a flail-type chopper and discarded four times in summer 
at approximately monthly intervals beginning in late May 
1998 through late July 2001. In early September 2001, 10-m 
by 12.2-m field plots were established with four fertility 
treatments that represented the extreme P and K rates used 
in previous fertility research at this site (Berg et  al., 2005, 
2007, 2009, 2018). Four replicates of each treatment (0K-0P, 
0K-75P, 400K-0P; and 400K-75P, all in kg P or K ha−1  yr−1) 
were arranged in a randomized complete-block design. The 
soil was a Lauramie silt loam soil (fine-loamy, mixed, active, 
mesic, and Mollic Hapludalf). Fertilizers were first applied 
in November 2001 and following the first (approximately 

May  25) and last (approximately September 10) herbage 
harvests of the 2002 and 2003 growing seasons, with half of 
the specified amount in each application. Chemical control 
of insects occurred when threshold limits were surpassed. 
Herbage yields were obtained with a flail-type chopper that 
harvested a 0.9-m-wide strip for approximately 10  m from 
the center of each plot. A random subsample of shoots was 
counted, dried at 70°C for 48  h, weighed, and dry mass per 
shoot calculated. The moisture concentration of this subsample 
was used to adjust field fresh weights of herbage yield to a 
dry matter basis. Shoots m−2 were estimated by dividing plot 
dry mass m−2 by the dry mass per shoot. Following herbage 
removal in May, taproots and crowns in a 0.5  m2 area were 
excavated, counted, and plants m−2 calculated.

Taproot Sampling
To study C and N reserve patterns during fall acclimation, 
taproots were sampled following the final annual forage harvest 
on September 7, 2002 and 2003 (Day 0) and at intervals 
thereafter (Days 7, 14, 21, 28, 42, 56, 70, and 84). To understand 
the use of taproot C and N in spring growth initiation, 
additional taproots were sampled beginning March 27 of 2003 
and 2004 (Day 0) and continued weekly (Days 7, 14, 21, 
28, 35, 42, and 49) until the first herbage harvest (approximately 
May 25). Approximately 20 taproots (measuring ~0.2-m in 
length) were excavated from a randomly selected area within 
each plot and washed free of soil in cold water. Each taproot 
was divided into two segments; the uppermost 5 cm of taproot 
immediately below the crown was cut and separated for RNA 
extraction, while the remainder of the taproot (5 to 20  cm) 
was retained for analysis of the N and C pools. Previous 
reports (Escalada and Smith, 1972) indicated that sugar and 
starch concentrations in 5-cm segments of alfalfa taproots 
responded similarly down to 30  cm. The top  5  cm of taproot 
was diced into small pieces and immersed immediately in 
liquid N2. These root samples were stored at −80°C until 
total RNA was extracted. The remainder of the taproot was 
cut into 2-cm-long segments, frozen on solid CO2, and 
lyophilized. Taproot tissues were ground to pass a 1-mm 
screen and stored at −20°C.

P and K Analyses
Taproot tissues (~350 mg) were digested in 5 ml of 15.8 mol L−1 
HNO3 in 50  ml digestion tubes using an adjusted micro-
Kjeldahl digestion method (Nelson and Sommers, 1973). 
Samples were mixed, placed on a preheated digestion block 
at 175°C until the solution boiled, and then immediately 
removed and allowed to cool. After cooling, 4  ml of 30% 
(v/v) H2O2 was added to each tube, and the samples were 
returned to the heating block at 175°C. When boiling resumed, 
tubes were removed and allowed to cool. The process of 
adding 4  ml of 30% (v/v) H2O2 was repeated until tissues 
were completely digested. Volumes were adjusted to 50  ml 
with deionized, reverse-osmosis water and samples mixed. 
Mineral analyses were conducted using an inductively coupled 
plasma spectrophotometer.
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Sugar and Starch Analyses
Sugars were extracted from 30 mg of freeze-dried taproot tissue 
with 1  ml of 800  ml  L−1 ethanol in 1.5-ml microfuge tubes. 
Tubes were shaken for 10  min at 25°C, microfuged at 14,000 
gn for 5  min at 4°C, and the supernatant retained. The ethanol 
extraction was repeated twice, and the combined supernatants 
diluted to a final volume of 10  ml with ethanol (800  ml  L−1). 
Sugar concentrations in the ethanol extracts were determined 
with anthrone (Sigma Chemical Co., St. Louis, MO, United States) 
using glucose (Mallinckrodt Chemical Works, St. Louis, MO, 
United  States) as a standard (Van Handel, 1968). The ethanol-
extracted residue was oven-dried at 55°C. Water (500  μl) was 
added to each tube, and the tubes were heated in a boiling 
water bath for 10  min to gelatinize starch. The pH of the 
solution was adjusted to 5.1 by adding 400 μl 0.2 N Na acetate 
buffer (Sigma Chemical Co., St. Louis, MO, United  States). 
Starch was digested by adding 0.2 U of amyloglucosidase (Sigma 
Chemical Co., St. Louis MO; product A3514 from Aspergillus 
niger) and 40  U of α-amylase (Sigma Chemical Co., St. Louis 
MO; product A0273 from Aspergillus oryzae) in 100  μl of 
0.2  N Na acetate buffer (pH 5.1). Tubes were incubated at 
55°C for 24 h with occasional shaking. Tubes were centrifuged 
as before, and glucose in the supernatant was determined using 
glucose oxidase (Glucose Trinder, Sigma Chemical Co., St. 
Louis MO; Product 315-100). Starch concentration was estimated 
as 0.9  ×  glucose concentration.

Protein, Amino Acid, and RNA Analyses
Protein analysis was conducted at 4°C unless otherwise stated. 
Soluble proteins were extracted by suspending 30  mg of freeze-
dried taproot tissue in 1  ml of 100  mM sodium phosphate (J.T. 
Baker, Phillipsburg, NJ, United States) buffer (pH 6.8) containing 
1  mM phenylmethylsulfonylfluoride (Aldrich Chemical Co., St. 
Louis, MO, United States) and 10 mM 2-mercaptoethanol (Sigma 
Chemical Co., St. Louis, MO, United States). Tissue suspensions 
were vortexed four times for 30  s at 5-min intervals and then 
centrifuged at 14,000 gn for 10  min. The supernatants were 
retained. Soluble protein in the supernatants was estimated using 
protein dye-binding (Bradford, 1976). Amino acids in the 
supernatant were analyzed with ninhydrin (Sigma-Aldrich 
Chemical Co., St. Louis, MO, United  States; Rosen, 1957) using 
glycine (Sigma Chemical Co., St. Louis, MO, United  States) as 
a standard. RNA was extracted as described by Ougham and 
Davis (1990) by grinding the uppermost 5  cm of the taproot 
in liquid nitrogen using a motar and pestle. The finely ground 
tissues were suspended in 4  ml water-saturated phenol (Sigma 
Chemical Co., St. Louis, MO, United  States) at 65°C followed 
by 4  ml of extraction buffer [0.2 M sodium acetate, pH 5.2, 
10  mM disodium EDTA (Mallinckrodt Specialty Chemicals, 
Paris, KY, United States), 1% (w/v) sodium dodecylsulfate (Sigma 
Chemical Co., St. Louis, MO, United States)] at 65°C. Following 
precipitation with LiCl (Sigma Chemical Co., St. Louis, MO, 
United States), the RNA pellets were washed with ethanol, dried, 
and carefully re-suspended in a known volume of sterile water. 
RNA concentrations were determined based on absorbance at 
260  nm and total sample volume.

Statistical Analysis
Statistical analysis of the randomized complete-block design 
included harvest as subplots in a repeated measures analysis 
using the Proc Mixed routine in SAS (version 9.4, SAS Institute 
Inc., 2015). The Akaike Information Criterion was used to 
select the proper covariance structure (autoregressive, compound 
symmetry, and unstructured) for each analyte (Elliott and 
Woodward, 2016). Years were considered as random, and fall 
acclimation vs. spring growth datasets were analyzed separately. 
Variation was partitioned into fertility treatment and sampling 
date main effects, and the fertility treatment by sampling date 
interaction. Differences among least squares means at p  <  0.05 
were determined using the LSMEANS/PDIFF procedure in 
SAS. Herbage yield and yield components sampled in May of 
2002 to 2004 were analyzed by year using ANOVA. Where 
the F-test was significant (p  ≤  0.05), the least significant 
difference (LSD) was used to compare means.

RESULTS

Weather
Patterns for both maximum and minimum air temperatures 
generally followed the 30-yr trend (Figure 1). Exceptions when 
the plant sampling occurred between September 2002 and May 
2004 include a cooler-than-normal temperatures in January 
and February 2003. As expected, precipitation was more variable 
than temperature. Months that were notably wetter than the 
long-term average include April, May, and August of 2002; 
July and September of 2003; and March and June of 2003. 
Months notable drier than the 30-yr average included November 
and December of 2002, January and March of 2003, and 
February, April, and September of 2004.

Taproot Mineral Concentrations
As expected, plants fertilized with P (400K-75P, 0K-75P) always 
had significantly higher taproot P concentrations than those 
not fertilized with P, and this response was not influenced by 
K fertilization (Figure  2). The P concentrations of plants 
fertilized with 400K-75P were 2.4 g P kg−1 dry wt. at defoliation 
in early September (Day 0) and remained relatively constant 
until increasing between Days 56 and 84. This same trend 
was observed for the 0K-75P treatment with concentrations 
observed from Days 56 to 84 exceeding those observed on 
Day 0; however, P levels were initially lower in the 0K-75P 
treatment. The P concentrations of plants not fertilized with 
P were low and initially similar (~0.9  g P kg−1 dry wt.) and 
remained unchanged during fall for the 400K-0P treatment, 
while increasing over Day 0 values on Day 42 and thereafter 
for the 0K-0P treatment.

Little change in P concentrations of treatments occurred 
overwinter, and the relative ranking of the treatments in March 
was unchanged (Figure  2). The P concentrations of plants not 
fertilized with P (0K-0P, 400K-0P) were similar at all samplings, 
while P concentrations of P-fertilized plants were similar 
irrespective of K fertilizer application except on Day 28 when 
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K fertilization increased taproot P. On Day 0, plants fertilized 
with P contained approximately 3  g P kg−1 dry wt. and these 
declined until Day 14 (400K-75P) or 21 (0K-75P), followed 
by a second decline for both treatments after Day 28. Initial 

P concentrations of P-unfertilized treatments averaged 1  g P 
kg−1 dry wt. on Day 0 when growth resumed and, like the 
P-fertilized plants, declined significantly by Days 21 (0K-0P) 
and 28 (400K-0P) remaining relatively unchanged thereafter.

Taproot K concentrations were approximately two-fold higher 
in K-fertilized plants when compared to plants not fertilized 
with K, a difference that was not influenced by P-fertilizer 
application (Figure  3). Tissue K concentrations varied little 
during fall, but were significantly lower on Day 56 for the 
400K-75P than values on Days 14 to 28, while the K concentration 
on Day 0 of the 400K-0P treatment was higher than those 
observed on Days 7, 21, and 56 to 84. For plants not fertilized 
with K, K concentrations were statistically similar on Days 0 
and 7, then increased gradually after Day 21, and were 
significantly higher than Day 7 values for both treatments 
by Day 84.

The following March, K concentrations were similar to those 
observed in December of the previous year, with higher 
concentrations in taproots of plants fertilized with K (Figure 3). 
The K levels in K-fertilized plants increased significantly between 
Day 0 and 14, and peaked on Day 28 before declining significantly 
by Day 49. Concentrations for the 400K-75P treatment were 
greater than the 400K-0P treatment on Days 28, 42, and 49. 
By comparison, K concentrations in plants not fertilized with 
K were always low, not altered by P-fertilization, and 
concentrations did not change significantly between Days 
0 and 49.

Taproot Carbon Pools
Taproot sugar concentrations of plants in the 0K-0P and 0K-75P 
treatments were initially higher than those of plants fertilized 
with K and exhibited a significant reduction after defoliation 
on Day 0 (Figure  4). Sugar concentrations were reduced in 
taproots of K-fertilized plants, but this reduction was only 
statistically significant for the 400K-0P treatment. Sugar 

FIGURE 1 | Monthly values for mean air temperatures (maximum and 
minimum) and precipitation from 2002 to 2004 at the Throckmorton Purdue 
Agricultural Center. For comparison, the 30-year average temperatures and 
precipitation values also are provided.

FIGURE 2 | Concentration of phosphorus (P) in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were fertilized 
with P (0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, taproots 
were sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data were 
averaged across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).
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accumulated to significantly higher concentrations by Day 21 
for all treatments, during which time concentrations for the 
0K-0P treatment always exceed that of both K-fertilized 
treatments. Sugar concentrations for all treatments varied little 
between Days 21 and 70, and except for Day 28, differences 
between the 0K-0P and 400K-75P treatments persisted. A 
significant and abrupt increase in sugar occurred in taproots 
between Days 70 and 84 for all except the 0K-75P treatment, 
a response common as plants harden for winter.

Taproot sugar concentrations declined overwinter for all 
treatments, with concentrations for the 400K-75P and 0K-75P 
treatments being similar to each other, and lower than the 
0K-0P and 400K-0P treatments on Days 0 and 7 (Figure  4). 
As shoot growth resumed, significant reductions in taproot 

sugar occurred for all treatments except 0K-75P by Day 14. 
Sugar concentration of all treatments was similar between Days 
14 and 42, but declined on Day 49 for both K-fertilizer 
treatments re-establishing the relative treatment ranking observed 
when plants were first sampled the previous September.

In contrast to taproot sugar accumulation, starch 
concentrations of K-fertilized plants were generally higher than 
those observed in plants not fertilized with K (Figure  5). 
Defoliation on Day 0 resulted in lower starch concentrations 
in all treatments by Day 14. Starch concentrations remained 
unchanged for all treatments between Days 14 and 21, and 
then increased significantly by Day 42. Between Days 56 and 
84, significant reductions in starch concentrations were observed 
in all treatments except the 400K-0P, an trend coinciding with 

FIGURE 3 | Concentration of potassium (K) in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were fertilized 
with P (0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, taproots 
were sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data were 
averaged across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).

FIGURE 4 | Concentration of ethanol-soluble sugar in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were 
fertilized with P (0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, 
taproots were sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data 
were averaged across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).
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the increases in taproot sugar accumulation that often 
accompanies with winter hardening (Figure  4).

Large reductions in taproot starch occurred overwinter, and 
the treatment ranking observed when growth resumed in March 
corresponded well to that observed the previous December 
(Figure  5). Irrespective of P fertilization, K-fertilized plants 
had higher starch on Days 0 and 7 than plants not fertilized 
with K. Thereafter, starch concentrations of the 400K-0P treatment 
were higher than that of the 0K-0P (Days 14, 35, and 42) 
and 0K-75P (Days 14 to 21, 42, and 49) treatments. Starch 
concentrations were more variable in the 400K-75P treatment 
where concentrations were greater than the 0K-75P treatment 
on Days 21 and 42 and the 0K-0P treatment on Day 42, but 
lower than this treatment on Day 28. With the exception of 
Day 35, starch concentrations were similar at all samplings of 
the 0K-0P and 0K-75P treatments.

Taproot Nitrogen Pools
Taproot protein concentrations were higher in the 400K-75P 
treatment than the 0K-0P and 0K-75P treatments from Days 
0 to 21 and Days 42 to 84 (Figure  6). The 400K-0P treatment 
also had lower taproot protein levels than the 400K-75P treatment 
on Days 14, and 42 to 84. Compared to initial levels on Day 
0, significantly higher protein concentrations were observed 
on Days 21 (0K-0P), 28 (400K-0P), and 42 (0K-75P, 400K-
75P), increases that continued until Days 70 (0K-0P) and 84. 
Final concentrations on Day 84 were highest in the 400K-75P 
treatment, lowest in the 0K-0P treatment, and intermediate in 
the others.

Taproot protein concentration declined overwinter (Figure 6). 
The 400K-75P treatment maintained its advantage in protein 
concentration over the 0K-0P treatment throughout growth in 
spring with the exception of Day 49. Similarly, the 400K-0P 
treatment had higher taproot protein concentrations than the 
0K-0P treatment on Days 7, 28, 35, and 42 (p  =  0.08). The 

0K-75P also had higher taproot protein than the 0K-0P treatment 
on Day 7, but had lower taproot protein than the 400K-75P 
on Day 42. Protein concentrations declined as shoot growth 
resumed and continued until Day 7 (0K-0P), 14 (400K-0P, 
400K-75P), or 28 (0K-75P). For most treatments the lowest 
protein concentrations were observed in taproots on Day 28, 
after which significant increases occurred by Day 35 (0K-75P) 
or 42 (0K-0P, 400K-75P), the exception being 400K-0P where 
no significant increase in taproot protein concentration occurred 
after the lowest level observed on Day 14.

Taproot amino-N concentrations at defoliation in September 
were also higher in the 400K-75P treatment when compared 
to the other fertilizer treatments (Figure  7). Amino-N 
concentrations of the 400K-75P were unchanged on Day 7 
and then declined on Days 14 to 28 before increasing significantly 
by Day 56 through 84. Taproots of plants of the other treatments 
exhibited this same pattern of low concentrations between Days 
14 and 28 followed by significantly higher concentrations from 
Days 56 to 84 (Days 70 to 84 for the 400K-0P treatment). 
Taproot amino-N concentrations of the 0K-0P and 0K-75P 
treatments were similar at all samplings except on Days 70 
(p = 0.09) and 84 when P fertilization alone increased amino-N 
levels. Taproot amino-N concentrations were similar in the 
400K-0P and 400K-75P treatments with the exception of Days 
0 and 56 (p  =  0.10).

Taproot amino-N concentrations did not change markedly 
overwinter, and the relative ranking of concentrations in March 
was similar to the previous December (Figure  7). Amino-N 
in late March declined significantly by Day 7  in the 0K-75P 
treatment and by Day 14  in all others. Low amino-N 
concentrations were maintained until Day 28 for the 0K-0P, 
0K-75P, and 400K-75P treatments before increasing significantly 
on Day 42 and thereafter. The low amino-N levels observed 
on Day 14 persisted until Day 42  in the 400K-0P treatment, 
increasing significantly on Day 49. Amino-N concentrations 
of the 400K-75P treatment were greater than all other treatments 

FIGURE 5 | Concentration of starch in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were fertilized with P 
(0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, taproots were 
sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data were averaged 
across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).
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on Days 0 and 7. At subsequent samplings, the 0K-0P and 
0K-75P treatments had lower amino-N concentrations than 
the 400K-75P treatment with the exception of Day 14 when 
the 400K-75P and 0K-75P treatments were similar. With the 
exception of Day 0, amino-N concentrations of the 0K-0P and 
0K-75P treatments were similar throughout spring samplings. 
Although numerically lower at all samplings, amino-N 
concentrations of the 400K-0P treatment were statistically similar 
to those of the 400K-75P treatment from Day 14 onward 
except Day 42 (p  =  0.08).

Taproot RNA Pools
Results from RNA analysis in Year 1 suggested that fertilizer 
treatment and sampling time affected taproot RNA 
concentrations. Unfortunately, slight differences in extraction/

re-suspension volumes precluded us from accurately quantifying 
RNA levels in Year 1. RNA concentrations were higher in the 
400K-75P treatment when taproots were sampled at defoliation 
in early September of Year 2 (Figure  8). These RNA 
concentrations in taproots of plants in the 400K-75P treatment 
declined significantly by Day 14, followed by a large increase 
on Day 42 and thereafter. The other fertilizer treatments also 
exhibited significant increases in RNA concentrations after Day 
21, but this was not preceded by a significant decline after 
defoliation on Day 0. The RNA concentrations in taproots of 
the 0K-0P were initially lower than those of the 400K-0P 
treatment on Days 7, 21, and 28, but RNA levels of these 
treatments not fertilized with P were similar thereafter, and 
as a group, lower than RNA concentrations observed in taproots 
of P-fertilized plants irrespective of K fertilizer application.

FIGURE 6 | Concentration of buffer-soluble protein in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were 
fertilized with P (0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, 
taproots were sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data 
were averaged across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).

FIGURE 7 | Concentration of amino acids in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were fertilized with 
P (0 or 75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, taproots 
were sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data were 
averaged across two fall–winter–spring seasons (2002–2003 and 2003–2004). Error bars represent one standard error (SE) of the mean (N = 8).

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Berg et al. Nutrition Impacts Taproot Metabolic Pools

Frontiers in Plant Science | www.frontiersin.org 9 August 2021 | Volume 12 | Article 715936

Taproot RNA levels in March were slightly lower than 
concentrations observed the preceding December, but the relative 
ranking of treatments was consistent (Figure  8). On Day 0, 
taproots of plants not fertilized with P had lower RNA 
concentrations than plants fertilized with 0K-75P. The RNA 
concentrations declined significantly by Day 7 (0K-75P) or 14 
(others), before increasing by Day 21 for all treatments except 
plants in the 0K-0P regime. The RNA concentrations observed 
for the 0K-0P treatment on Day 49 were higher than those 
on Day 14. Taproot RNA concentrations were similar at all 
spring samplings for the 0K-0P and 400K-0P treatments. When 
compared to P-fertilized plants, RNA concentrations were 
significantly lower in the 0K-0P plants on Days 7, 21, 35, and 
42 (vs. 400K-75P) and Days 0, 28, and 35 (vs. 0K-75P). On 
Day 49, RNA concentrations were statistically similar for all 
treatments, although numerically higher for P-fertilized plants.

Plant Growth and Development
Fertilizer treatments applied in November 2001 increased forage 
yield in May 2002, the spring forage harvest prior to the onset 
of taproot sampling in September 2002 (Table  1). Yield of 
the 400K-75P and 0K-75P fertilizer treatments was similar 
and higher than that of the 0K-0P and 400K-0P treatments. 
In May of 2003, forage yield of the 0K-0P and 400K-0P plots 
was lower than the 0K-75P treatment that was, in turn, lower 
than plots fertilized with 400K-75P. In May 2004, forage yield 
of the 0K-0P and 400K-0P was again similar, the latter treatment 
had yields similar to the 0K-75P treatment, and all of these 
were lower than the 400K-75P treatment.

Differences in mass shoot−1 generally mirrored fertilizer 
treatment-induced trends in herbage yield (Table  1). In May 
2002, mass shoot−1 of the 0K-0P and 0K-75P treatments was 
similar and lower than that of the 400K-75P treatment. In 
May 2003, mass shoot−1 was lowest in the 0K-0P treatment, 
highest in the 400K-75P treatment, with the other treatments 
intermediate. In May 2004, the 400K-75P treatment had higher 
mass shoot−1 than the other fertilizer treatments.

Shoots m−2 differed in May 2002 with fewer shoots present 
in plots fertilized with 0K-0P and 400K-0P when compared 
to 0K-75P (Table 1). Thereafter, shoot density was not influenced 
by fertilizer treatment and averaged 342 shoots m−2.

Fertility treatments had little effect on plant persistence. 
Plots had similar plant populations when fertilizer treatments 
were imposed in September 2001 averaging 82 plants m−2 
(Table  1). Significant differences in plant populations were 
observed in May 2003 when plots of the 0K-0P had lower 
populations than the 400K-0P and 400K-75P plots, and the 
0K-75P plots had few plants m−2 than the 400K-0P plots. 
However, these treatment-related differences disappeared by 
the termination of the study in May 2004 when plant populations 
had declined by about 50% (averaged 40 plants m−2).

DISCUSSION

Nearly a century of research has supported the premise that 
taproot carbohydrate and protein reserves provide C and N for 
growth and respiration of alfalfa during periods when 
photosynthesis and N2-fixation are reduced by defoliation in 
summer or other environmental stresses (Graber et  al., 1927; 
Jung and Smith, 1961a; Avice et  al., 1996; Volenec et  al., 1996; 
Berg et  al., 2018; Mitchell et  al., 2020). Numerous studies have 
also shown that plant nutrition, and in particular P and K 
fertility, plays a key role in alfalfa growth and stress tolerance 
(Brown, 1928; Roberts and Olson, 1944; Jung and Smith, 1959; 
Cooper et  al., 1967; Wolf et  al., 1976; Kitchen et  al., 1990; 
Volenec et  al., 2021). In this study, herbage yield was greatest 
when both P and K were supplied (Table  1) indicating that 
initial levels of P and K in soil were insufficient to meet plant 
growth needs. In addition, mass/shoot was the yield component 
responsible for the higher forage yields. This is consistent with 
previous long-term studies focused on the impact of P and K 
nutrition on alfalfa yield at this site (Berg et  al., 2005, 2007, 
2009, 2018; Lissbrant et  al., 2010). Lloveras et  al. (2012) also 

FIGURE 8 | Concentration of RNA in taproots of alfalfa during fall acclimation and following resumption of shoot growth in spring. Plants were fertilized with P (0 or 
75 kg P ha−1 yr−1) and K (0 or 400 kg K ha−1 yr−1) and harvested four times annually during summer. Following the final harvest on September 7, taproots were 
sampled weekly for a month, then on alternate weeks until December 7. Taproots were sampled weekly in spring until shoot harvest on May 25. Data were obtained 
from the 2003–2004 fall–winter–spring season only. Error bars represent one standard error (SE) of the mean (N = 4).
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reported that shoot weight was the yield component associated 
with K fertilizer-induced changes in alfalfa yield. This also agrees 
with a recent report by Jungers et  al. (2019) who reported 
significant increases in forage yield at the Beck MN site that 
were largely independent of stem density; by default, these yield 
increases would have resulted from greater mass/shoot. The 
minor impact of P and K treatments on plant persistence (plants/
m2) in this study that spanned 2 years is not surprising. Related 
research at this site revealed that 4 or more years of differential 
P and K fertilizer application was necessary before significant 
differences in plant persistence were observed, with greatest 
reductions in plant survival in plots fertilized with P but not 
K (Berg et  al., 2018; Volenec et  al., 2021). A trend for reduced 
plant populations for the 0K-75P treatment, when compared to 
K-fertilized plants, was evident at May 2002 to 2004 samplings, 
but differences were not statistically significant (Table  1).

As expected, application of P and K fertilizers increased 
concentrations of these nutrients in taproots (Figures  2, 3). 
The concentrations observed for the P- and K-fertilized plants 
are in general agreement with P and K concentrations in taproots 
of well-fertilized alfalfa previously reported by others (Jung and 
Smith, 1961b; Li et al., 1996; Jungers et al., 2019). Using taproot 
P and K concentrations from May 2004 and the relationships 
between taproot and herbage P and K concentrations 
we previously reported (Berg et al., 2018), herbage P concentrations 
are estimated to be  1 and 2.5  g  kg−1 for the 0P and 75P 
treatments, respectively. Similarly, herbage K concentrations are 
predicted to be 10 and 25 g kg−1 for the 0K and 400K treatments, 
respectively. These differences in predicted herbage tissue 
concentrations are consistent with deficient vs. sufficient 

concentrations reported previously (Lissbrant et al., 2010; Jungers 
et  al., 2019 and references cited therein).

Taproot P and K concentrations changed significantly during 
cold acclimation and when shoot growth resumed in spring but, 
with the exception of taproot P in spring (Figure  2), these 
changes were modest when compared to fertilizer-induced 
differences in taproot P and K. Similar declines in taproot P 
when spring growth resumed were reported previously for well-
fertilized alfalfa (Jung and Smith, 1961b). We  also previously 
reported reductions in P concentrations of taproots of well-fertilized 
alfalfa when growth resumed in spring, changes that were associated, 
in part, with depletion of taproot phytate (Li et  al., 1996). In 
the current study, RNA accumulated in taproots in late fall and 
the decline in spring when growth resumed (Figure  8). This 
suggests that the taproot phytate and RNA pools may serve as 
a source of P for regrowing shoots in spring when P uptake 
from soil cannot meet the P needs of shoot growth (Jonasson 
and Chapin, 1991; Oyarzabal and Oesterheld, 2009). Ribosomal 
RNA contains approximately 50% of total cell P in vegetative 
tissues of plants, which is a far greater proportion than P 
accumulated in the inorganic- and phytate-P pools in alfalfa 
taproots (Campbell et al., 1991; Raven, 2012). In addition, specific 
RNAases are induced under P-limited conditions that are thought 
to liberate P from RNA that is subsequently mobilized to growing 
tissues (Bariola et  al., 1994; Smith et  al., 2018). Because we  only 
quantified RNA in Year 2, additional research is needed to clarify 
the taproot P pools (inorganic P, phytate, RNA, and others) 
involved in providing P to regrowing alfalfa shoots.

Accumulation of taproot C and N reserves during cold 
acclimation in fall is critical for winter survival and initial 

TABLE 1 | Yield and yield components of alfalfa sampled in May of 2002, 2003, and 2004 for plants fertilized with four contrasting amounts of potassium (K) and 
phosphorus (P) fertilizer beginning September 2001.

Fertility treatment

Characteristic 0K-0P 0K-75P 400K-0P 400K-75P LSD

Yield, kg ha−1

 May 2002 2,031±222 3,097±298 2,438±103 3,407±116 455

 May 2003 2,208±223 3,485±145 2,643±200 4,649±24 544
 May 2004 1,648±238 3,159±306 2,402±171 5,676±235 779

Mass shoot−1, g
 May 2002 0.59±0.03 0.68±0.03 0.74±0.06 0.87±0.07 0.16
 May 2003 0.60±0.07 0.93±0.06 0.90±0.07 1.39±0.10 0.22
 May 2004 0.62±0.09 0.92±0.07 0.73±0.11 1.57±0.15 0.34

Shoots m−2

 May 2002 344±39 455±38 334±18 398±22 73‡

 May 2003 373±26 379±14 304±44 339±24 ns†

 May 2004 277±44 352±53 344±35 370±35 ns

Plants m−2

 September 2001 71±11 81±10 92±10 82±13 ns
 May 2002 74±8 57±10 81±6 69±12 ns
 May 2003 28±5 41±4 57±2 48±6 14
 May 2004 41±14 31±7 44±8 45±5 ns

Treatments included unfertilized control plots (0K-0P), high P only (0K-75P), high K only (400K-0P), and high K and P (400K-75P) where the numerals indicate the annual rate in kg 
ha−1. One-half of the shown fertilizer rate was applied in May after the first forage harvest and the remaining half after the last forage harvest in September of each year. Means 
(N = 4) and standard errors are provided. Unless otherwise indicated the least significant difference (LSD) is provided where F-tests were significant (p < 0.05). 
†not significant at p < 0.05.  
‡LSD at p ≤ 0.10.
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growth in spring of perennial legumes (Bula and Smith, 1954; 
Ruelke and Smith, 1956; Jung and Smith, 1961a; Li et  al., 
1996; Cunningham and Volenec, 1998; Haagenson et al., 2003a). 
Little is known regarding the impact of P and K nutrition on 
taproot C and N reserve accumulation patterns in fall and 
subsequent reserve use in spring. Trends in taproot starch loss 
and re-accumulation following defoliation September 7 were 
similar for all fertility treatments (Figure  5) and typical of 
previous reports with well-fertilized alfalfa (Bula and Smith, 
1954; Jung and Smith, 1961a; Li et al., 1996). However, K-sufficient 
plants maintained higher taproot starch concentrations 
throughout fall. This contrasts a recent report where 2  years 
of K fertilization had no effect on taproot starch concentrations 
of plants sampled in November in Georgia, United  States 
(Thinguldstad et  al., 2020). By comparison, when sampled in 
summer, P-deficient plants generally had higher taproot starch 
concentrations irrespective of K fertilizer application (Berg 
et  al., 2009). These authors suggested that P deficiency may 
have limited C export from taproot amyloplasts impairing both 
shoot regrowth and taproot starch use after defoliation. In 
this study, the higher starch in taproots of K-fertilized plants 
may result from stimulated activities of starch synthase and 
ADPglucose pyrophosphorylase, key enzymes in starch synthesis 
whose activities are enhanced by K (Nitros and Evans, 1969; 
Hawker et  al., 1979). As previously reported (Bula and Smith, 
1954; Li et  al., 1996), taproot starch concentrations declined 
markedly between December and March, a response attributed 
in large part to respiratory losses (Avice et  al., 1996). Despite 
this large reduction, the relative ranking of fertilizer treatments 
remained consistent between December and March. Taproot 
starch accumulated from March to May for all fertilizer treatments 
and was slightly higher in the 400K-0P treatment at some 
samplings. Final taproot starch concentrations in May were 
approximately 200  g/kg dry matter, a value that agrees with 
previous reports for well-fertilized alfalfa (Li et  al., 1996). The 
high forage yield of the 400K-75P treatment in May (Table  1) 
was not closely associated with the high taproot starch 
concentrations when growth resumed in late March (Figure 5), 
but taproots of these plants did have the highest taproot protein 
concentrations of all treatments at this time (Figure 6). Previous 
work (Boyce and Volenec, 1992) also showed little association 
between taproot starch concentrations and alfalfa shoot growth 
among genotypes that differed two-fold in taproot starch 
concentrations. The more rapid shoot regrowth rate of the 
low-starch genotype, compared to the high-starch genotype, 
continued even when plants were defoliated a second time 
14  days after initial herbage removal when taproot starch 
concentrations of the low starch line were less than 25  g  kg−1 
dry wt. Avice et al. (1997) also reported no relationship between 
taproot starch concentrations and shoot regrowth rates; instead, 
as in this study, shoot growth rates were closely associated 
with taproot protein concentrations. Using 13C and 15N pulse-
chase labeling of taproot organic reserve pools, these authors 
showed that the depletion of taproot C pools during shoot 
regrowth primarily supported taproot dark respiration, whereas 
taproot N pools were mobilized to shoots to meet their N 
needs (Avice et  al., 1997).

Taproot sugar concentrations of K-sufficient plants were lower 
at the onset of the study when compared to K-deficient plants 
(Figure  4). Defoliation on September 7 reduced taproot sugar 
concentration irrespective of fertilizer treatment. This was followed 
by rapid sugar re-accumulation by Day 28 during which time 
fertility-related differences present initially were maintained. 
We  previously reported low sugar concentrations in taproots of 
K-fertilized plants when sampled at defoliation in June that were 
sustained throughout the 30-d regrowth period (Berg et al., 2009). 
Irrespective of fertility, taproot sugar concentrations averaged 
approximately 175 g/kg on December 7; a value that agrees with 
previous reports for well-fertilized alfalfa sampled in December 
(Jung and Smith, 1961a; Li et  al., 1996; Berg et  al., 2018). By 
comparison, K fertilization had no impact on sugar concentrations 
of taproots sampled in early November in Coastal Plains soils 
of Georgia, United  States (Thinguldstad et  al., 2020). Previous 
work with alfalfa cultivars differing in fall dormancy and winter 
hardiness indicated minimal winter injury occurred when taproot 
sugar concentrations were 140  g/kg or greater (Cunningham 
et  al., 2001). This critical value is supported by this study since 
P and K fertilizer had modest impact on plant persistence (Table 1) 
and taproots of all fertilizer treatments were above this critical 
sugar concentration in December (Figure  4).

Taproot sugar concentrations declined for all fertilizer treatments 
between December 7 and March 27 when shoot growth resumed 
(Figure  4). Unlike fall taproot samplings, the P-sufficient plants 
(not the K-sufficient) had lower taproot sugar concentrations 
at the initial samplings in spring irrespective of K fertilizer 
application. The reason for this change from December to March 
is unknown, but we speculate that high taproot P concentrations 
of P-sufficient plants and its mobilization to shoots (Figure  2) 
may have stimulated early shoot growth that also led to a greater 
use of taproot sugars for shoot growth and respiration. While 
we  did not measure early season shoot mass, forage yield in 
May was ultimately greatest for the P-fertilized treatments 
(Table  1). Additional work is needed to determine the potential 
interaction of taproot P and sugar mobilization during early 
spring growth of alfalfa. Sugar concentrations at forage harvest 
on May 25 were lowest in taproots of K-fertilized plants agreeing 
with what was observed the preceding September. As with taproot 
starch, there was no clear association between taproot sugar 
concentrations at harvest on Day 49 and the higher forage yield 
of the 400K-75P fertilizer treatment.

In contrast to taproot C reserves, concentrations of protein 
and amino-N were generally greater in taproots of the 400K-75P 
fertilizer treatment and positively associated with its consistently 
higher herbage yield in May (Figures 6, 7; Table 1). In addition, 
plants in the 0K-0P fertility treatment had the lowest concentrations 
of these N pools during spring growth and yielded only 43% 
that of the 400K-0P fertility treatment. Previous research revealed 
that K fertilization stimulated N2 fixation of alfalfa several fold 
over rates observed for K-deficient plants (Collins and Duke, 
1981). Little change in taproot protein concentration occurred 
after plants were defoliated September 7. This agrees with previous 
results (Hendershot and Volenec, 1992), whereas Haagenson 
et  al. (2003b) observed lower protein concentrations in taproots 
sampled 1  month after a September defoliation. Defoliation in 
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summer generally reduces protein concentrations in taproots 
sampled 10 to 20 days post-defoliation (Hendershot and Volenec, 
1993; Berg et  al., 2009), and 15N labeling verified transfer of N 
from taproots to regrowing shoots (Avice et  al., 1996; Barber 
et  al., 1996). The extensive accumulation of protein in taproots 
in fall between Days 28 and 84 is consistent with previous 
findings with well-fertilized alfalfa (Jung and Smith, 1961a; Li 
et  al., 1996), and while this trend was apparent for all fertilizer 
treatments, concentrations were greater in the high-yielding 
400K-75P treatment.

Taproot protein concentrations declined between December 
7 and March 27 of the following year (Figure  6). Some of 
this reduction in taproot protein may reflect transfer of protein-N 
from taproots to the very small shoots on crowns present at 
the initial sampling in spring. However, this reduction in protein 
also coincided with increased amino-N concentrations taproots 
in the March 27 sampling (Figure  7). Taproot protein 
concentrations of all fertility treatments declined until Day 14, 
then increased after Day 28 presumably as rates of N2 fixation 
increased, and met the N needs of growing shoots with excess 
N restored in taproots. Previous findings indicate that N2 
fixation rate is initially very low in spring, and increases 
markedly as plants enter the late vegetative/bud growth stages 
(Wivstad et  al., 1987). Using 15N labeling, Kelner et  al. (1997) 
confirmed that first-harvest herbage derived only 47% of its 
N from N2 fixation, whereas over 80% of herbage N is derived 
from N2 fixation at later harvests. This lower contribution of 
N2 fixation for first-harvest herbage N would be  expected if 
taproot N (and soil N) pools were contributing N to regrowing 
shoots. Protein concentrations at harvest on May 25 were 
greater in taproots of K-fertilized plants when compared to 
K-deficient plants. This agrees with Berg et  al. (2018) who 
reported low protein concentrations in taproots of K-deficient 
plants when compared to the K-sufficient plants. Thus, adequate 
K nutrition increases taproot protein concentrations that are 
important N sources for initial shoot growth in the spring.

Taproots of plants provided K generally contained higher 
concentrations of amino-N in fall when compared to taproots 
of plants not fertilized with K (Figure  7). Berg et  al. (2018) 
also observed low taproot amino-N concentrations in K-deficient 
alfalfa when sampled in December. Defoliation on early 
September reduced taproot amino-N concentrations of all 
fertility treatments as previously reported for well-fertilized 
alfalfa defoliated in summer (Hendershot and Volenec, 1993; 
Berg et  al., 2009). This net loss of taproot amino-N suggests 
it is a component of the N pool transferred from taproots to 
shoots during early regrowth previously demonstrated using 
15N-labeling (Avice et  al., 1996; Barber et  al., 1996). While all 
fertilizer treatments accumulated amino-N in taproots in fall 
between Days 28 and 70, the final concentrations in taproots 
of the 0K-0P treatment were less than the other treatments 
on December 7. Jung and Smith (1961a) reported a doubling 
of soluble, non-protein N pool in taproots of well-fertilized 
alfalfa and red clover between mid-August and early November. 
Accumulation of soluble, non-protein N was positively associated 
with reduced freezing injury measured as electrolyte leakage 
from taproots of both species.

In general, little change in taproot amino-N occurred 
overwinter, but a nearly two-fold range in amino-N was observed 
at the first sampling March 27 (Figure  7). As observed with 
taproot protein (Figure 6), amino-N declined for all treatments 
until Day 21 as shoot growth began in spring, then increased 
from Days 28 to 49. This increase likely reflects the increase 
in N2 fixation during late vegetative development that meets 
shoot N needs and excess N is partitioned to taproots (Wivstad 
et  al., 1987). As with taproot protein pools, there is a positive 
association between herbage yield in May (Table 1) and taproot 
amino-N concentrations in spring.

CONCLUSION

Fertilization with contrasting rates of P and K resulted in the 
expected differences in P and K concentrations in taproot 
tissues of alfalfa, and these often varied as plants hardened 
for winter between September and December and/or when 
shoot growth resumed the following spring. Altered P and K 
nutrition resulted in large differences in taproot sugar, starch, 
protein, amino-N and RNA concentrations, and concentrations 
of these C, N, and P pools generally increased between 
mid-September and early December as plants hardened, and 
declined when shoot growth resumed in March. The larger 
shoots and higher herbage yield of the 400-K-75P plants 
harvested in May were associated with high concentrations of 
protein, amino-N, and RNA pools in December and extensive 
use when growth resumed the following March when compared 
to plants not fertilized with P and K.
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